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ABSTRACT

Backpropagating dendritic Na* spikes generate a depolarizing afterpotential (DAF)
at the soma of pyramidal cells in the electrosensory lateral line lobe (ELL) of weakly elec-
tric fish. During repetitive discharge the DAP contributes to the generation of oscillatory
spike bursts. The present study examined the soma-dendritic interactions that regulate the
DAP and burst generation. Intracellular recordings were obtained from ELL pyramidal
somata and apical dendrites in an in vitro slice preparation. Spike output exhibited a volr-
age- or time-dependent shift from tonic to burst discharge when interspike intervals fell
within ~3 - 7 ms. Oscillatory spike bursts consisted of 2 - 7 spikes which were terminated
by a high frequency somatic spike doublet and burst AHP. The primary factor controlling
burst frequency was the rate of membrane depolarization during a burst, as determined by
the balance between somatic AHPs and the DAP. Local dendritic TTX ejection prevented
spike backpropagation and isolated somatic AHPs, revealing that AHPs were stable during
repetitive discharge. In contrast, a frequency-dependent broadening and summation cf
dendritic spikes at interspike intervals of ~3 - 7 ms enhanced the somatic DAP. The short
interspike interval of the somatic spike doublet fell within the dendritic refractory period,
preventing backpropagation of the second spike of the doublet. The sudden failure of
backpropagation during a burst truncated the dendritic depolarization and removed the
somatic DAP, uncovering the burst AHP. These data reveal a novel soma-dendritic interac-

tion that allows conditional backpropagation to control the generation, threshold, and fre-

quency of oscillatory spike bursts.
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CHAPTER1
INTRODUCTION

ELECTRORECEPTION

Many aquatic animals have the ability to passively sense very weak electric fields
using electroreceptors (Moller, 1995). For instance, freshwater catfish respond to electric
field gradients as low as | uV per centimeter. This high sensitivity enables electrosensi-
tive animals to locate prey using the weak electric fields emitted into the surrounding
water during physiological muscle contractions (ie. gill movements). A subset of fish in
addition to having an electrosensory system possess electric organs. These weakly elec-
tric fish generate electric fields which they use for the active detection of objects and for
communication (for review, see Heiligenberg, 1991; Bastian, 1994). One such weakly
electric fish is the Brown Ghost Knife fish (Apteronotus leptorhynchus) which both pro-
duces and senses its own weakly electric organ discharge (EOD). This EOD is conti-
nously generated as a sinusoidal waveform in the millivolt range. The Brown Ghost
Knife fish has two types of electroreceptors distributed over its body surface. The T-type
electroreceptor encodes changes in EOD signal phase, while the P-type electroreceptor
senses changes in EOD amplitude induced by objects in the surrounding environment.
The electrosensory system uses this information to compare differential phase and am-
plitude modulations of the EOD over the body surface to determine the physical location

of objects, a process termed electrolocation.



ELECTROSENSORY LATERAL LINE LOBE (ELL)

Afferents of these electroreceptors project to the ELL, a medullary nucleus where
they synapse on basilar dendrites of granule cells and pyramidal cells. The pyramidal
cells are the primary output cells of the ELL. Pyramidal cells are confined to a well de-
fined pyramidal cell layer (PCL), and project an apical dendritic tree 600-800 pum into an
overlying molecular layer. The PCL extends across four topographic maps positioned
side-by-side in the medio-lateral plane, the medial segment (MS), centromedial segment
(CMS), centrolateral segment (CLS) and lateral segment (LS) (Maler, 1979) (Fig. 1). The
outer three maps (CMS, CLS, and LS) receive identical primary afferent input from the
P-type electroreceptors involved in encoding changes in the magnitude and frequency of
amplitude modulations (AM) of external fields.

Shumway (1989) investigated the response of ELL pyramidal cells across the
segmental maps in vivo to varying AM frequencies in an externally applied field and
found several differences in cell responsiveness. Pyramidal units in the lateral segment
(LS) were found to have larger receptive fields which were more sensitive than those in
the CMS to step changes in electric field amplitude. The LS units also responded more
phasically and with shorter latencies to step changes in electric field amplitude. The
strength of the inhibitory surround in the center-surround receptive field was weakest in
the LS and strongest in the CMS. The majority of units in the LS responded preferen-
tially to high frequency AMs compared to the CMS units which responded preferentially
to low frequency AMs. Specifically, CMS pyramidal cells responded best to AM fre-
quencies of ~1-10 Hz, CLS cells to ~20-35 Hz, and LS cells to ~50-120 Hz (Fig. 24-C).

