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FIG. 5. Temperature dependence of network activation during up and down
transitions. A: down to up state transition slope. Example of average relative
firing rates around down to up transitions at different color-coded temperatures
(see inset). Dashed lines are linear fits of the activity buildup around the
upward transitions (see METHODS). B: population averages of the slopes of the
upward transitions vs. temperature. All values have been normalized with
respect to those at 36°C (dashed line) and each point represents the average
values for 10-16 cortical slices. C and D: the same as A and B but for the up
to down transition slope. A Wilcoxon signed-rank test was used to evaluate
how different the normalized averages were from 1.0. Significance is repre-
sented in the graph as: *P < 0.05; **P < 0.01; ***P < 0.001.

lags between up states from both electrodes is represented in
Fig. 6B, where it is shown that while the majority of up states
have a delay close to 200 ms between electrode 1 and electrode
2, fewer cases have a similar but negative delay, meaning that
there are up states propagating in the opposite direction. The
speeds of propagation were estimated considering only the
positive branch of the histograms, by averaging the fraction
between electrode distance and time lags. Results of speed of
propagation for five slices and for different temperatures are
represented in Fig. 6C, together with the population’s linear fit
(in black). Three of five cases showed a moderate increase in
speed with temperature, whereas the remaining two had a
relatively stable speed of propagation independent of temper-
ature. The linear fit for all the estimated speeds shows a trend
toward higher speeds for higher temperatures, with a slope of
02mms '°C L

Fast rhythms during up states and temperature

Finally, we estimated the effect of temperature on activity
fluctuations in the LFP in the beta/gamma range (15-40 Hz),
during up states (Compte et al. 2008). Interestingly, LFP
spectral content during up states varied nonmonotonously with
temperature, being maximal at physiological temperatures
(~36°C, Fig. 7). Typically, LFP spectral enhancement at
physiological temperatures was not specific of a frequency
band, but occurred globally over frequencies 5-100 Hz (Fig. 7,
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A and B). This is evidenced by the fact that, in the population
(n = 16), gamma-range LFP spectral power showed a peak at
36-38°C (Fig. 7C, blue), although this peak was absent when
the spectrum was normalized to the average power in the whole
5- to 100-Hz range (Fig. 7C, green). Thus fast LFP fluctuations
during up states were particularly sensitive to temperature.
This temperature dependence must be taken into account when
studying fast cortical oscillations in vitro. Up state LFP fluc-
tuations were amplified nonselectively at physiological tem-
peratures, suggesting that a noisy environment, where synaptic
activity fluctuates significantly in the 5- to 100-Hz band, may
facilitate cortical processing.

DISCUSSION

In this study we describe the effect that modifying temper-
ature has on the up and down activity that emerges spontane-
ously in the cortical network in vitro. For temperatures ranging
between about 26 and 41°C we observed a large range of
network behavior expanding from almost continuous firing and
absence of up and down states (at lower temperatures) to
highly defined up and down states at higher temperatures.
Interestingly, high frequencies (10—40 Hz, beta and gamma)

