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A subset of pyramidal neurons in layer 5 of the mammalian neocortex can fire action potentials
in brief, high-frequency bursts while others fire spikes at regularly spaced intervals. Here we
show that individual layer 5 pyramidal neurons in acute slices from mouse primary motor cortex
can adopt both regular and burst spiking patterns. During constant current injection at the soma,
neurons displayed a regular firing pattern at 36-37°C, but switched to burst spiking patterns
upon cooling the slice to 24-26°C. This change in firing pattern was reversible and repeatable
and was independent of the somatic resting membrane potential. Hence these spiking patterns
are not inherent to discrete populations of pyramidal neurons and are more interchangeable
than previously thought. Burst spiking in these neurons is the result of electrical interactions
between the soma and distal apical dendritic tree. Presumably the interactions between soma
and distal dendrite are temperature-sensitive, suggesting that the manner in which layer 5
pyramidal neurons translate synaptic input into an output spiking pattern is fundamentally
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altered at sub-physiological temperatures.
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INTRODUCTION

Many neurons in the mammalian CNS fire action potentials in brief,
high-frequency bursts. Bursts may be a more reliable mechanism
of information transfer than single action potentials at synapses
at which short-term facilitation of transmitter release can occur
(Lisman, 1997).

Most pyramidal neurons in neocortex exhibit a regular spik-
ing pattern, firing action potentials at constant frequency during
maintained suprathreshold current injection at the soma. A subset
of pyramidal neurons fire discrete clusters of 2—6 action potentials
at regular intervals during constant current injection (Connors
et al., 1982; McCormick et al., 1985; Agmon and Connors, 1989;
Chagnac-Amitai et al., 1990; Mason and Larkman, 1990). The
somata of these “intrinsically bursting” neurons are found only in
layer 5 (Connors et al., 1982; McCormick et al., 1985; Agmon and
Connors, 1989; Chagnac-Amitai et al., 1990; Mason and Larkman,
1990) and in these neurons bursting results from the activation of
sodium and calcium conductances in the apical dendrite (Silva
et al., 1991; Schwindt and Crill, 1999; Williams and Stuart, 1999;
Larkum et al., 2001; Larkum and Zhu, 2002).

Within layer 5, regularly spiking and intrinsically bursting neu-
rons co-exist. There is evidence that regularly spiking and intrin-
sically bursting neurons in layer 5 are morphologically distinct
from each other (Chagnac-Amitai et al., 1990; Mason and Larkman,
1990), suggesting that spiking pattern could be used to differentiate
between two discrete classes of layer 5 pyramidal neurons.

Here we show that individual layer 5 pyramidal neurons in acute
slices from mouse primary motor cortex can adopt both regular and
burst spiking patterns during constant current injection at the soma,
changing from regularly spiking to burst firing upon cooling the slice
from 36 to 37°C toward room temperature. Hence these spiking
patterns are more interchangeable than previously thought.

MATERIALS AND METHODS

All experiments and procedures were approved by the
Northwestern University Institutional Animal Care and Use
Committee (IACUC).

SLICE PREPARATION

P42-P54 C57BL-6 mice were anesthetized using isoflurane (3%,
inhaled) and decapitated. The brain was quickly removed into ice-
cold artificial cerebrospinal fluid (ACSF): 125 mM NacCl, 2.5 mM
KCl, 1.25 mM NaH,PO,, 20 mM NaHCO,, 5 mM HEPES, 25 mM
glucose, 1 mM CaCl,, 2 mM MgCl,, pH 7.3, gassed with 95% O,/5%
CO,. Two hundred micrometer-thick parasagittal slices were cut
using a vibrating microslicer (Vibratome, St. Louis, MO, USA).
Slices were held in ACSF at 37°C for 5-15 min and thereafter at
room temperature until use.