These differences led Shumway to postulate that the ELL. maps may be the place where



temporal and spatial sensory information begins to be processed separately. Shumway
believed that the CMS map could provide high spatial but poor temporal resolution. The
LS in turn would provide lower spatial contrast with higher temporal resolution.

More recent recordings in ELL slices in vitro revealed the presence of oscillatory
burst discharge in ELL pyramidal cells and its associated circuitry (Mathieson and Maler,
1988; Turner et al., 1994, 1996). Importantly, the nature of these bursts shift across the
segmental maps in a manner consistent with the frequency selectivity of pyramidal cells
in vivo (Tumer et al., 1996)(Fig. 2B). This led to the proposal that oscillatory discharge
inherent to the ELL may be the cellular basis for frequency selectivity of pyramidal cells
across the segmental maps in vivo (Turner et al., 1994).

BURST DISCHARGE IN ELL PYRAMIDAL CELLS

In vitro recordings have revealed the presence of both a slow and fast form of os-
cillatory burst discharge in pyramidal cells (Fig. 1). The slow form of spike burst is gen-
erated at a rate of ~0.3—3Hz and is driven by slow depolarizing shifts in membrane po-
tential. It was found that several characteristics of slow oscillatory spike bursts changed
significantly from the CMS to the LS. These changes included a reduction in oscillatory
period (Fig. 2D), shorter burst duration (Fig. 2E), as well as a decrease in the number of
spikes/burst (Fig. 2F)(Turner et al., 1996). There was also an increase in spike frequency
within bursts from the CMS to the LS (Tumer et al., 1996). The second form of oscilla-
tory spike burst is generated at 15-200 Hz by way of a novel mechanism involving the
backpropagation of dendritic spikes (Turner et al.. 1994). Tumner et al. noted that each
spike burst was terminated by a bAHP that was generated in relation to a preceding high

frequency spike doublet. It is presently unknown whether fast oscillatory bursts exhibit a



similar pattern of change to those reported for slow oscillatory bursts across segmental
maps (Fig. 2). It is known however that these fast oscillatory bursts play a role in feature
extraction in vivo (Gabianni et al., 1996). One intent of this project is to more carefully
determine the properties and mechanisms underlying the fast oscillatory bursts in the
CMS map, with the long term objective of comparing the properties of fast oscillatory

bursts across the ELL maps.



Figure 1.

On the left is a cresyl-violet stained transverse section at the medullary level of
A.leptorhynchus. showing the boundaries between four segmental maps of the ELL (MS,
CMS, CLS, LS). The clear laminae of the pyramidal cell layer (PCL) and granule cell
layer (GCL) are indicated. On the right are representative examples of spontaneous burst
activity in pyramidal cells recorded in the CMS and LS segmental maps. 4, B, Pyramidal
cells ir} both segments can exhibit slow spontaneous oscillatory shifts in membrane po-
tential that generate spike bursts. Note the longer duration of spike bursts in CMS cells
(4) compared to LS cells (B). The period of spike bursts was 2.5 s in 4 and 0.58 s in B.
C, D, Expanded traces of spike discharge over the regions indicated in 4 and B reveal a
second, faster form of repetitive spike bursts in both CMS and LS cells. Small arrows (C,
D) indicate timing of bAHPs that terminate each spike burst (Turner et al. 1994). The pe-
riod of spike bursts was 0.02s in C and D. The calibration bar (mV) in D also applies to
A-C. Abbreviations: ELL, electrosensory lateral line lobe; PCL. pyramidal cell layer;
GCL, granule cell layer; MS, medial segment; CMS, centromedial segment; CLS, cen-
trolateral segment; LS, lateral segment. Figure has been modified from Tumer et al.

