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Abstract Some pathological conditions, such as infec-
tions and febrile seizures, may cause temperature fluc-
tuations in the brain. We ask here how these temperature
fluctuations, particularly hypothermia and hyperther-
mia, affect the cortical information coding performance
and response reliability of warm-blooded animals. We
studied this issue by a combination of in vitro whole-
cell patch clamp recordings from cortical pyramidal
neurons and computational simulations of Hodgkin—
Huxley cortical neuronal model at different temper-
atures. A significantly higher reliability of the neu-
ronal response to repeated input signals was observed
at physiological temperature (~ 35 °C) than that at a
much lower temperature (~ 24 °C) or upon hyperther-
mia (~ 41 °C). In addition, the firing rate of excitatory
neurons (i.e., pyramidal neurons) was increased gradu-
ally, while it decreased gradually for inhibitory neurons
(e.g., PV interneurons) as the temperature increased
from 25 to 40 °C. The opposite changes in the response
activity level between pyramidal neurons and interneu-
rons suggested a shift in the excitatory/inhibitory (E/I)
balance in the local network circuit as a function of
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changing temperature. An analysis of the information
coding efficiency suggested that the pyramidal neurons
displayed the maximal response reliability with the
highest coding efficiency and information transmission
rate at body temperature, suggesting that the E/I bal-
ance observed at this temperature might be optimal for
enhancing information coding in cortical neurons. In
addition, we applied tetrodotoxin and 4-aminopyridine
to partially block Na™ and K™ channels, respectively,
and observed that a change in sodium or potassium con-
ductance could also alter the neuronal response relia-
bility of pyramidal neurons.
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1 Introduction

Intrinsic and external factors influencing the informa-
tion processing capability of cortical neurons have been
widely studied in the past few decades [1-6]. The fac-
tors inducing variations in the neuronal responses to
repeated input signal are derived from a broad range of
sources, such as channel noises, spontaneous synaptic
activities and the mechanism regulating inhibitory cir-
cuits [7-9]. Evidences indicate that neuronal responses
are typically nonlinear and could be affected by many
external factors. For example, the background stochas-
tic synaptic noise may enhance neuronal detection abil-
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ity to weak input signal via stochastic resonance mech-
anism [10-12]. In addition, the spike reliability of corti-
cal neurons is also tuned by stimulus frequency [13,14].
It was reported that pyramidal neurons show high relia-
bility for signals with relatively low-frequency compo-
nents, while interneurons show high reliability to high-
frequency input signals [13]. The response reliability of
cortical neurons is reduced by optogenetic suppression
of parvalbumin (PV)-expressing interneurons or the
application of the GABA, receptor blocker gabazine
[9,15].Itis alsoreported recently that a specific autaptic
activity could regulate the firing dynamics and improve
spike timing precision of fast-spiking interneurons
[16,17]. Thus, the cortical information coding reliabil-
ity could be affected by rich factors from both intrin-
sic properties (e.g., stochastic nature of ionic chan-
nels, morphological and physiological parameters of
individual neuron) and external network environments
(e.g., stochastic synaptic noise and inhibitory circuits).

In addition, it is noteworthy that the neuronal net-
work plays a crucial role in cognitive functions and
information processing [18]. The rhythmic behaviors
of neuronal network oscillations may appear in dif-
ferent patterns, such as synchrony or chimera state.
The chimera state is a peculiar type of dynamical phe-
nomenon which is a coexistence of synchronous and
asynchronous oscillations in network [19]. Although
the chimera like anomalous synchronization resembles
certain pathological brain disorder states like epileptic
seizures and schizophrenia [19,20], some of the syn-
chronous oscillations could enhance the reliability of
communications. The neuronal information encoding
capacities could be maximized by the optimal syn-
chronous states in the network [21]. Network rhyth-
micity may protect the reliable information transmis-
sion for neuronal network in the noisy environment.

Due to the complex neuronal physiological proper-
ties and network rhythmicity across neurons, there are
still more factors to be examined with regard to their
influence on the neural information processing, e.g.,
temperature. The frequency and duration of rhythmic
oscillations and spiking properties of individual neu-
rons may be heavily affected by fluctuations of body
temperature [22,23]. In vivo, the activation properties
of neurons may be mainly dominated by the physiolog-
ical conditions of the studied animals, and even small
physiological fluctuation in body temperature is known
to alter the neuronal processes and responses dramati-
cally [24].
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Under normal conditions, warm-blooded animals,
e.g., birds, mammals and primates, generally have a
warm body temperature of approximately 37 °C com-
pared with ectothermic animals, whose body temper-
atures fluctuate with the environment [25]. The body
temperature of endothermic animals is tightly regulated
by hypothalamus [26,27], and temperature fluctuations
potentially alter neuronal responses and influence brain
functions [24,28]. Thus, a constant warm body tem-
perature is an important factor influencing the survival
of those warm-blooded animals. However, the mecha-
nisms by which temperature fluctuations affect the cor-
tical information coding and response reliability have
been rarely studied in the past few decades.

