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tical pyramidal cells are constantly bombarded by synaptic activity,
much of which arises from other cortical neurons, both in normal
conditions and during epileptic seizures. The action potentials gener-
ated by barrages of synaptic activity may exhibit a variable site of
origin. Here we performed simultaneous whole cell recordings from
the soma and axon or soma and apical dendrite of layer 5 pyramidal
neurons during normal recurrent network activity (up states), the
intrasomatic or intradendritic injection of artificial synaptic barrages,
and during epileptiform discharges in vitro. We demonstrate that
under all of these conditions, the real or artificial synaptic bombard-
ments propagate through the dendrosomatic-axonal arbor and consis-
tently initiate action potentials in the axon initial segment that then
propagate to other parts of the cell. Action potentials recorded intra-
cellularly in vivo during up states and in response to visual stimulation
exhibit properties indicating that they are typically initiated in the
axon. Intracortical axons were particularly well suited to faithfully
follow the generation of action potentials by the axon initial segment.
Action-potential generation was more reliable in the distal axon than
at the soma during epileptiform activity. These results indicate that the
axon is the preferred site of action-potential initiation in cortical
pyramidal cells, both in vivo and in vitro, with state-dependent back
propagation through the somatic and dendritic compartments.

INTRODUCTION

Cortical pyramidal cells have several active zones that are
independently capable of generating action potentials. These
include at least the apical and basal dendrites, soma, axon
hillock, axon initial segment, and more distal components of
the axon, such as the nodes of Ranvier (Colbert and Johnston
1996; Colbert and Pan 2002; Mainen et al. 1995; Milojkovic et
al. 2005; Stuart et al. 1997a,b). Which compartment is the first
to initiate action potentials and how far these spikes propagate
and interact with the other compartments may have a signifi-
cant effect on short- and long-term cortical function (Golding
et al. 2002; Larkum et al. 1999a; Svoboda et al. 1997; Waters
and Helmchen 2004). In addition, the different compartments
of cortical neurons may interact to generate complex patterns
of spike generation, such as burst discharges, prolonged depo-
larizations, and oscillations (Helmchen et al. 1999; Kim and
Connors 1993; Larkum and Zhu 2002; Larkum et al. 2001;
Stuart et al. 1997b; Wang 1999).

Investigations of even low-frequency single-spike initiation
(the simplest form of action-potential generation) in cortical
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pyramidal cells have yielded some conflicting results, although
the general consensus is that in response to somatic depolar-
izing current pulses or local, electrical activation of threshold
synaptic inputs, fast spikes are initiated in the axon initial
segment followed by back propagation into the soma and
apical dendrite (Palmer and Stuart 2006; Stuart et al. 1997a,b).
This finding is in agreement with classical studies in spinal
motoneurons (Coombs et al. 1957; Fuortes et al. 1957), al-
though some studies have suggested that the first node of
Ranvier, and not the axon initial segment, is the typical site of
action-potential initiation in some cell types (Clark et al. 2005;
Colbert and Johnston 1996; Colbert and Pan 2002).

Although these studies indicate that the axon initial segment
is the preferred site of spike initiation under the relatively
quiescent conditions of the in vitro slice, the site of fast spike
initiation under conditions when the cortical network is active
is still relatively unexplored. In vivo, cortical pyramidal neu-
rons receive tens of thousands of synaptic inputs, which often
culminate in prolonged depolarizations and significant in-
creases in membrane conductances of both dendritic and so-
matic compartments (Destexhe et al. 2001; Steriade et al.
2001). One example of complex barrages of synaptic activity is
the up state of the slow oscillation that occurs during slow
wave sleep or anesthesia (Haider et al. 2006; Steriade et al.
1993, 2001). The synaptic barrages arriving during the up state
display properties that are similar, but not identical, to those of
the waking state (Steriade et al. 2001). The properties of fast
spike initiation in cortical pyramidal cells during ongoing
barrages of synaptic activity, and how these give rise to spike
threshold variability (Azouz and Gray 1999), are not well
understood. Simultaneous dendritic and somatic extracellular
recordings in vivo indicate that action potentials are typically
back-propagating from the soma into the apical dendrites,
although the precise location of initiation of these spikes could
not be discerned (Buzsaki and Kandel 1998). Simultaneous in
vivo dendritic Ca®>" imaging and somatic recordings suggest
that layer 2/3 pyramidal cells may generate apical dendritic
spikes only after somatic spikes (Svoboda et al. 1997, 1999),
whereas the apical dendrites of layer 5 pyramidal neurons may
occasionally generate Ca®" transients (presumed action poten-
tials) in isolation of somatic spikes (Helmchen et al. 1999).
Indeed, in vitro studies have suggested that action potentials
may initiate first from dendritic compartments during strong
and/or synchronous synaptic stimulation to localized or distrib-
uted portions of the dendritic tree (Gasparini et al. 2004;
Golding and Spruston 1998; Larkum et al. 1999a,b; Losonczy