ELECTROPHYSIOLOGY

Slices were transferred to the stage of an upright microscope
(Olympus BX51) and continuously perfused with ACSF gassed
with 95% O,/5% CO, and warmed to 35-37°C. Whole-cell record-
ings were obtained from pyramidal neurons in layer 5 of pri-
mary motor cortex under visual guidance with a x40/NA 0.8 or
x20/NA 1.0 water-immersion objective and infra-red difference
interference contrast optics. Layer 5 pyramidal neurons were
identified by their large, pyramidal somata, located 720-960 um
from the pial edge of the slice (seven neurons), their character-
istic firing patterns and large apical dendritic trees, visible by
fluorescence microscopy once filled with indicator. Whole-cell
recording pipettes were 4-8 MQ when filled with intracellular
solution: 135 mM K-gluconate, 4 mM KCI, 10 mM HEPES, 10 mM
Na,-phosphocreatine, 4 mM Mg-ATP, 0.3 mM Na,-GTP, 0.2%
(w/v) biocytin, 10 pM Alexa 594, pH 7.3. Signals were recorded
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with an Axoclamp-2A amplifier (Molecular Devices, Sunnyvale,
CA, USA), National Instruments A-to-D boards and Labview
software written by Jack Waters (National Instruments, Austin,
TX, USA).

MEASUREMENT AND CONTROL OF TEMPERATURE

Artificial cerebrospinal fluid was warmed with a thermistor-based
in-line solution heater, placed a few inches from the slice. The
temperature of the solution was monitored upon entry to the
perfusion chamber, a few millimeters from the slice, and main-
tained at 35-37°C by a feedback circuit and temperature control-
ler (TC-324B; Warner Instruments, Hamden, CT, USA). Flow
rate was ~3-6 ml/min. The temperature of the ACSF under the
objective was verified with a BAT-12 Microprobe Thermometer
(Physitemp Instruments, Clifton, NJ, USA), using a small 24-gage
polyurethane coated wire probe with polyester insulated thermo-
couple bead (IT-24P; maximum tip diameter 230 pm), which was
placed under the microscope objective. The temperature of ACSF
under the objective, measured using the IT-24P probe, was con-
sistently no more than 0.5°C cooler than the temperature of the
ACSEF entering the perfusion chamber, measured by the TC-324B
temperature controller.

ANALYSIS

Analysis was performed using routines written by Jack Waters in
IgorPro v6.0 (Wavemetrics, Lake Oswego, OR, USA). Physiological
properties were measured in bridge mode, using 300 ms square
current injections.

Spiking patterns were assessed where the neuron was given a
suprathreshold 300 ms current injection at the soma which resulted
in 4-7 spikes. A spiking pattern was defined as regular if all inter-
spike intervals (ISIs) throughout the spike train were within 15% of
the mean ISI. Where the ISIs fell outside of this range, the spiking
pattern was described as bursting.

V-I relationships were derived from the steady-state voltage
during 300 ms current steps and were fit with the following rela-
tionship (Waters and Helmchen, 2006):

AV =R, AL+, AI’

where R is the resting input resistance (slope at I =0) and c,, is
a quadratic coefficient which describes the curvature of the V-I
relationship.

Voltage sag was estimated as the ratio of steady-state and peak
voltages during the 300-ms current step (sag ratio). The membrane
time constant was determined by fitting an exponential to the rising
phase of the voltage response during the current step.

Action potential threshold was defined as the point at which
the first temporal derivative of the voltage (dV/d¢) first exceeded
50 mV/ms. Action potential amplitude was measured from thresh-
old. Action potential half width was measured at half the amplitude.
Action potential rise and decay times were measured as the time
intervals between 10 and 90% of the voltage difference between
threshold and peak. Rheobase was defined as the minimum amount
of current required to evoke spiking.

Statistical comparisons were performed using the Wilcoxon
matched-pairs signed-ranks test or paired ¢-test in Graphpad Instat
3.06 (Graphpad Software, La Jolla, CA, USA).