Some pathological conditions, such as infections
and febrile seizures, cause temperature fluctuations
in the brain [29]. Much lower (< 20°C) or higher
(> 40°C) temperature may induce serious alterations
in the functions of the brain. In patients with certain
clinical conditions, numerous investigators observed
that a certain reduction in temperature protects the brain
from ischemic injury [30]. Moderate hypothermia (30—
31°C) results in burst suppression in patients with the
generalized status epilepticus [31]. Hypo-metabolism
may trigger cognitive decline and induce neurodegen-
eration [32]. Additionally, hyperthermia up to 41°C
causes hyperexcitability of pyramidal neurons in the
hippocampus and prefrontal cortex by directly altering
the intrinsic membrane properties [33,34]. A shift in
the temperature from room temperature (RT) to phys-
iological temperature (PT) switches the firing pattern
of neocortical pyramidal neurons from burst spiking
to regular firing [23]. Compared with RT, the effi-
ciency of energy utilization for the generation of a sin-
gle action potential (AP) in pyramidal neurons from
the somatosensory cortex is substantially increased at
PT [35]. The variations in body temperatures with envi-
ronmental conditions may seriously limit the neuronal
information coding accuracy, since the precise open-
ing and closing of ion channels strongly depend on
temperature. Temperature influences the dynamic char-
acteristics of all ion channels as a global perturbation
that dramatically changes the basic intrinsic membrane
property and synaptic transmission [36]. At a warm
body temperature, the synaptic connections show fewer
apparent transmission failures, less trial-to-trial vari-
ability and a higher transmitter release probability than
at RT [37-39]. Consequently, a warm body temperature
improves the neuronal energy efficiency and reliability
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of synaptic transmission. Although numerous studies
have discussed the effects of temperature on neuronal
properties and functions, the mechanisms by which
temperature alters neuronal information processing,
e.g., the response reliability and information coding,
at the individual cortical neuron level remain elusive.

Here we carried out a set of experiments and com-
putational simulations of neuronal model. We aimed
to examine how the neuronal response reliability and
coding efficiency could be altered by a change in tem-
perature, and what factors were fundamental underly-
ing temperature-dependent neural coding accuracy and
reliability.

2 Materials and methods
2.1 Brain slice preparation

The conducts and procedures involving animal experi-
ments were approved by the Animal Ethics Committee
of Fudan University School of Life Sciences. Wild-type
C57 mice (male or female, postnatal days 10—18) were
used in this study. Under deep chloral hydrate anesthe-
sia, a mouse was decapitated and the brain was quickly
removed and placed in a 0-4°C carbogen-bubbled
(95% O; and 5% CO») ice-cold cutting solution (in
mM): 92 N-methyl-D-glucamine (NMDG), 2.5 KClI,
10 MgS0y,, 0.5 CaCly, 1.2 NaH,POy4, 30 NaHCO3, 20
HEPES, 25 D-glucose, 5 sodium-L-ascorbate, 2mM
thiourea and 3 mM Na-pyruvate (300-310 mOsm, pH
7.3-7.4, corrected with hydrochloric acid). The pos-
terior 30% of the brain was resected with a coro-
nal cut, and the remaining portion containing the pre-
frontal cortex was attached to the cutting stage of a
vibratome (VT1000S, Leica). The tissue was sectioned
into 300 wm coronal slices and incubated in artificial
cerebrospinal fluid (ACSF) at 35 °C for 30 min. ACSF
contained (inmM): 119 NaCl, 2.5 KCl, 1.25 NaH; POy,
24 NaHCO3,2 MgSOy,, 2 CaCly, 12.5 D-glucose (300-
310mOsm, pH 7.3-7.4). Then, the slices were main-
tained at RT in a chamber for an additional 30 min
before recordings.

2.2 Electrophysiological recordings

For whole-cell patch clamp recordings, a slice was
transferred to recording chamber and bathed in oxygen-

saturated ACSF flowing at a rate of 3—4 ml/min. Deep
layer cortical neurons (layer V/VI) were targeted with
an upright infrared differential interference contrast
microscope (BX-51WI, Olympus) and a CCD camera
(IR-1000E, DAGE-MTI). Recordings were performed
with a Multiclamp 700B amplifier (Axon Instruments)
and Microl401 with Spike2 software (CED, Cam-
bridge). Signals were low-pass filtered at 10kHz and
sampled at 25kHz. The temperature was controlled
with temperature controller (TC344C, Warner), and
we used three temperature gradients in our study: RT
(24 +£2°C), PT (35 £ 2 °C) and high temperature (HT,
41 £2°C).

Whole-cell recordings were obtained with
micropipettes with a 5-9 M tip resistance filled with
an intracellular solution containing (in mM) 130 K-
gluconate, 7 KCIl, 10 HEPES, 4 Mg-ATP, 0.3 Na-
GTP, 10 Na-phosphocreatine and 0.2 EGTA (280—
290mOsm, pH 7.2-7.3, adjusted with KOH). Tight
seals (> 1GS) were formed before the membranes
were ruptured with negative pressures or voltage zaps.
ACSF was supplemented with 1 mM 4-aminopyridine
(4-AP) or 10nM tetrodotoxin (TTX) to partially block
K™ or Na™ channels, respectively. The liquid junction
potential was 15mV, and it was not corrected in the
reported data.

The injected repeated signals (duration was 1 s) were
constructed by using Gaussian colored noise (the noise
intensity was quantified by its standard deviation o) fil-
tered by low-pass filter with cutoff frequency of 500 Hz.
The injected signals mimicked a mixture of synap-
tic potentials that were composed of excitatory and
inhibitory synaptic inputs. One additional nonrepeated
weak Gaussian colored noise with a noise intensity of
approximately 0.4 o of the repeated signal was used
to control the background spontaneous firing rate in
most of the experiments. At each examined tempera-
ture, the repeated input signal was injected repeatedly
to the recording neuron with a 1s duration for 45 tri-
als (a 3-s nonsignal period with only nonrepeated noise
input between the repeated trials was implemented).