(1996).
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Figure 2.
The nature of burst discharge in vitro shifts across segmental maps in a manner

consistent with pyramidal cell frequency selectivity in vivo. A-C, Pyramidal units in the
LS respond with a maximal firing response to higher frequencies of AM, while pyramidal
units in the CMS produce a maximal response to lower frequencies of AM in vivo. Spe-
cifically CMS cells responded best to AM frequencies of ~1-10 Hz (4), CLS cells to fre-
quencigs of ~20-35 Hz (B), and LS cells to frequencies of ~ 50-120 Hz (C)(modified
from Shumway, 1989). D-F, Several characteristics of slow oscillatory spike bursts in
vitro change significantly from the CMS to LS. These changes include a reduction in os-
cillation period (D), shorter burst duration (E), as well as a decrease in the number of

spikes/burst (F) (modified from Turner et al. 1996).
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SPIKE BACKPROPAGATION

Tumer et al. (1994) established that the active properties of dendrites in pyramidal
cells were key to the generation of spike bursts. The concept of active dendritic mem-
branes and Na” spike invasion of the dendritic tree has been recognized for some time.
Cragg and Hamlyn (1955) first recorded at the field potential level that antidromic or or-
thodromic stimulation evoked a short-duration, negative field potential that conducted
over the somatodendritic axis of CAl hipoocampal pyramidal cells in vivo. Spencer and
Kandel’s (1961) model for dendritic spike generation proposed that synaptic depolariza-
tion leads to the initial activation of a spike from dendritic membrane “hot spots™, local
regions exhibiting a low threshold for action potential initiation. Dendritic membranes of
many neurons contain a sufficient density of Na" channels to generate active Na* spike
discharge (Johnston et al., 1996, Mainen et al., 1995, Yuste, 1996). However, the soma
typically has the lowest threshold for generating a spike. Membrane depolarizations
therefore usually initiate spike discharge at the soma (Richardson et al.. 1987; Tumer et
al.. 1991; Spruston et al., 1995; Stuart and Sakmann, 1994). In hippocampal pyramidal
cell dendrites the density of Na’ channels is constant even up to 350 uM from the soma
(Johnston et al., 1996). This allows spikes to retrogradely conduct from the soma and out
through the dendritic tree in a process termed “spike backpropagation”. It is now well
established that antidromic Na” dependent action potentials propagate over ~ 2/3 of the
axis of hippocampal pyramidal neuron dendrites (Miyakawa and Kato,1986; Richardson
etal., 1987; Tumer et al., 1991).

Spruston et al. (1995) demonstrated that single action potentials can invade the

distal dendrites of CAl neurons and result in substantial elevations of [Caz*],v . This



finding suggested that active backpropagation of action potentials is supported by volt-
age-gated Na+ channels distributed over the entire apical dendrite. During trains of ac-
tion potentials there is a frequency dependent decrease in the amplitude of action poten-
tials in CAl neuron dendrites. The amplitude decrease has been accounted for by a cu-
mulative inactivation of dendritic Na“ channels (Mickus et al. 1999; Colbert et al. 1997;
Fleidervish et al. 1996). A decrease in dendritic spike amplitude with distance from the
soma is due to the action of Kv4.2 (A-type) K* channels that increase in density from
soma to distal regions of dendrites (Hoffman et al. 1997, Hoffman and Johnston, 1998).
Modeling studies show that even a 5 mV shift in the Kv4.2 channel’s activation curve can
increase action potential amplitude in CA1 dendrites (Hoffman and Johnston, 1999). This
shift in the activation curve can be achieved by the downregulation of A-channels by
protein kinase activation (Hoffman and Johnston, 1999). These authors hypothesize that
Na” channel inactivation or K™ channel activation during action potential trains allows
only the first few spikes in a train to actively propagate the entire extent of the dendrites.
During trains of action potentials there is a differential increase in [Ca’]; across
the neuron. The rise in [Caz’]i is small in the soma. highest in proximal apical dendrites
and basal dendrites and small again in the distal apical dendrites (Johnston et al. 1996).
Broadening of action potentials by the addition of TEA makes the rise in [Ca’*]; more
uniform, with large increases in both proximal and distal dendrites. Imaging with a Na™
sensitive dye by Jaffe et al. (1992) suggested that the influx of Ca’* into the dendrites is
driven by Na™ dependent action potentials. Both high-voltage and low-voltage activated

Ca®* channels open during backpropagating action potentials and can further generate
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dendritic Ca®" spikes under conditions of K* channel blockade (Magee and Carruth,
1999; Golding et al., 1999).