RESULTS

REVERSIBLE CHANGE IN SPIKING PATTERN WITH TEMPERATURE

We obtained whole-cell recordings from the somata of layer 5
pyramidal neurons in primary motor cortex in acute slices from
adult mice. Perfusing ACSF was initially maintained at 36-37°C.
At this temperature, all neurons displayed regular spiking patterns
during depolarizing current injections (Figure 1; # = 10 neurons).
A spiking pattern was defined as regular if ISIs throughout the spike
train were within 15% of the mean ISI.

The temperature of the ACSF was then permitted to decline,
and this resulted in a change to a burst spiking pattern (Figures 1
and 2A). At 24-26°C, in all 10 neurons the first ISI (ISI ) was
invariably >>15% shorter than the mean, reflecting high-frequency
firing during an initial burst of spikes (Figure 2B).

Like previous authors we distinguished between two burst spik-
ing patterns: “intrinsic” or “strong” bursting, in which all spikes
were clustered into brief, high-frequency bursts, each contain-
ing 2-5 spikes and separated by a prolonged hyperpolarization
(Connors et al., 1982; Williams and Stuart, 1999); and weak burst-
ing, in which an initial burst of 2—5 spikes at high frequency was fol-
lowed by regular spiking (Williams and Stuart, 1999). At 24-26°C,
four neurons adopted strong burst spiking patterns, with bursts of
2—4 spikes. In these neurons the inter-spike interval between third
and fourth action potentials in the train (ISI, ,) remained short
(Figure 2C). The remaining six neurons fired in a weak bursting
pattern at 24-26°C, with a single burst of 2—4 high-frequency spikes
followed by a regular spiking pattern. During weak burst spiking
ISI, , was comparable to that during regular spiking at 36-37°C
(Figure 2C).

Most neurons changed their spiking patterns with larger-am-
plitude current injections, as in previous publications (Agmon and
Connors, 1989; Mason and Larkman, 1990; Williams and Stuart,
1999). During larger-amplitude current injections at 36—-37°C, two
neurons fired a doublet of high-frequency spikes before adopting
a regular spiking pattern. The other eight neurons maintained a
regular spiking pattern in response to current of all amplitudes. At
24-26°C, all neurons maintained bursting patterns in response to
all current injections. During large current injections the strongly
bursting neurons began with an initial burst of 2—4 spikes which
was followed with regular spiking. In weakly bursting neurons,
with increasing current the number of spikes in the initial burst
increased to >4 spikes and the subsequent action potentials
remained regularly spaced.

The transition from regular spiking to bursting was reversible
and reproducible. Upon re-warming the slice, the neuron returned
to a regular spiking pattern (Figure 1). Furthermore, a subsequent
decline in temperature (to 24-26°C) and return to 36—-37°C again
resulted in a reversible transition to bursting and back to regular
spiking (Figure 1).

REVERSIBLE CHANGES IN OTHER INTRINSIC PROPERTIES

The action potential waveform also changed with temperature and
spiking pattern. The amplitude and half width of the first action
potential were greater and broader, respectively, during burst-
ing at 24-26°C than at physiological temperature (Figures 3A,B;
P<0.05), whereas voltage threshold for the first spike was unchanged
(Figures 3A,B; P> 0.05). During regular or weak burst spiking there
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FIGURE 1 |The spiking patterns of layer 5 pyramidal neurons change with
temperature. Example spiking patterns for three pyramidal neurons. Each

row is a series of recordings from a single neuron. Spiking was evoked with
300 ms constant current injections via the somatic recording pipette. Each
neuron was cycled from physiological temperature (35-37°C; in red) to
25-26°C (in blue), back to 36-37°C (red), then again to 25-26°C (blue), and back

- r— I _r— I L

(red). Dashed lines indicate 0 mV. (A) A neuron with strong bursting at
25-26°C. (B) A neuron that displayed both strong and weak burst spiking
patterns at 256-26°C. This was the only neuron that showed weak and
strong bursting patterns in subsequent cooling trials. This neuron was
classified as strongly bursting at 25-26°C. (C) A neuron with weak bursting
at 25-26°C.

was little change in action potential threshold, amplitude, or half
width during the train of spikes. In contrast, threshold became more
depolarized, amplitude was reduced, and spike became broader
during a strong burst (Figures 3A,B).