2.3 Hodgkin—Huxley-style cortical neuronal model
There were three ionic voltage-dependent currents in
our Hodgkin—Huxley (HH) cortical neuronal model:

fast Na™, Ing, fast KT, Ik, and a leak current, /.. The
equations describing the voltage and time dependence
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of the ionic currents were based upon previous publi-
cations [40,41]. The equations were as follows:

dv
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where @ regulated the temperature dependence of the
rate constants, with Q19 = 2.3. The parameters used
in our cortical neuronal model were: membrane capac-
itance (C) = 0.75pF/cm?, g& = 1500 pS/pm?,
g = 60pS/um? and g = 0.33pS/wm?>. The
reversal potentials of leak, Na™t and KT channels were
Vi = =70mV, VN2 = 60mV and Vx = —90mV,
respectively. The injected repeated signal was Gaus-
sian colored noise (¢ = 1 wA/cm?) and was injected
repeatedly with a 0.5 s duration for 100 trials, and one
additional nonrepeated weak Gaussian colored noise
with a noise intensity of approximately 0.1 o of the
repeated signal was used to control the background
spontaneous firing rate.
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2.4 Data analysis

We calculated cross-covariations between all pairwise
combinations of the repeated trials to estimate the
response reliability. The recorded spike trains were
transformed into O and 1 binary vectors (‘1° repre-
sented the firing of an AP and ‘0’ represented non-
AP responses), and cross-covariance analyses between
pairs of combinations of all the trials were per-
formed. The value of cross-covariance at zero lag
was used to quantify the response reliability. A small
value near 0 suggested that the repeatable neuronal
responses did not occur across the trials, and a large
value near 1 indicated the highest repeatable neuronal
response.

We calculated the information entropy rate and cod-
ing efficiency using direct entropy calculation methods
to measure the efficiency and rate of information trans-
mission [42]. First, we calculated the total response
entropy rate (Hio,)) of the spike train with a long time
period (around 70—-100 s for experiment and 150 s used
for HH cortical neuronal model), which was used to
represent the maximal information capacity of the stud-
ied neuron that was excited by a nonrepeated random
Gaussian colored noise (0 = 500pA for experiment
and 0 = 1 wA/cm? for HH cortical neuronal model).
The spike train was translated into a train sequence of
a 1 (representing one spike in a time bin At) and 0
(no spikes in the bin A1) binary vector. For any given
time window Ty, Ts/ At letters were presented, which
constituted a ‘word.” Next, we varied the length of the
time window T and calculated the normalized proba-
bility of different words p; in the whole train sequence.
Then, the naive estimate of the entropy Spaive for the
spike train sequence was calculated using the following
equations:

Snaive (Ts, AT, size) = — Z pilog, pi
i

lim  Shaive(Ts, AT, size) /T,

Htotal = - !
Ts,size—00

where Hiog is the total response entropy rate.

The noise entropy rate (Hpeise) quantified the
response variability following repeated exposure to the
same time-varying noise stimulus. For a given time ¢
relative to the stimulus, we calculated the possibilities
of the occurrence of p;(t) for each word i that begins
at t. Then, the naive estimate of the local noise entropy
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in the time window (¢ to r + T5) was calculated as
follows:

erl‘;icfé(t, Ts, AT, size) = — Z pi(t)log, pi(1).
i

Next, we calculated the average noise entropy over ¢

naive

Nnaive (Ts, AT, size) = (Nlo-cal (t, Ty, AT, size)> .
'
Subsequently, we estimated the noise entropy rate by
extrapolating to a large data set size and for the large
T;
Hpoise = — _ lim  Nnaive (Ts, AT, size) /Ts.
oo

Ts,size—

Mutual information (MI) reflected the information
rate in the response that directly correlated with the
stimulus. MI was described as

MI = Hiotal — Hnoise -

The information transmission rate was measured
as MI/(mean firing rate), which quantified how much
information was carried by an individual action poten-
tial. The coding efficiency was defined as MI/Hqal,
which quantified the fraction of neuronal activity that
encoded the input signal.

Data were processed using GraphPad Prism 5.0 and
SigmaPlot 10.1 software. Data were reported as the
means £ s.e.m., and a paired ¢ test was used for the
analysis (*p < 0.05, ¥*p < 0.01 and ***p < 0.001).

3 Results

3.1 The maximal neuronal response reliability was
observed at PT

We first studied the neuronal response reliability to
repeated input signals at different temperatures to
investigate the extent to which temperature fluctuations
influenced the information processing accuracy of cor-
tex pyramidal neurons.

We performed whole-cell patch clamp recordings
of layer V/VI pyramidal neurons in the mouse pre-
frontal cortex at RT, PT and HT. The membrane poten-
tial depolarized from —62.89 £ 1.03mV at RT to
—48.21£2.01mV atHT (p < 0.001; paired ttest; n =
15; Fig. 1c and red line in Fig. 1a) as the temperature
increased. The firing rate increased with the increase in
temperature (although the differences among different
temperatures were not significant, p > 0.05; paired ¢

test; n = 15) as shown in Fig. 1c. Each vertical line
in the raster plots of the firing timing represented the
firing of an AP. According to the raster plots and peri-
stimulus time histograms (PSTHs) shown in Fig. la,
the neurons displayed more reproducible responses to
repeated noise signals with o of 500 pA at PT than at RT
and HT. Based on the results of the statistical analyses,
the reliability of neuronal spiking was 0.77 & 0.04 at
PT, a value that was significantly greater than the values
observed at RT (0.70 = 0.05; p < 0.001; paired ¢ test)
and HT (0.75 £ 0.04; p < 0.05; paired ¢ test) (n = 15;
Fig. 1b). The same experiments were conducted at dif-
ferent noise intensities (0 = 357 and 625 pA), and the
maximal neuronal response reliability was observed at
PT (0.76 £ 0.05 at 375pA, p < 0.001 for the compar-
ison between RT and PT and p < 0.01 for the com-
parison between PT and HT, paired ¢ test, n = 11;
0.79 £ 0.05 at 625pA, p < 0.001 for the comparison
between RT and PT and p < 0.05 for the comparison
between PT and HT, paired ¢ test, » = 12) in all the
tested experiments (Fig. 1d). Compared with PT, the
percentages of the decreased reliability were 10.1% at
RT and 8.29% at HT for 375 pA (n = 11), 11.35% at
RT and 2.92% at HT for 500 pA (n = 15), and 10.6%
at RT and 5.48% at HT for 625pA (n = 12). The
decreased reliabilities recorded at RT and HT did not
depend on the stimulus intensities. Thus, the neuronal
response reliability exhibited a global maximum when
the temperature was approximately PT.