Recent work has begun to identify the functional significance of backpropagation.
Backpropagating spikes have been shown to trigger a dendritic Ca** influx which can
regulate synaptic plasticity or enhance dendrite-soma coupling (Spruston et al., 1995;
Callaway and Ross 1995; Markram et al., 1997; Magee and Johnston, 1997; Magee et al.,
1998; Larkum et al., 1999). The occurrence of backpropagating spikes in olfactory mitral
cells implicates their role in presynaptic dendritic transmitter release (Chen et al., 1997;
Bischofberger and Jones, 1997).

Turner et al. (1994) first reported that backpropagating spikes also .contribute to
the generation of oscillatory discharge in ELL pyramidal cells. In particular, Na* spikes
were reported to backpropagate into apical dendrites to drive somatic depolarizations.
This represents a new and important addition to our understanding of the functional role
of backpropagating spikes. Moreover, comparison of the basic properties of burst dis-
charge in pyramidal cells suggests that this mechanism is likely active in several different
cell types (Calvin and Seypert 1976; Calvin and Hartline, 1977; Granit et al., 1963; Nel-
son and Burke, 1967, Mainen and Sejnowski, 1996; Gray and McCormick, 1996, Wang,
1999).

SPIKE DISCHARGE IN ELL PYRAMIDAL NEURONS

In ELL pyramidal cells spike initiation is near the soma with spikes backpropa-
gating over at least the initial 200 um of apical dendrites. Spike discharge recorded in
either pyramidal cell somata or apical dendrites in response to current injection is thus

initiated at the soma, followed by backpropagation into apical dendrites (Fig.3 4,B).

-11-



Near threshold for spike discharge, pyramidal cells generate TTX-sensitive spikes, with
the frequency of spikes increasing during membrane depolarization. Spikes recorded in
somatic membrane are much shorter in duration and larger in amplitude than those re-
corded in dendrites (Table 1). Immediately following a somatic spike there is a fast af-
terhyperpolarization (fAHP). After the fAHP there is a depolarizing afterpotential (DAP)
which is followed by a slower afterhyperpolarization (sAHP)(Fig. 34,C). In contrast,
only a §AHP is recorded in dendritic membrane (Fig. 3B).

Superimposing antidromic spikes recorded in somatic and dendritic locations in-
dicates that the dendritic spike is of similar duration to the somatic DAP (Turner et al.,
1994) (Fig. 3C). These authors in fact established a direct relationship between dendritic
spike discharge and the somatic DAP using focal TTX ejections in the dendritic region.

Spike afterpotentials are important to the underlying mechanism for burst dis-
charge. An expanded view of an oscillatory spike burst illustrates a gradual change in
spike afterpotentials, with the most pronounced change at the somatic level (Fig. 44).
From one spike to the next, the fAHP and sAHP at the soma appear to decrease in am-
plitude. while the DAP grows in amplitude through the burst (Fig. 44). The combination
of DAP growth and AHP attenuation helps the cell reach threshold for a high frequency
spike doublet. The spike doublet is then followed by a long burst afterhyperpolarization
(bAHP) which terminates the burst (Fig. 44).

MECHANISMS UNDERLYING AFTERPOTENTIALS

DAP Generation

The ability for backpropagating spikes to directly influence somatic membrane

potential has become apparent in physiological and modeling studies (Zhang et al., 1993;