FIG. 6. Temperature dependence of the speed of propagation of up states.
A: raster plots of color-coded relative firing rate from 2 simultaneous record-
ings (MU1 and MU?2) centered around the occurrence of up states in electrode
1 (MUI). Note that the up states recorded from MU are aligned at time 0.
Fifty-two up states from temperatures between 37 and 37.5° are detected and
displayed in each raster plot. Both electrodes (MU1 and MU2) were separated
by 0.71 = 0.04 mm. B: histograms of the delay of propagation of the traveling
waves at different bath temperatures (see inset). C: average speed of propa-
gation of the wave fronts vs. temperature in 5 cortical slices. The thick black
line is the linear fit of the plotted speeds.
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FIG. 7. Local field potential (LFP) fluc-
tuations during up states are temperature de-
pendent. A: sample LFP power spectra from
up state data in one slice show that temper-
ature nonselectively enhanced LFP spectral
power at all frequencies. B: quantification of
beta/gamma-range (10—-40 Hz) spectral
power in absolute units (blue) and normal-
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bottom panel indicates the temperature of the
recording as it progressed through the exper-
iment, first decreasing from 35 to 31° and
then increasing from 31 to 39°. The lack of
modulation in the green curve indicates that
spectral modulations were not specific to the
beta/gamma range. C: averaged results for
the population of recordings (n = 16). To
average across slices, the average power
curves (see B) were first normalized to their
maximal value. Error bars indicate SEs. The
flat green curve indicates that the consistent
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appeared during up states (Compte et al. 2008), showing their
maximum power at physiological temperatures (36-38°C). A
simultaneous measure of oxygen concentration in the slice
while at different temperatures revealed that the effects of
temperature on spontaneous activity were not secondary to
changes in oxygenation. These results are of interest not only
to understand the physiology of the cortical network while
varying a relevant parameter of homeostasis, but also to pro-
vide a model of cortical network activation that results in
different activity regimes of interest to understand the mecha-
nisms controlling up and down states.

At physiological temperature (~36°C) the network exhib-
ited spontaneous up and down states that occurred with a
frequency between 0.3 and 0.4 Hz. Temperature variation
resulted in a relatively continuous change in a number of
parameters including up state duration, frequency, firing rate in
up and down states, coefficient of variation of the cycle
duration, slope of the transitions, speed of propagation, and fast
frequency content in up states.

Temperature affects a large number of processes that are
involved in network activity. Some of these factors would
induce an increase of activity, others a decrease. Consequently,
it is difficult to predict what the changes on cortical emergent
activity would be. Lowering temperature increases input resis-
tance of neurons both in the hippocampus (Thompson et al.
1985) and in the cortex (Volgushev et al. 2000b). The mem-
brane potential of cortical neurons becomes more depolarized
with cooling, at a rate of —1.03 to —2.21 mV/°C (Volgushev
et al. 2000b), whereas it was reported not to change for
hippocampal cells (Thompson et al. 1985). No changes with
temperature of the threshold for spike generation have been
reported in neocortex (Volgushev et al. 2000b). Both increased
input resistance and depolarization increase neuronal respon-
siveness to inputs with cooling. Action potential amplitude and
duration also increase with lowering of temperature in the
range that we study here (Thompson et al. 1985; Volgushev
et al. 2000b), as well as calcium entry with presynaptic action
potentials (Borst and Sakmann 1998). Several of these changes
point toward increased network excitability for the lower

J Neurophysiol « VOL 103

o power modulations by temperature were not
42 specific of the 10- to 40-Hz band.

temperatures in our range (26-32°C) (Volgushev et al.
2000a,b), although how an increased excitability affects the
excitatory/inhibitory balance remains to be explored. On the
other hand, synaptic transmission undergoes complex changes
with cooling that include an increased delay and decreased
reliability with cooling, whereas in the range of temperatures
studied here, the amplitude of synaptic potentials remained
relatively constant (Hardingham and Larkman 1998; Volgu-
shev et al. 2000a). Therefore the modulation of physiological
mechanisms by cooling in the range of temperatures of interest
does not unequivocally define how network activity will be
affected by temperature.

Enzymatic function—and in particular Na®/K*-ATPase
function—decreases with lower temperatures (Esmann and
Skou 1988). More generally, cooling decreases the metabolism
of the tissue and tends to slow down processes, eventually
silencing the cortex. For that reason, cooling is often used to
decrease activity of a specific area (Ferster et al. 1996; Mal-
hotra and Lomber 2007; Schiller and Malpeli 1977; Uyeda and
Fuster 1967). However, even when it reliably silences the
neurons at temperatures <10°C, there is often a halo of cortical
hyperexcitability (Volgushev et al. 2000a).