The costs of publication of this article were defrayed in part by the payment
of page charges. The article must therefore be hereby marked “advertisement”
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

WWW.jn.org

1002 ‘6T Arenuer uo Bio ABojoisAyd-ul woly papeojumoq



http://jn.physiology.org

CORTICAL ACTION-POTENTIAL INITIATION 747

and Magee 2006; Milojkovic et al. 2005; Regehr et al. 1993;
Schiller et al. 1997), and these dendritic spikes may or may not
propagate completely to the soma (Jarsky et al. 2005; Larkum
and Zhu 2002; Larkum et al. 2001; Losonczy and Magee 2006;
Milojkovic et al. 2005; Schiller et al. 1997). Dendritic and
somatic interactions are even more complex during the gener-
ation of bursts of action potentials, in which rapid action
potentials may be initiated in the axonal/somatic compart-
ments, whereas the generation of slower spikes or other active
depolarizing events in the dendrites provide the prolonged
depolarization that drives the burst (Helmchen et al. 1999; Kim
and Connors 1993; Larkum and Zhu 2002; Larkum et al. 2001;
Stuart et al. 1997b; Wang 1999).

These results suggest that the site of spike initiation in
regular spiking cortical pyramidal cells may vary according to
the nature of the initiating stimulus, with threshold stimuli
preferring initiation in the axon (initial segment or 1st node of
Ranvier) and strong, synchronized, or distal stimuli occasion-
ally initiating spikes from the dendrites. Given the possibility
of spikes being initiated in variable portions of the neuron, it is
not clear where these action potentials will be initiated under
the various conditions occurring in vivo, including during
ongoing synaptic barrages (either spontaneous or evoked by
sensory stimuli), or under pathological conditions, such as
during epileptic seizures. Here, as a first step toward investi-
gating this question, we examine the properties of spike initi-
ation in cortical pyramidal cells during the spontaneous gen-
eration of up states in vitro and in vivo, in response to sensory
stimuli in vivo, during epileptiform discharges in vitro, and
during the intradendritic and intrasomatic injection of complex
patterns of current in vitro. We provide evidence that under all
of these conditions, fast action potentials are preferentially
initiated from the axonal initial segment and propagate reliably
down the axon.

METHODS

Experiments were performed on 0.3-mm thick slices of the ferret
(7-10 wk old) prefrontal cortex (anterior to the Sylvian fissure) but
also from somatosensory area and maintained in vitro in a submerged
style recording chamber at 36.5°C. Immediately after cutting, the
slices were transferred to an incubation beaker filled with aerated
normal artificial cerebrospinal fluid (ACSF) containing (in mM) 126
NaCl, 2.5 KCI, 2 MgSO,, 2 CaCl,, 26 NaHCO;, 1.25 NaH,PO,, and
25 dextrose (315 mosM, pH 7.4) and held at 35°C until use. After =1
h of incubation, slices were transferred to a submerged chamber in
which both a bottom and top grid were used to lift and hold the slices
in position and that contained the ACSF solution as in the preceding
text. Cortical neurons were visualized with an upright infrared-
differential interference contrast (IR-DIC) microscope (Zeiss Axio-
skop 2 FS plus). A light-sensitive camera (OLY-150, Olympus) was
used for tracing the fluorescent axonal profiles. For only those record-
ings where the slow oscillation or epileptic activity was examined in
the submerged chamber, the ACSF solution was modified to contain (in
mM) 1 MgSO,, 1 CaCl,, and 3.5 KCI (Sanchez-Vives and McCormick
2000; Shu et al. 2003a,b). The membrane potentials in our whole cell
recordings were not corrected for Donnan liquid junction potential, which
is between 5 and 15 mV (Fricker et al. 1999).