3.2 The relationship between RMP, stimulus intensity
and response reliability

Based on the data, a warm temperature resulted in
a depolarized RMP (p < 0.01 for the comparison
between RT and PT and p < 0.001 for the comparison
between PT and HT; paired ¢ test) and an increased fir-
ing rate (no significant differences between RT, PT and
HT, p > 0.05) of pyramidal neurons (Fig. 1c). Mul-
tiple factors may contribute to the maximal response
reliability observed for cortical neurons at PT than at
other temperatures. The factors included changes in
the membrane potential and firing rate. We next per-
formed the experiments described below to examine
the dependence of the response reliability on the stim-
ulus intensity and RMP level.

First, we studied the effects of different stimu-
lus intensities on spiking reliability. Noise intensities
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Fig.1 Neuronal response
reliability was maximal at
PT. a Input signals

(0 =500pA),
representative neuronal
responses, neuronal raster
plots of firing timings and
PSTHs from 45 trials at RT
(left panel), PT (middle
panel) and HT (right panel),
showing that the neuron
displayed more reproducible
responses to repeated noise

a Noise o =500 pA
25°C

3BT 40 C

W_MW

signals at PT than at RT and
HT. The membrane
potential depolarized as the
temperature increased, as
shown by the red line, b
paired comparisons of
spiking reliability at RT, PT
and HT in response to
repeated input signals with a
o of 500 pA, showing that
the spiking reliability
exhibited a global maximum
when the temperature was
PT, ¢ the RMP depolarized
and firing rate increased as
the temperature increased
from RT to HT, d same
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analyses as presented in b,
with the exception of the
noise intensities, which
were 375 and 625 pA,
respectively. *p < 0.05;
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the number of neurons
analyzed in this experiment.
(Color figure online)
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of 250, 500 and 625pA were chosen (Fig. 2a). The
neuronal firing rate increased as the noise intensity
increased (4.46 £ 0.50 at 250pA; 12.62 + 0.91 at
500pA; and 18.41 £ 1.26 at 625pA; p < 0.001 for
the comparison between 250pA, 500pA and 625 pA;
paired t test; n 14; Fig. 2d). Under this condi-
tion, we maintained the neuronal membrane poten-
tial at the same level (—57.38 £ 1.07mV at 250pA;
—57.44 £ 1.11mV at 500pA; —57.14 £ 1.34mV at
625pA; Fig. 2c and red line in Fig. 2a). The raster
plots and corresponding PSTHs from 45 trials showed
an effect of noise intensity on increasing the response
reproducibility (Fig. 2a). Based on the results from the
statistical analyses, the neuron displayed the maximum
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reliability when injected with a signal with a stronger
intensity (0.65£0.04 at 250 pA, 0.76 £0.05 at 500 pA
and 0.78 £ 0.05 at 625pA; p < 0.01 for the compari-
son between 250 pA, 500 pA and 625 pA; paired ¢ test;
n = 14; Fig. 2b).

Second, we explored the effects of the neuronal
membrane potential on spiking reliability. A direct cur-
rent (DC) injection was used to adjust the membrane
potential to different levels, e.g., RMP (—61.61 +
1.36 mV), depolarization (— 51.29£1.26 mV) or hyper-
polarization (— 70.93 = 1.41 mV; Fig. 3b and red lines
in Fig. 3a). The firing rate was maintained at approx-
imately equal value at various membrane potentials
(11.64£0.59at —71mV, 10.86£0.44 at —62mV and
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Fig. 2 Dependence of the a
response reliability on the
stimulus intensity. a Input
signals, representative
neuronal responses,
neuronal raster plots of
firing timings and PSTHs
from 45 trials at noise
intensities of 250 pA (left
panel), S00pA (middle
panel) and 625 pA (right
panel). The membrane

Noise 0 =250 pA

Noise o =500 pA Noise 0 =625 pA

potential was maintained at
the RMP, as shown by the
red line, b paired
comparisons of spiking
reliability at different noise

PSTH
[,

intensities, showing that the

neuron displayed the

maximum reliability when b
injected with a signal with a

stronger intensity. RMP (c)

and firing rate (d) of

neurons at different noise

intensities. *p < 0.05;

**p < 0.01; ***p < 0.001,
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(Color figure online) Rigise o

10.404+0.47 at — 51 mV; Fig. 3¢) by introducing noise
stimuli of various intensities (250-750pA). Represen-
tative responses, spike timing rasters and PSTHs at var-
ious membrane potentials were plotted, and the maxi-
mum response repeatability was observed at a hyperpo-
larized membrane potential (Fig. 3a). According to the
statistical analyses, neurons displayed higher response
reliability at —71mV (0.79 £ 0.05) than at —51 mV
(0.71 £ 0.05) or —62mV (0.75 £ 0.05) (p < 0.001
for the comparison between —71 and —62mV and
p < 0.001 for the comparison between —71 and
—51mV; paired ¢ test; n = 16) under the condition
of controlled firing rate (Fig. 3b, c). Moreover, we
also studied the spiking reliability at various membrane
potentials with the same noise intensity (500 pA). Sim-
ilar to the injection of noise stimuli with unequal inten-
sities, the spiking reliability was significantly higher at
—72mV (0.79 + 0.07) than at —62mV (0.77 £ 0.07;
p < 0.05; paired 7 test; n = 8; Fig. 3d) though the fir-
ing rate was low at —72mV (7.53 £ 1.28 at —72mV,
15.04+0.83 at —62mV and 20.49+0.81 at —53mV;
p < 0.01 for the comparison between —72mV and

250 pA 500 pA 625 pA

250 pA 500 pA 625 pA
Noise o

250 pA 500 pA 625 pA
Noise o

—62mV and p < 0.001 for the comparison between
—62mV and — 53 mV, paired ¢ test; n = 8; Fig. 3e).