In this study we detected changes with temperature within
the range 26—41°C. We found that firing rate during up states
is modulated by temperature differently from the (sparse) firing
rate during down states: the peak firing rate during up states
was strongly modulated by temperature, increasing for higher
temperatures and decreasing with cooling (Fig. 4, A and B),
whereas that during down states remained relatively constant
(Fig. 4C). As a result the ratio of down/up firing rate increased
with cooling, eventually reaching a functional state where the
up and down firing periods would become continuous (Sup-
plemental Fig. S3). Given the rate of neuronal depolarization
with cooling (1-2.2 mV/°C; Volgushev et al. 2000b), a simple
calculation reveals that at 30°C neuronal membrane potential
would be close to threshold and thus ready to fire with small
inputs. The cerebral cortex is a network of recurrently con-
nected excitatory and inhibitory neurons with membrane po-
tentials that at 30-32°C are close to firing threshold. At lower
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temperatures, the transition from the down to the up state has
a shallow slope (Fig. 5B), given that it is unnecessary to build
up a large amount of synaptic activity to bring the neurons in
the network above threshold (Bazhenov et al. 2002; Compte
et al. 2003). In these conditions the occasional summation of
miniature excitatory postsynaptic potentials could start up
states (Bazhenov et al. 2002). This random mechanism
would support the larger CV of the oscillatory cycle ob-
served at low temperatures (Fig. 4F).

The low firing rates during up states at 30—-32°C would not
be efficient to recruit activity-dependent potassium channels
(Ca**- and Na"-dependent K™ currents) that according to our
model (Compte et al. 2003; Sanchez-Vives and McCormick
2000) and that of others (Bazhenov et al. 2002; Hill and Tononi
2005) contribute to end up states. The same would happen with
other currents like those mediated by activity-dependent mech-
anisms such as ATP-dependent K™ channels (Cunningham
et al. 2006). Low firing rates during up states would lead to a
reduced accumulation of Ca®>" and Na™ in neurons, leading to
a poor activation of K™ channels in the local network and thus
to longer up states and to slower slopes from up to down
transitions at lower temperatures.

Neuronal input resistance decreases slightly when tempera-
ture increases (Thompson et al. 1985; Volgushev et al. 2000b),
membrane values become more hyperpolarized (see preceding
text), and therefore neurons no longer reach threshold with
very small inputs. Within individual synaptic potentials, the
speed of transmitter release controls the rate of rise and the
amplitude of individual synaptic potentials (Katz and Miledi
1965). Increasing temperature has been reported to decrease
the number of failures and to decrease variability in synaptic
transmission, making it more reliable (Hardingham and Lark-
man 1998), whereas the synaptic delay decreases and paired-
pulse facilitation increases (Volgushev et al. 2000a). Cortical
activity reverberates in the network until a critical number of
neurons is locally recruited such that a new up state is gener-
ated. The increase in the down to up transition slope increases
with temperature (Fig. 5B), which could result from both the
increase in slope of individual synaptic potentials and by faster
and more efficient summation of synaptic activity until the
threshold in individual neurons is reached and the up state is
locally generated. This is reflected in the population in a
steeper slope of the firing rates. Higher firing rates during up
states at warmer temperatures could build up larger concentra-
tions of intracellular Ca>" and Na™, leading to a more efficient
activation of K™ currents that would terminate up states earlier
and with a faster transition.

Regarding speed of propagation of the wave of activity, there is
a moderate increase with temperature, detected in three of five
cases. In the remaining two cases the propagation speed did not
vary with temperature. This could be unexpected since axonal
conduction is known to increase with temperature (5%/deg)
(Hodgkin and Katz 1949; Johnson and Olsen 1960). However,
propagation of activity in the cortical network also depends on
other factors such as excitatory/inhibitory balance, reverberation
in the network, and excitability of the network (Compte et al.
2003; Pinto et al. 2005; Sanchez-Vives et al. 2008). The larger
excitability of neurons in the lower range of temperatures (Vol-
gushev et al. 2000b) and their closeness to threshold probably
could compensate factors like the slower axonal conduction at
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cooler temperatures. The balance of opposite factors results in a
moderate increase in the propagation speed.