There was no difference in resting membrane potential at physi-
ological and lower temperatures (P > 0.05; Figure 3C). However,
membrane sag increased ~6% at 24-26°C (P < 0.05; Figure 3C).
Resting input resistance and membrane time constant were both
approximately doubled at 24-26°C (each P < 0.05; Figure 3C).
Membrane rectification was increased to approximately three
times the value at physiological temperature (P < 0.05; Figure 3C).
Rheobase was approximately halved at 24-26°C (P < 0.05;
Figure 3C).

SOMATIC DEPOLARIZATION DOES NOT MIMIC THE EFFECT OF
TEMPERATURE ON SPIKING PATTERN

Although the mean resting membrane potential did not change
with temperature, in some neurons there was a reversible shift in
resting membrane potential with temperature (Figure 4). In indi-
vidual neurons, cooling to 24—26°C could cause depolarization of
up to 10 mV and hyperpolarization of up to 9 mV. We therefore
considered whether such a change in membrane potential could
cause a switch in spiking pattern. To alter membrane potential, we
injected positive and negative holding currents into six neurons,
three of which fired strong bursts at 24—26°C and three of which
fired weak bursts. The firing patterns of all six neurons remained
unchanged (depolarizations of 10.7 £ 0.5 mV at 24-26°C and

8.7 £ 1.0 mV at 36-37°C; hyperpolarizations of 9.5 + 0.5 mV at
24-26°C and 8.6 £ 0.9 mV at 36-37°C). Hence a shift in somatic
membrane potential cannot account for the change in spiking pat-
tern with temperature.

DISCUSSION

We have shown that layer 5 neocortical pyramidal neurons in
primary motor neocortical slices typically adopt a regular spik-
ing pattern in response to constant somatic current injection
at physiological temperatures, but spike in bursts at lower tem-
peratures. Hence each individual layer 5 pyramidal neuron can
adopt either spiking pattern in response to constant somatic
current injection and even neurons which are able to spike in
bursts may commonly display regular spiking patterns at physi-
ological temperatures.

TEMPERATURE SENSITIVITY OF INTRINSIC MEMBRANE PROPERTIES
Intrinsic membrane properties also changed with temperature:
resting input resistance, membrane time constant, curvature of
the I-V relationship all increased approximately two- to three-fold
with the decline in temperature to 24-26°C. Similar effects have
previously been observed in hippocampal and neocortical pyrami-
dal neurons in slice preparations from various species, including an
increase in input resistance of ~50—100% over a similar tempera-
ture range to that studied here (Thompson et al., 1985; Shen and
Schwartzkroin, 1988; Volgushev et al., 2000; Trevelyan and Jack,
2002; Lee et al., 2005).
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FIGURE 2 | Spiking patterns and inter-spike intervals at low and
physiological temperatures. (A) Summary of spiking patterns for 10 layer 5
pyramidal neurons at low and high temperatures. All neurons display regular
spiking (R) at physiological temperatures and weak (W; gray) or strong (S;
black) burst spiking at lower temperatures. (B) Interspike interval between the
first and second spike (ISI, ,) as a function of temperature for 10 pyramidal
neurons. (C) Interspike interval between the third and fourth spike (ISI, ) as a
function of temperature for 10 pyramidal neurons. These neurons fall into two
groups: four with strong burst spiking patterns (black), in which ISI, , is
comparable to ISI,_,, and six with weak burst spiking patterns (gray), in which
ISI, , is comparable at the two temperatures.

We observed no change in mean resting membrane potential in
across the population of neurons examined, but there were substan-
tial changes in resting membrane potentials of up to 10 mV in some
neurons. Other authors also report a mixture of effects of temperature
on resting membrane potential in both hippocampus and cortex, with
some authors reporting significant (10-15 mV) depolarization fol-
lowing a reduction in temperature in both hippocampus and neocor-
tex (Shen and Schwartzkroin, 1988; Volgushev et al., 2000; Trevelyan
and Jack, 2002) and reporting no effect of temperature on resting
membrane potential (Thompson et al., 1985; Lee et al., 2005).