Based on these results, a relatively hyperpolar-
ized membrane potential and relatively strong stimu-
lus intensity contributed to a large response reliability.
At PT with the same stimulus intensity, the RMP and
response reliability of cortical neurons were higher than
at RT, suggesting that the higher response reliability at
PT was dominated by other factors.

3.3 The maximal response reliability might be due to
the optimal balance of excitation and inhibition in
the networks at PT

The neuronal response reliability to an input signal
is always altered by the surrounding network modu-
lations, particularly the balance of network excitation
and inhibition (E/I balance) [43—46]. Temperature fluc-
tuations may shift the E/I balance and change the neu-
ronal response reliability. We recorded the responses
of pyramidal neurons and PV interneurons to a DC
current injection (500 pA, 500 ms) under different tem-
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a RMP-10 mV (-77.7 mV)
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Fig. 3 Dependence of the response reliability on the RMP
level. a Input signals, representative neuronal responses, neu-
ronal raster plots of firing timings and PSTHs from 45 trials
at —78mV (left panel), —68mV (middle panel) and —58 mV
(right panel). The membrane potentials were indicated by the
red lines. The noise intensity of the input signals had five grades
(250, 375, 500, 625 and 750pA) to ensure an approximately
identical firing rate at various membrane potentials, as shown in
¢, b paired comparisons of spiking reliability at various mem-
brane potentials under the condition of an equal firing rate (the
firing rates was shown in ¢), showing that the neuron displayed

perature conditions, namely RT, PT and HT, to test this
hypothesis (Fig. 4a). The mean firing rate of pyrami-
dal neurons increased gradually (30.68 & 0.95Hz at
RT, 39.35 + 1.68 Hz at PT and 42.07 & 1.92 Hz at HT,;
p < 0.001 for the comparison between RT, PT and
HT; paired ¢ test; n = 42; Fig. 4b) as the tempera-
ture increased from RT to HT, while the mean firing
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the maximum reliability at a hyperpolarized membrane potential,
¢ equal firing rate of neurons at different membrane potentials
(unequal input), d paired comparisons of spiking reliability at
various membrane potentials under the condition of the injection
of noise with an equal intensity, e firing rate of neurons at dif-
ferent membrane potentials (equal input). Though the firing rate
was low at a hyperpolarized membrane potential, the response
reliability was high. *p < 0.05; **p < 0.01 and ***p < 0.001,
paired 7 test, n represented the number of neurons analyzed in
this experiment. (Color figure online)

rate of PV interneurons decreased (127.90 4+ 5.62 Hz
at RT, 74.10 &+ 16.60Hz at PT and 52.48 + 18.13Hz
at HT; p < 0.001 for the comparison between RT and
HT and p < 0.01 for the comparison between RT and
PT; paired ¢ test; n = 21; Fig. 4b). The ratio of the
mean firing rate between pyramidal neurons and PV
interneurons increased from 0.24 at RT to 0.53 at PT
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Fig. 4 Temperature a
fluctuations altered the E/I
balance. a Representative
spiking patterns of
pyramidal neurons (left
panel) and PV interneurons
(right panel) in response to a
DC current injection
(500pA; 500ms) at RT, PT
and HT, b paired
comparisons of the mean
firing rate of pyramidal
neurons and interneurons at
RT, PT and HT. The curves
indicated the increased
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(Fig. 4c). The instantaneous frequency (IF) displayed
the same trends as the mean firing rate. As the tem-
perature increased, the IF increased for pyramidal neu-
rons and decreased for interneurons during the 500 ms
stimulus duration (Fig. 4d). The ratio of IF between
pyramidal neurons and interneurons increased as the
temperature increased (Fig. 4e). Compared with RT, a
clear increase in the E/I balance toward excitation was
observed at PT and HT. The E/I balance observed at PT
might be the optimal condition to maximize the spiking
reliability since excess excitation might occur at HT.
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3.4 The contributions of Nat and KT ion channels to
the neuronal response reliability