Turner et al., 1994; Mainen and Sejnowski, 1996; Wang, 1999). Turner et al. (1994) es-
tablished that the generation of oscillatory spike bursts in pyramidal cells relies upon
backpropagating Na* spikes that generate the DAP at the soma. A model depicting how
a backpropagating spike influences somatic membrane excitability is shown in Figure 4B.
Membrane depolarization initiates Na”~ spike discharge near the cell body and is followed
by spike backpropagation through ~200 um (approximately one-third) of the apical den-
dritic arborization. The somatic spike is of narrow duration while the dendritic spike
rapidly increases in duration with distance from the soma. As a result, current associated
with dendritic spike discharge sources back to evoke a DAP at the soma that is superim-
posed on the somatic fAHP and sAHP (Fig. 6B). It is important to emphasize that the
DAP is generated primarily by electrotonic conduction during backpropagation of the
spike from soma to dendrite, and not by a spike propagating in a return fashion from den-
drite to soma.
AHP Generation

The conductances underlying AHPs in pyramidal cells are still unknown, al-
though recent single channel and whole-cell recordings provide some indication as to the
identity and distribution of the relevant ion channels. ELL pyramidal cells express the K™
channels AptKv3.3 and AptKv3.1, homologues of Kv3.3 and Kv3.1 respectively (Rashid
et al. 1999). Recent in siru hybridization studies show intense localization of AptKv3.3
channel in pyramidal cells (Rashid et al., 1999). Patch recordings in CMS pyramidal
cells show an outward rectifying K channel that has a high voltage for activation (~ -20
mV). ~25 pS conductance, high sensitivity to TEA and 4-AP (uM range), and very fast

activation and deactivation (t~2 ms) (Morales et al.. 1998). These characteristics are en-
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tirely consistent with those of mammalian Kv3 channels (Kanemesa et al. 1995; Brew
and Forsythe, 1995; Massengil et al. 1997). The kinetics of this channel and its localiza-
tion to pyramidal cell somata make the AptKv3.3 current a likely candidate to both repo-
larize spike discharge and generate a fAHP at the soma.

The most likely candidate for sSAHP and bAHP generation is a K(Ca) channel. In
support of this, initial screening studies on CMS pyramidal cell somata and dendrites us-
ing single channel recordings have identified two Ca** activated K™ currents, with single
channel conductances of 180 pS and 90 pS (E. Morales, personal communication). Either
or both of these channels may contribute to the sAHP or bAHP.

In summary, the ionic mechanisms underlying burst discharge in CMS pyramidal
cells has not been fully determined. Burst discharge would appear to be driven by the
rapid change in spike afterpotentials during repetitive discharge, while a spike doublet
and bAHP terminates a burst, presumably to establish burst frequency.

HYPOTHESIS:

A progressive change in afterpotentials (fAHP, sAHP. DAP) during repetitive
spike discharge underlies the burst depolarization, while generation of a spike doublet
and bAHP controls the frequency of burst discharge.

OBJECTIVES:
The objectives of this study are as follows:

i) Characterize burst discharge in pyramidal cells to identify key elements which

control burst frequency.

ii) Examine the mechanisms underlying somatic afterpotentials and burst

termination.
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Figure 3.

Representative examples of spike discharge generated by current injection at the soma
(4) and in the apical dendrites (B). The soma exhibits both a fAHP and sAHP (4) while
the dendrites exhibit only a small amplitude sAHP (B). C, Antidromic spikes recorded in
separate somatic and dendritic recordings are shown superimposed, revealing a temporal
correspondence between the dendritic spike and DAP. (C) shows the greater spike width
in the dendrite as well as the greater spike amplitude and more pronounced fAHP and
DAP in the soma. Abbreviations: fAHP, fast after hyperpolarization; sAHP, slow after

hyperpolarization; DAP, depolarizing afterpotential.
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Figure 4.

A, A single current evoked spike burst at the soma indicating a progressive change in
afterpotentials during repetitive spike discharge. The burst terminates when a spike dou-
blet discharges (double linked arrows), which is followed by a subsequent large bAHP.
B, Model of the mechanism for generating a DAP. Na" spike discharge is initiated at the
soma (1), and backpropagates over the initial ~ 200 uM of the apical dendritic tree (2).
Inward current underlying the long duration dendritic spike simultaneously sources back
to the soma to generate a DAP following the somatic spike (3). Abbreviation: bAHP,

burst after hyperpolarization.
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CHAPTER 2