TEMPERATURE AND THE MECHANISM OF BURSTING IN LAYER 5
PYRAMIDAL NEURONS

Burst spiking in layer 5 neocortical pyramidal neurons results from
the activation of sodium and calcium currents in the distal apical
dendrite. Activation of these currents can generate a mixed sodium/
calcium-based dendritic spike in the dendrite, which causes pro-
longed depolarization of the axon initial segment, resulting in a burst
of spikes (Schiller et al., 1997; Schwindt and Crill, 1999; Williams and
Stuart, 1999). Presumably increasing temperature limits activation
of sodium and calcium currents in the distal dendrite or the ability
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FIGURE 3 | Effects on temperature on spike waveform and membrane
parameters. (A) Spike threshold, amplitude and half width for the first four
spikes during 300 ms constant current injection at 25-26°C (blue) and
36-37°C (red). Results were pooled separately for neurons that displayed
strong bursting patterns at 25-26°C and weak bursting patterns at 25-26°C.
Points represent the mean (=SEM) from four neurons with strong bursting
patterns and six with weak bursting patterns at 25-26°C. (B) Example
recording to illustrate the contrast in spike threshold, amplitude and half width
for a single neuron at when displaying regular spiking at physiological
temperature (red) and string bursting at lower temperature (blue). (C) Effects
of temperature on resting membrane potential (V__), membrane sag, input
resistance (R,), membrane time constant (tau), anomalous rectification (c,,)
and rheobase. Each bar represents the mean + SEM from 10 neurons.

of these currents to affect spiking. In this context it is interesting that
the membrane time constant and input resistance of layer 5 neurons
both approximately doubled when the temperature decreased to
24-26°C. An increase in membrane time constant might prolong
the depolarization that results from activation of sodium and cal-
cium currents. An increase in membrane resistance would increase
the space constant of the dendrite, facilitating the spread of current
from soma to dendrite and vice versa. A change in electrical coupling
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FIGURE 4 | Spiking pattern unaltered by somatic depolarization or
hyperpolarization. An example of an experiment to assess the effects of
membrane potential on spiking pattern at physiological and lower
temperatures. The neuron changes from regular spiking to strong burst spiking
as a result of a decline in temperature from 37°C (red) to 25.5°C (blue). In this
neuron the decline in temperature was accompanied by depolarization of the
resting membrane potential from —65 to =57 mV. Somatic current injection
was used to depolarize and hyperpolarize the membrane potential. At both
temperatures the spiking pattern was unaffected by somatic current injection.

might account for the effects of temperature on spiking pattern,
with the flow of electrical signals between soma and distal apical
dendrite being inhibited at warmer temperatures.

Alternatively lower temperatures might favor bursting by causing
depolarization of the distal apical dendrite, which pushes the den-
drite toward the voltage threshold for a dendritic spike (Williams
and Stuart, 1999; Larkum et al., 2001). In our experiments, depo-
larization of the neuron had no effect on the spiking pattern, but
we depolarized the neuron by somatic current injection, which will
have an extremely limited effect on the membrane potential in the
distal dendrites (Williams and Mitchell, 2008).

DISTINCTION BETWEEN REGULARLY SPIKING AND BURSTING LAYER 5
NEURONS

Many authors have investigated the spiking patterns of layer 5
pyramidal neurons and concluded that the population is mixed,
with some neurons firing in bursts in response to constant current
injection and some neurons adopting a regular spiking pattern
(Connorsetal., 1982; McCormick et al., 1985; Agmon and Connors,
1989; Chagnac-Amitai et al.,, 1990; Mason and Larkman, 1990;
Schwindt and Crill, 1999; Williams and Stuart, 1999). Spiking pat-
terns have been correlated to morphological characteristics, includ-
ing the diameter of the apical dendritic trunk and size of the apical
dendritic tree (Mason and Larkman, 1990). These studies suggest
that bursting is an intrinsic property of a morphologically distinct
subset of layer 5 pyramidal neurons. Here we show that individual
layer 5 pyramidal neurons can adopt both spiking patterns.