Whole cell recordings were achieved simultaneously from either
the soma and the apical dendrite or the soma and the cut end of the
main axon using a Multiclamp 700B or Axoclamp 2B amplifier
(Molecular Devices, Sunnyvale, CA). Patch pipettes were formed on
a Sutter Instruments (Novato, CA) P-97 microelectrode puller from

borosilicate glass (1B200-4, WPI, Sarasota, FL). Pipettes for somatic
recording had an impedance of 5-6 M() and were filled with an
intracellular solution that contained (in mM) 140 KGluconate, 3 KClI,
2 MgCl,, 2 Na,ATP, and 10 HEPES, pH 7.2 with KOH (288 mosM).
Calcium buffer included in the whole cell pipette was 0.2 mM EGTA.
Only regular spiking neurons were analyzed in this study.

Alexa Fluor 488 (100 uM) and biocytin (0.2%) were added to the
pipette solution for tracing and labeling the recorded pyramidal cells.
For simultaneous somatic and axonal (prefrontal cortex) or somatic
and dendritic (typically in somatosensory cortex) whole cell record-
ings, ~10 min after somatic whole cell recording was established, the
course of the main axon or apical dendrite was examined under the
fluorescent microscope equipped with a X40 water-immersion objec-
tive and a magnifier of up to X2. Only those pyramidal neurons in
which the apical dendrite or axon was preserved and came to the
upper surface of the slice were used in this portion of our study. Patch
pipettes for whole cell dendritic or axonal recording were filled with
a similar intracellular solution but without fluorescent dye added;
these had an impedance of 915 M(). The pipette was advanced to the
apical dendrite or the cut end of the axon with a positive pressure of
~65 mbar and guided by switching back and forth between the
fluorescent and DIC images with the total time the cell was exposed
to fluorescence being kept to <20 s to minimize damage (our whole
cell recordings from the soma did not reveal any evidence of changes
in the electrophysiological properties of the recorded neurons during
this brief exposure to fluorescence). The apical dendrite or the bleb
formed at the cut end of the axon was then pressed by the pipette tip
and negative pressure was applied to form a seal. As soon as a tight
seal (>10 G()) was achieved, pulses of brief suction were applied to
break the patch, and the whole cell configuration could be easily
obtained. Thereafter steps of positive and negative current were
injected to the soma to examine the intrinsic membrane properties of
the recorded neuron. During the whole period of simultaneous somatic
and dendritic, or somatic and axonal recordings, access resistance was
monitored frequently; recordings with access resistance >25 M() for
somatic recording, 80 M) for axonal or dendritic recording, were
discarded. Bridge balance and capacitance neutralization were care-
fully adjusted before and after every experimental protocol. After a
recording was completed, the slice was transferred to 4% paraformal-
dehyde in 0.1 M phosphate buftfer for subsequent immunostaining and
visualization.

All computations were performed in Spike2 (Cambridge Electronic
Design, Cambridge, UK) and MATLAB (MathWorks, Bethesda,
MD). All error bars were calculated as the mean *= SE, and data in the
text are reported as means £ SD.

A number of experiments were performed with a dynamic-clamp
technique using a DAP-5216a board (Microstar Laboratory). Noisy
conductances were constructed according to an Ornstein-Uhlenbeck
(colored noise) model (Destexhe et al. 2001). The SD (and, concur-
rently, the amplitude) of the conductance was adjusted to give a
10-mV peak-to-peak membrane potential deviation, and the holding
current was adjusted to keep the cell just near spike threshold.

The in vivo intracellular recordings analyzed here were from
previously published studies performed in the primary visual cortex of
halothane anesthetized cats (Nowak et al. 2005) or ketamine-xylazine-
anesthetized ferrets (Haider et al. 2006). Analysis was restricted to
those neurons classified as regular spiking, according to standard
criteria (McCormick et al. 1985; Nowak et al. 2003).

Anatomical methods

Male ferrets, 7-wk or 15-mo old, were used for examination of the
axon region of myelination, mainly in the ferret prefrontal cortex.

MYELIN STAINING.

BULK SILVER STAINING. Because silver staining can make visible
even the thinnest fibers of myelin in the cortex and it has been
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