The random gating of voltage-gated ion channels may
be critical for determining the spiking reliability [6].
We evaluated the contributions of Na™ and K ion
channels to the neuronal response reliability by par-
tially blocking Na* or K™ channels, respectively. The
effects of 4-AP on the shape of AP waveforms were
shown in Fig. 5c. The partial inhibition of K* chan-
nels broadened the AP half-duration (2.51 £ 0.11ms
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vs 3.05 & 0.14ms at RT, p < 0.001, n = 10;
1.02 £ 0.04ms vs 1.28 £ 0.06 ms at PT, p < 0.001,
n = 17, 0.73 £ 0.08ms vs 0.81 + 0.05ms at HT,
p > 0.05, n = 7; paired  test) and decreased the
dV/dt ratio (Imin dV/dd/max dV/dr) (0.24 4 0.01 vs
0.17 £0.01 atRT, p < 0.001, n = 10;0.28 £ 0.01 vs
0.24 £0.01 at PT, p < 0.001,n = 17; 0.38 = 0.01 vs
0.32 £0.02 at HT, p < 0.01, n = 7, paired ¢ test) and
firing rate (16.50 &= 1.35Hz vs 12.40 & 1.32 Hz at RT,
p < 0.001,n = 10;18.08+£1.25Hzvs 14.58+1.17Hz
at PT, p < 0.001, n = 17; 19.87 £ 1.71Hz vs
14.72 £ 0.95Hz at HT, p < 0.05, n = 7; paired
t test; Fig. 5¢). Importantly, K* channels played an
important role in determining the response reliability.
Compared with control conditions, 4-AP decreased the
neuronal response repeatability (Fig. 5a) and the val-
ues of response reliability at all the tested tempera-
tures (0.70 £ 0.07 vs 0.64 £ 0.06 at RT, p < 0.001,
n =10;0.76 £ 0.04 vs 0.70 £ 0.04 at PT, p < 0.001,
n = 17;0.74 £ 0.06 vs 0.69 £ 0.06 at HT, p < 0.05,
n = 7; paired t test; Fig. 5b), and the values recovered
after washout. The partial inhibition of Na™ channels
exerted the opposite effects on the shape of AP wave-
forms (Fig. 6¢c). TTX application decreased the AP
half-duration (2.38 = 0.11ms vs 2.05 £ 0.16 ms at RT,
p <0.05,n =10;1.09£0.04ms vs 1.03 +0.04 ms at
PT, p =0.09,n = 18;0.86£0.16 ms vs 0.74£0.05 ms
at HT, p > 0.05, n = 8; paired ¢ test) and number
of APs (13.95 &+ 1.49 Hz vs 8.99 &+ 1.01 Hz at RT,
p < 0.001, n = 10; 15.71 £ 1.23 Hz vs 8.61 £ 0.88
Hz at PT, p < 0.001, n = 18; 17.57 £ 2.89 Hz vs
7.72 £ 1.27 Hz at HT, p < 0.01, n = 8; paired ¢ test),
but increased the dV/dt ratio (0.26+0.03 vs 0.304+0.02
atRT, p > 0.05,n = 10;0.28 £0.01 vs 0.31 £0.01 at
PT, p < 0.01,n = 18;0.33+£0.03 vs 0.36£0.03 at HT,
p > 0.05,n = 8; paired ¢ test; Fig. 6¢). Consistent with
the effects of K™ channels, the partial inhibition of Na™
channels decreased the neuronal response repeatability
(Fig. 6a) and the values for reliability at PT (0.72+£0.07
vs 0.69 £ 0.06 at RT, p > 0.05, n = 10; 0.76 £ 0.04
vs 0.72 £ 0.05 at PT, p < 0.01, n = 18; 0.73 + 0.06
vs 0.71 £ 0.06 at HT, p > 0.05, n = 8; paired ¢ test;
Fig. 6b). The results showed that the reduction of either
KT or Na* channel conductance reduced the response
reliability of the neurons.
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3.5 The maximum information transmission rate and
coding efficiency of neurons were observed at PT

We introduced two information measures, information
transmission rate and coding efficiency (see Sect. 2.4)
to verify the hypothesis that the information transmis-
sion was more efficient by cortical pyramidal neurons
at PT than at RT and HT. After changing the temper-
ature from RT to HT (n = 14 at RT, n = 26 at PT,
n = 14 at HT), the smallest total response entropy
Hiota1 was recorded at HT (83.61 £ 3.33bits/s) (p <
0.01 for the comparison between RT and HT; paired ¢
test) compared with RT (99.57 £ 3.89 bits/s) and PT
(89.98£3.35bits/s; Fig. 7b), the minimal noise entropy
Hyoise Was recorded at PT (21.96 &+ 1.08bits/s) (p <
0.001 for the comparison between RT and PT and p <
0.001 for the comparison between PT and HT; paired
t test) compared with RT (31.33 & 2.84 bits/s) and HT
(34.87 £ 2.61 bits/s; Fig. 7c), and the smallest mutual
information MI was recorded at HT (48.7444.17 bits/s)
(p < 0.01 for the comparison between RT and HT and
p < 0.001 for the comparison between PT and HT;
paired 7 test) compared with RT (68.24 & 2.76bits/s)
and PT (68.03 + 2.98 bits/s; Fig. 7d). These results
suggested that the information in the response related
to the stimulus was smallest in HT. Figure 7a showed
that compared with RT (n = 14) and HT (n = 14), the
highest values of the coding efficiency (0.69 + 0.02
at RT, 0.75 £ 0.01 at PT and 0.57 &+ 0.03 at HT;
p < 0.01 for the comparison between RT and PT
and p < 0.001 for the comparison between PT and
HT; paired ¢ test) and information transmission rate
(2.52 £ 0.11 bits/spike at RT, 3.57 + 0.11 bits/spike
at PT and 2.93 + 0.18 bits/spike at HT; p < 0.001
for the comparison between RT and PT and p < 0.01
for the comparison between PT and HT; paired ¢ test)
of neurons were observed at PT (n = 26). Thus, each
AP carried more information, the neuronal activities
required to encode and transmit the input signal were
more efficient at PT.

3.6 Computational simulations confirmed maximal
neuronal response reliability and coding
efficiency at PT

We carried out computational simulations of a HH cor-
tical neuronal model to evaluate the spike timing reli-
ability of the model neuron based on the evoked spike
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Fig. 5 Effects of the partial inhibition of K™ channels on the
response reliability and shape of AP waveforms in pyramidal
neurons. a Neuronal raster plots and PSTHs from 45 trials were
plotted under normal condition, in the presence of 1 mM 4-AP,
and recovered after washout, respectively, b line charts and bar
plots showed paired comparisons of the response reliability at
RT, PT and HT under normal condition, in the presence of 1 mM
4-AP, and recovered after washout. 4-AP decreased the neuronal

trains by injecting signals repeatedly at RT, PT and HT,
respectively. Consistent with the experimental obser-
vations, the firing rate increased as the temperature
increased (Fig. 8b). The model neuron displayed more
reproducible responses at PT than at RT and HT accord-
ing to the raster plots and PSTHs shown in Fig. 8a. Fur-
ther quantitative analysis demonstrated that the reliabil-
ity of the model neuron was 0.56 = 0.003 at PT, which
was significantly greater than at RT (0.49 + 0.01) and
HT (0.40 £ 0.003) conditions (Fig. 8b).