The proportions of neurons that spike in bursting and with
regular patterns differ between previous publications. For exam-
ple, Chagnac-Amitai et al. (1990) reported that ~50-60% of layer
5 pyramidal neurons in rat somatosensory cortex spike in bursts,
whereas Schwindt and Crill (1999) reported a much lower propor-
tion of bursting neurons (~33%) in the same brain region. Some of
the disparity in the literature might result from species or age differ-
ences or from slightly different classifications of bursting behavior.
Selection bias might also contribute. For example, bursting neurons
may have larger somata than regularly spiking layer 5 pyramidal
neurons (Chagnac-Amitai et al., 1990; Larkman and Mason, 1990).
Hence a bias toward larger somata might lead to a higher propor-
tion of bursting neurons. We performed no morphological analyses

in our study, but bursting occurred in all of our recordings, raising
the possibility that the neurons included in our study may represent
a subset of layer 5 pyramidal neurons.

The temperature—sensitivity of spiking patterns observed here
might help explain the disparity in the proportion of neurons classi-
fied as bursting by different authors. In these previous reports, record-
ings were obtained from slices maintained over a narrow range of
temperatures: 32°C (Agmon and Connors, 1989), 33°C (Schwindt
and Crill, 1999), 35°C (Chagnac-Amitai et al., 1990), 34-36°C
(Williams and Stuart, 1999), 37°C (Connors et al., 1982), tempera-
ture not stated (McCormick et al., 1985; Mason and Larkman, 1990).
The method and accuracy of temperature measurements are rarely
stated in these or other slice physiology studies and even small inac-
curacies of a few degrees Celsius might alter the proportion of layer
5 neurons that spike in bursts. Hence in addition to a possible selec-
tion bias, here we add temperature as another factor that might have
influenced the proportion of bursting neurons in this and previous
studies, as relatively subtle differences in temperature could readily
account for much of the variability between studies.

The idea that a single layer 5 pyramidal neuron can change its
spiking pattern is not new. For example, current injection into the
proximal apical dendrite favors burst spiking by enhancing the inter-
action between soma and distal apical dendrite and this has led to
the suggestion that synaptic activity in the proximal apical dendritic
tree can control the neuron’s spiking pattern (Larkum et al., 2001).
It has also been suggested that individual layer 5 pyramidal neurons
may switch between regular and burst spiking patterns in vivo, again
depending on the patterns of ongoing synaptic activation (Steriade,
2004). Here we show that the spiking patterns of layer 5 pyramidal
neurons are even more flexible than previously thought: even in the
absence of synaptic activity pyramidal neurons can adopt different
spiking patterns in response to the same stimulus.

LAYER 5 PYRAMIDAL NEURONS AS CELLULAR COINCIDENCE DETECTORS
Layer 5 pyramidal neurons can act as cellular coincidence detectors,
detecting, and responding to coincident activity in deep and super-
ficial layers of the neocortex (Larkum et al., 1999). Burst spiking is
central to this role. At physiological temperatures, layer 5 pyramidal
neurons adopt regular spiking patterns in response to synaptic activity
in their proximal dendrites, which reside in deep layers of the neocor-
tex. Coincident activation of the distal apical dendrite, in superficial
layers of the neocortex, may generate a burst of spikes (Larkum et al.,
1999). We have shown that layer 5 pyramidal neurons spike in bursts in
response to somatic input alone at 24—26°C. Presumably under these
conditions this form of coincidence detection islost. Since cellular coin-
cidence detection is probably a fundamental function and perhaps the
principal task of these neurons, our results suggest that layer 5 pyrami-
dal neurons are incapable of performing one of their most important
physiological functions at sub-physiological temperatures.
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