We used a previously published computational model of the
slow oscillations (Compte et al. 2003) to explore preliminarily
what possible manipulations of cellular and synaptic parame-
ters known to be affected by temperature (see earlier text)
could explain our experimental observations. Not surprisingly,
we could not find a change in an individual parameter that
could consistently explain all the experimental observations.
We also found that a large set of combinations of plausible
parameter changes could be designed to simulate the data. We
thus concluded that further mechanistic insight from the ex-
periment would be necessary to constrain the model. Because
of this difficulty in constraining numerous and widely different
mechanistic scenarios, we consider that a detailed modeling
approach would not be very insightful at this point.

Changes in the temperature in the brain are moderate under
normal conditions, although temperature measured in the hip-
pocampus increases by an average of 3.2°C in rats while
exploring, through the warming of arterial blood at the muscles
(Andersen and Moser 1993); however, in rats in a watermaze
it decreases by 5°C, providing sufficient change to decrease the
slope of synaptic potentials and to increase their latency.
Therefore the activity of the cerebral cortex must also be
affected by temperature on a daily basis. An obvious situation
in which temperature increases is during fever. Fever is known
to increase the chance of epileptic discharges, especially in
children. Temperatures in the range of fever increase synchro-
nization in hippocampal slices, leading to epileptic activity
(Tancredi et al. 1992; Wu et al. 2001). A decrease in GABAergic
transmission has also been described as a consequence of
hyperthermia (38.5-40°C) (Qu and Leung 2009), particularly
in immature rats. We describe here that the activity during up
states becomes more synchronized, in the sense that up states
have a steep down to up transition and high firing rates are
concentrated in short up states, but epileptiform discharges
were not observed. We did observe though a tendency to
spreading depression while at >40°C, observing it in nine
cases at an average temperature of 41.2°C (data not shown).
The relation between increased synchronization and epilepsy is
such that cooling has been used to treat epilepsy (Rothman
2009; Rothman et al. 2005), since decreasing temperature from
34 to 21°C reduced synchronization in hippocampal slices
(Javedan et al. 2002; Motamedi et al. 20006).

We found that temperature nonmonotonically modulated the
amplitude of local field potentials during emergent network
activity. The LFP spectral power over the band 5-100 Hz was
maximal at physiological temperatures. In addition, when we
identified clear spectral peaks in the beta/gamma band, they
occurred only at physiological temperatures. Taken together,
this is indicative that physiological mechanisms are concert-
edly tuned to generate large-amplitude synaptic activity fluc-
tuations in the network during normal physiological function.
This might be revealing the enhanced broadband synchroniza-
tion of network activity. Consistent with this, previous exper-
iments have shown that the rapid heating of hippocampal slices
from 34°C to fever-range temperatures generates transient
gamma-range activity followed by spreading depression (Wu
et al. 2001). In our experiments, temperature was changed very
slowly and we found that strong broadband fluctuations char-
acterize physiological temperatures, whereas spreading depres-
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sion occurred at higher temperatures. The results of Wu et al.
(2001) suggest that our strong LFP fluctuations might partly
emerge from synchronization in network activity.

Alternatively, the maximal power of the LFP signal at physi-
ological temperatures might result from the tuning of synaptic
parameters such as spontaneous release, synaptic reliability, or
synaptic efficacy. Then, according to the computational model by
Timofeev et al. (2000), changes in spontaneous release should
affect the down state of cortical slow oscillations, as our results
suggest: down state duration is minimal at physiological temper-
atures (Fig. 3C). On the other hand, such enhanced synaptic noise
might provide an optimal noisy environment for network func-
tion. Indeed, theoretical studies with biophysical network models
for decision-making processes have proposed that strong random
components in noisy inputs to neurons might be a fundamental
mechanism for nonlinear cortical processing related to higher
cognitive functions (Deco et al. 2009). Our results suggest that up
and down states in cortical slices regulated by temperature might
be a possible experimental model in which this suggestive role of
noise in nonlinear network dynamics can be directly assessed
experimentally.
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