METHODS AND MATERIALS

Preparation of in vitro Slices

Weakly electric gymnotiform fish Apteronotus leptorhynchus (Brown Ghost
Knife fish) were obtained from local importers (Riverfront Aquariums) and maintained at
26-28 °C in aerated fresh water aquaria. All chemicals were obtained from Sigma (St.
Louis, MO) unless otherwise noted. Recordings were obtained from pyramidal cell so-
mata or apical dendrites using an in virro slice preparation (Turner et al. 1994). Fish of
10-15 cm length were anaesthetized by immersion in aquarium water containing 0.05%
2.phenoxy-ethanol. The fish were then transferred to a custom-made stereotaxic appara-
tus for superfusion of gills with aerated aquarium water containing 0.05% 2,phenoxy-
ethanol. The skin and cranium were removed with forceps and iridectomy scissors under
microscopic observation (Olympus SZ-40) and the brain superfused with cold (4°C),
oxygenated (95% O, / 5% CO,), bicarbonate-buffered artificial cerebrospinal fluid
(aCSF) consisting of (in mM): 124 NaCl, 2.0 KCI, 1.25 KH2PO4, 1.5 CaCl2, 1.5 MgSO4,
24 NaHCO3, and 10 D-glucose, pH 7.4. A mini scalpel, consisting of a broken double-
edged razor blade (J.B. EM Services Inc.) held within a blade breaker, was used to sever
the anterior lateral line nerves and the spinal cord, and to transect the brain at the mid-
tectal level at approximatély 45° to the rostro-caudal axis. The caudal part of the brain
was lifted out onto a spatula and the rostral surface of the brain attached with cyano-

acrylate glue to a pre-cooled plastic block or the floor of a reduced metal Vibratome
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chamber. To provide support to the brain during tissue slicing, the brain was surrounded
with gelatin (20% in distilled water) ejected from a syringe previously warmed to ~40°C.

Tissue slices of 350-400 um thickness were cut by Vibratome (Technical Prod-
ucts International) under microscopic observation along the transverse and then longitu-
dinal axis into bicarbonate-buffered aCSF. In some cases, slices were cut in a reduced
chamber filled with a sucrose-based aCSF consisting of (in mM): 218 sucrose, 25 Na-
HCO3, 3.25 K Gluconate, 4.5 MgCl2, 0.1 CaCl3, 10 Glucose, and 1 Na Pyruvate (Kote-
cha et al., 1997). Excess gelatin was trimmed from slices using forceps and iridectomy
scissors, and the slice floated onto a spatula for transfer to an in vitro slice chamber.
Slices were perfused with bicarbonate-buffered aCSF as an interface preparation at room
temperature and superfused with humidified 95% O?2 / 5% CO2. Dissection was com-
pleted in ~15 min and tissue allowed 30-60 min for recovery and equilibration before re-
cordings were carried out.
Stimulating and Recording Procedures

The majority of pyramidal cell recordings were obtained in the CMS topographic
map. Since identification of these maps can be difficult in slices cut with a longitudinal
orientation, a limited number of recordings may also have been obtained from the CLS or
LS segments. Intracellular electrodes were pulled on a Campden Instruments 753 micro-
electrode puller from 1.5 mm outer diameter thick-walled borosilicate glass (A-M Sys-
tems Inc.). Microelectrodes were backfilled with 2 M KC,H3;0-, (pH 7.4; ~90 MQ resis-
tance) and the tips dipped in Aquasil (0.7% in distilled water)(Pierce Chemicals) two to
three times over the course of an hour. Intracellular recordings were obtained from either

pyramidal cell somata or apical dendrites using brief overcompensation of capacitance



neutralization. Unless otherwise indicated, all dendritic recordings were obtained ~150
um from the cell body layer near the border between the tractus stratum fibrosum (tSF)
and the molecular layer (Maler. 1979). All electrical activity was referenced to a
Ag/AgCl bath ground. Voltage recordings were obtained in bridge mode (Axoclamp-2A;
Axon Instruments) and were filtered over a bandwidth of DC - 10 kHz (2004-F, Intronix
Technologies Inc.). Input resistance in somatic recordings was 73 + 21.0 MQ and in
dendritic recordings between 74 + 12.7 MQ (n = 10 random samples)(Table 1). Direct
current injection of -0.1 to -0.5 nA was applied when necessary to reduce spontaneous
activity. Resting potentials at the soma were -77 + 10 mV and in dendrites -76 + 7.8 mV
(n =10 random samples) (Table 1).