To evaluate the contributions of Nat and KT
ion channels to the neuronal response reliability, we

decreased gNo*or gg®® in a systematical way. Fig-

response reliability at all the tested temperatures, ¢ the AP half-
duration (left panel), dV/df ratio (middle panel) and firing rate
(right panel) were plotted under normal condition, in the presence
of 1 mM 4-AP, and recovered after washout at RT, PT and HT.
4-AP broadened the AP half-duration and decreased the dV/dr
ratio and firing rate. *p < 0.05; **p < 0.01; ***p < 0.001,
paired 7 test

ure 8c shows example results of response reliabil-
ity for g~ 1500 and 900 pS/pm?, g™ = 60
and 30 pS/um? at RT, PT and HT, respectively. Con-
sistent with the experimental effects, the decrease of
either gi2* or gg™* decreased the response repeatabil-
ity (gna*:0.49£0.01 vs 0.3740.01 atRT, 0.56+0.003
vs0.45+0.01 at PT, 0.4040.003 vs 0.2540.003 at HT;
gr¥*:0.49£0.01 vs 0.48 £0.002 at RT, 0.56 £ 0.003
vs 0.51 £ 0.01 at PT, 0.40 £ 0.003 vs 0.33 &= 0.004 at
HT; Fig 8c).

We then calculated the information transmission rate
and coding efficiency of the model neuron at different

conditions. The total response entropy Hiota) increased

@ Springer



226

X.Fu, Y. Yu

a Control TTX Recover
b TRTNET TR S A N TR §
=, oo P o o T
=} | A | 1) I
: it ey oy el
2 i TEEEEE ‘ | ' i IEEEE
i IR NS T I
= W IR i i AR
: Mmmm
w 5 I
: n
0.0 ! Al [y 4y
0 500 1000 O 500 1000 O 500 1000
b Times (ms) Times (ms) Times (ms)
91 e contral 9 7 mmm Control
—o— TIX —TTX
—v— Recover = Recover *k *k
Zz .8 Z 81 = 77
: - :
2 i i <
e 74 sl x 7
.6 , ‘ ‘ 6 -
c 25°¢ 3BT 40 C 257C 3BT 40 C
é 25 : 4 - 22
c —e— Control o 5 %
o —o— TTX =
g —v— Recover & T % 16 /’//V/
5 1.5 A\ = 3 ¥ 04
N \ = 2 10
S \\4 5 £ P
i [
% 5 4
25C 35C 40°¢C 25°C 35T 40°C 25C 3BT 40T

Fig. 6 Effects of the partial inhibition of Na™ channels on the
response reliability and shape of AP waveforms in pyramidal
neurons. a Neuronal raster plots and PSTHs from 45 trials were
plotted under normal condition, in the presence of 10nM TTX,
and recovered after washout, respectively, b line charts and bar
plots showed paired comparisons of the response reliability at
RT, PT and HT under normal condition, in the presence of 10nM

with the increase in temperature (77.93 & 3.89 bits/s at
PT,98.354+1.16bits/s at RT, 116.44+3.07 bits/s at HT;
Fig. 9b). The noise entropy Hppise Was minimal at PT
(42.48 + 1.29bits/s) than at RT (45.72 £ 1.45bits/s)
and at HT (79.55 £ 1.96bits/s; Fig. 9c). The mutual
information MI was highest at PT (32.21 4 4.08 bits/s
at RT, while it was 55.87 + 1.80bits/s at PT and
36.884+3.20bits/s at HT; Fig. 9d). Similar to the experi-
mental results, Fig. 9a showed that the coding efficiency
(0.41 £ 0.03 at RT, 0.56 £ 0.01 at PT, 0.32 & 0.02
at HT) and information transmission rate (2.63 +
0.34 bits/spike at RT, 3.9840.13 bits/spike at PT, 2.194+
0.19bits/spike at HT) were highest at PT. The results
suggested that the body temperature was crucial for
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TTX, and recovered after washout. TTX decreased the neuronal
response reliability at PT, ¢ AP half-duration (left panel), dV/dr
ratio (middle panel) and firing rate (right panel) were plotted
under normal condition, in the presence of 10nM TTX, and
recovered after washout at RT, PT and HT. TTX decreased
the AP half-duration and firing rate, broadened the dV/dt ratio.
*p < 0.05; ¥*p < 0.01; ***p < 0.001, paired ¢ test

efficient information coding and transmission in a real-
istic neuronal model whose biophysical properties were
validated by previous experimental studies [35,40].

4 Discussion and conclusions

As a result of evolution, birds and mammals develop
a constant warm body temperature, which is indeed
costly in terms of metabolic consumption. In this paper,
we studied the functional benefits of body tempera-
ture for cortical coding and response reliability by a
combination of in vitro whole-cell patch clamp record-
ings and computational simulations of HH cortical neu-
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Fig.7 a Paired
comparisons of the coding
efficiency and information
transmission rate of
pyramidal neurons at RT,
PT and HT. The coding
efficiency and information
transmission rate were
highest at PT. Paired
comparisons of the Hiotal 25 C 35 C
(b), Hpoise (¢) and MI (d) of
pyramidal neurons at RT,
PT and HT. *p < 0.05;