Pyramidal cells were directly depolarized through the application of positive cur-
rent steps through the recording electrode. Pyramidal cells were antidromically activated
using square wave stimulus pulses (0.1 ms) delivered via an isolation unit (Digitimer
SIU; 0.1 msec; 1 - 50 V) to a bipolar stimulating electrode consisting of twisted 62 um
nichrome wire placed in the plexiform layer. Antidromic stimulus trains were generated
using a Master-8 programmable pulse generator (A.M.P.I.). Evoked activity was re-
corded and stored on a 486 PC for off-line analysis (Cambridge Electronic Design).

Focal Application of Channel Blockers

Extracellular recording electrodes were pulled on a Sutter Instruments P-87 mi-
cropipette puller from 1.5 mm outer diameter thin-walled borosilicate glass (A-M Sys-
tems Inc.). Electrode tips were broken back to 1-2 um diameter against a platinum wire
under microscopic observation. Channel blockers were added directly to a HEPES -

buffered medium consisting of (in mM): 148 NacCl, 3.25 KCl, 1.5 MgCl, 10 Glucose, 10



HEPES, 1.5 CaCl,. Drugs were then ejected to somatic and dendritic regions by applying
air pressure pulses to the side port of the electrode holder (100-200 ms, 10-15 p.s.i.,
Medical Systems Inc.). A direct visual estimate of the diameter of the drug application
was first obtained in molecular regions of cerebellum distant from the recording site, by
adjusting the time and pressure for ejection to apply drugs over an approximate 50 um
initial diameter. Tetrodotoxin (TTX, 10 uM) (Alamone Labs), was focally ejected over
restrict_ed regions of the soma-dendritic axis. The tSF is a thick (100 um) layer of myli-
nated fibers that overlies the pyramidal cell body layer (Maler, 1979) and acts as an ef-
fective barrier against drug diffusion between the pyramidal cell body and molecular lay-
ers. Evidence for this comes from delays of up to 2 min in detecting the effects of an
ejected drug on potentials recorded from the other side of the tSF. In contrast. potentials
recorded on the same side of the tSF can be affected within 2 sec.
Data Analysis

Statistical analysis was carried out using StatWorks (Cricket Software) and Mi-
crocal Origin (Microsoft) software. Average values are indicated as mean + S.D. and
statistical significance calculated using a student’s T-test or the Wilcoxon Signed Ranks
test. Data plots were fit by a sigmoidal or Gaussian function using the software Microcal

Origin. The software Corel Draw (Corel Corporation) was used in figure preparation.



CHAPTER 3

RESULTS

SOMATIC AND DENDRITIC RECORDINGS

Somatic recordings were identified by action potential (AP) discharge of 50 - 80
mV of narrow duration and the presence of a fAHP and/or DAP. Dendritic recordings
were distinguished by a typically smaller spike amplitude, longer spike duration and the
lack of a distinct fAHP. The recording’s location in the slice, its input resistance (Ri),
resting membrane potential (RMP) and spike height were used to establish the cell’s
health. The Ri was calculated as the slope of a current/voltage (I/V) plot constructed for
every recording obtained. The minimum health and quality of intracellular recordings
were taken as a resting potential of at least -60 mV, input resistance over 46 MQ and a
spike height over 50 mV. Typical somatic and dendritic I/V plots and their respective
current and voltage traces are represented in Figure 5. Somatic Ri ranged between 46—
115 MQ (73 £ 21.0 MQ) and dendritic Ri ranged between 60-90 MQ (74 + 12.7 MQ)
(Table 1). Dendritic spike amplitude and width increased noticeably with recording dis-
tance aithough this was not strictly quantified. There were no corresponding changes in
either RMP or Ri with recording distance from the soma. The recordings in this study are
thus comparable to previous reports (Mathieson and Maler, 1988) (Tumner et al, 1994,
1996) although Ri was significantly higher in the present study.
BURST CHARACTERISTICS

The occurrence of burst discharge in ELL pyramidal cells has been reported both

in vitro and in vivo (Turner et al. 1994, 1996; Gabbiani et al. 1996; Metzner et al. 1998).