**p < 0.01; ***p < 0.001,
paired 7 test
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Fig. 8 Computational
simulations revealed
maximal neuronal response
reliability at PT. a Model
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ronal model. This study provided the first experimental
evidence that the neuronal response reliability, coding
efficiency and information transmission rate of corti-
cal pyramidal neurons reached the maximal level at the
physiological body temperature compared with low-
temperature (e.g., RT) and high-temperature (e.g., HT)
conditions. Also, the experimental results were further
reproduced and validated by the numerical simulations
of a computational neuronal model. The physiological
body temperature might be corresponding to an optimal
level of the network excitation and inhibition, which
were one of the key factors underlying cortical response
reliability. The temperature fluctuations may impair
the efficiency and reliability of neuronal information
processing [7,47]. The precision of the spike timing
is critical for the reliable propagation of the neuronal
response, as spike timing with larger jitters does not
propagate over a long distance in multilayered feedfor-
ward networks [48,49]. Therefore, based on the results,
maintaining a constant body temperature is crucial for
protection of reliable and most efficient information
coding and transmission in complex cortical circuits.
Multiple factors may contribute to the maximal
cortical spike timing reliability at physiological body
temperature. Our experimental recordings of pyra-
midal neurons showed that a higher stimulus inten-
sity or relatively hyperpolarized membrane potential
increased the response reliability. Within the same stim-
ulus intensity condition, pyramidal neurons showed a
gradual increase in the firing rate and depolarization of
the membrane potential as the temperature increased
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(Fig. 1c). Hence, the maximal response reliability
observed at PT was definitely not due to changes in the
membrane potential. In addition, a higher firing rate
was recorded at HT than at PT, while a lower response
reliability was recorded at HT than at PT. Hence, the
firing rate was also not a critical factor contributing to
the maximal response reliability observed at PT.
Cortical computations are performed through the
precise modulations of synaptic excitation and inhi-
bition patterns at the network level [45,50]. The func-
tional architectures may serve to sharpen the spike tim-
ing precision in response to fluctuating components in
the input signal [51]. According to a recent experimen-
tal study, an increase in synaptic conductance and a shift
in the E/I balance toward excitation may contribute to
the enhanced trial-to-trial reliability during locomotion
and attention [46]. Balanced changes in excitatory and
inhibitory inputs during repetitive whisker deflection
could preserve the narrow time windows of spike gen-
eration in layer 4 of the rat barrel cortex [52]. In the
present study, the ratio of the mean firing rate or instan-
taneous firing rate between pyramidal neurons and PV
interneurons increased as the temperature increased.
These findings suggested a shift in the E/I balance
toward excitation at PT, which might serve to enhance
the response reliability at PT. At HT, the E/I balance
might be excessively shifted toward excitation, poten-
tially led to hyperexcitability and disrupted neuronal
functions. This mechanism likely underlay the genesis
of febrile seizures (FS). The optimal balance between
excitation and inhibition at PT may be the basis of
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normal brain activity, and an imbalance will induce
brain disorders and unreliable neuronal information
processing.

Intrinsic neuronal properties, such as the distribu-
tion of ion channels, are also key factors contributing
to the electrical responses of neurons. The difference
in spiking reliability in response to signals of various
frequencies between pyramidal neurons and interneu-
rons is reported to be caused by the different compo-
sitions of ion channels [13]. Changes in ion channels
may provide a useful way for neurons to maximize spik-
ing reliability. According to conductance-based mod-
els of cortical neurons, neurons with larger and faster
slow KT currents exhibit more reliable spike timing;
however, a larger persistent Na™ current impairs relia-
bility, suggesting that both channel types significantly
influence spike reliability [53]. In addition, ion chan-
nel stochasticity causes channel noises [6]. Regarding
the total numbers (N) of channels and open probability
(p) of each channel, the size of the noisy current is the
square root of (1 — p)/Np.If N decreases as following
the partial blockade of Na™ or K channels, the chan-
nel noise may dominate the randomness of the resulting
spikes generated. In this situation, the blockade of Na™*
or K™ channels results in a decreased response reliabil-
ity, consistent with the results of our experiments and
models. In the present study, partial blockade of either
Na™t or K* channels noticeably changed the shape of
AP waveforms and decreased the neuronal response
reliability. The results suggested that both K* chan-
nel conductance and Na* channel conductance were
important factors in regulating the neuronal response
reliability, and their kinetics might be in the optimal
balance in normal body temperature conditions corre-
sponding to the maximal firing reliability.

The simulations results revealed that the response
reliability, information transmission rate and coding
efficiency also went through a global maximum when
the temperature was at around 35 4 3°C. This was
consistent with the experimental observations and sug-
gested that the kinetics and dynamics of the action
potential generation in cortical neurons may have the
best performance at around physiological temperature
in warm-blooded animals. The kinetics and biophys-
ical parameters of this HH neuronal model were all
derived from the validations of experimental observa-
tions of action potential properties in layer V/VI pyra-
midal neurons of mammalian brains. In normal con-
dition, both sodium channel conductance and potas-

sium channel conductance are in the optimal balance
with appropriate ratio. Once the conductance of either
sodium or potassium channel is reduced, the neuronal
response reliability drops quickly, as demonstrated in
Fig. 8. For the lower temperature than the physiolog-
ical body temperature, the kinetics of ionic channels
become slower and the time constants of both sodium
and potassium increase to be several times longer than
in physiological temperature, which slows down the
neuronal excitation process and decreases the firing rate
[35]. Correspondingly, the firing reliability is reduced.
For the higher temperature than the physiological tem-
perature, the kinetics and dynamics of the ionic chan-
nels are increased rapidly, and the neuronal excitability
isalsoincreased, leading to a higher firing rate [35]. The
speeding up of the action potential process may resultin
abnormal and unreliable firing excitability, which may
even induce epileptic waveform [54]. Therefore, there
may exist an optimal kinetics for both sodium channels
and potassium channels in the mammalian cortical neu-
rons within the range of body temperature, which may
be developed during the long-term natural evolution.

In conclusion, the temperature fluctuations may sub-
stantially affect the spiking response reliability, coding
efficiency and information transmission rate of cortical
neurons. The cortical coding process may have already
adapted to the physiological body temperature, and cor-
tical performance is set to the optimal level. Any dra-
matic decrease or increase in temperature may shift the
optimal balance between neuronal excitation and inhi-
bition in the network, resulting in abnormal cortical
functions and unreliable cortical coding. Maintaining a
constant body temperature may be beneficial to ensure
the precise cortical computations and reliable spiking
transmissions that are the bases for constructing deli-
cate cortical circuits.
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