The present study extends this work by examining oscillatory spike bursts in both the
soma and apical dendrites of pyramidal cells. Figure 64 illustrates that depolarizing cur-
rent injection could evoke an oscillatory series of spike bursts in both somatic and den-
dritic recordings. Single spike bursts at the soma consisted of a series of spikes that
steadily increased in frequency until generating a high frequency spike doublet of 200-
350 Hz (Fig. 6B). The interspike interval (ISI) of spike doublets ranged from 2.5 - 10 ms
and had a consistently shorter interval than the preceding spikes in the burst. The spike
doublet was then followed by a large bAHP that separated individual spike bursts. Bursts
were most often comprised of 5-7 spikes near threshold, but could consist of only spike
doublets at the highest frequencies of burst discharge or at more depolarized membrane
potentials. The basic pattern and frequency of oscillatory spike bursts were similar at the
somatic and dendritic level, a result consistent with a site for spike initiation at the soma
(Turner et al., 1994). The dendritic sAHP and bAHP were smaller in amplitude than at
the soma. In many cases the dendritic sSAHP could not be detected, while the bAHP
could consist of only a pause in spike discharge during a slow decay of membrane poten-
tial over 10 — 20 ms following the spike doublet (Fig. 68) (Table 1). Oscillatory dis-
charge in either pyramidal cell somata or apical dendrites is thus defined as a repeating
series of spike bursts with subsequent bAHPs., where individual spike bursts are termi-
nated by a high frequency spike doublet.

During a spike burst there was a net increase in membrane depolarization in soma
and dendrites that further drove spike generation (Fig. 68). This shift in the balance be-
tween depolarizing and hyperpolarizing spike afterpotentials was most visible for somatic

recordings, where the fAHP and sAHP decreased in amplitude while the DAP increased



in amplitude with each successive spike. This produced a net shift in membrane potential
of up to 5.3 mV during burst discharge at the soma (2.8 + 1.4 mV; n=9). Repetitive dis-
charge converted the small dendritic SAHP to a net depolarization of up to 9.8 mV (6.2 +
2.84 mV; n =9; Fig. 6B8). Following the bAHP, the amplitude of the fAHP and sAHP
partially recovered by the first spike of the next burst, allowing the process to begin again
(Figs. 6. 8B).

FACTORS CONTRIBUTING TO BURST GENERATION AND FREQUENCY
Pyramidal cells exhibit a differential frequency selectivity to sensory input in vivo

that differs between the ELL topogaphic maps (Shumway, 1989). There is evidence that
several characteristics of burst discharge change across these maps in vifro in a manner
consistent with this frequency selectivity (Turner et al., 1996). I focused on identifying
factors which determined burst threshold, and the range of oscillatory frequencies exhib-

ited by cells in the CMS topographic map.

Burst Generation

The tendency for pyramidal cells to exhibit oscillatory spike bursts was assessed
by constructing frequency/current (F/I) curves (n = 70). Since the pattern and frequency
of discharge was entirely equivalent in somatic and dendritic recordings, these numbers
have been pooled in the following analyses. Pyramidal cells responded to depolarizations
near spike threshold with a relatively tonic discharge of Na“ spikes in the pattern of an
initial lag and subsequent increase in frequency (Fig. 74) (Mathieson and Maler, 1988;
Turner et al., 1994). As depolarizing current was increased (80 ms; 0.1 - 1.2 nA), 61% of
recordings shifted from tonic to burst discharge, revealing an intensity-dependent shift in

the pattern of spike output (n = 43 / 70). Although some cells exhibited burst discharge
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upon initial spike generation, there was typically a clear threshold for burst discharge at a
higher level of the F/I curve (Fig 7B). This most often corresponded to ~70% of the
maximum spike frequency attained on the F/I curve. The frequency of spike bursts at the
threshold for bursting was consistently between 10-60 Hz (34 + 10.8 Hz; n = 28). As
current injection was increased burst frequency increased and the population exhibited
two clear frequency distributions at the maximal current level that could be fit by two
Gaussian peaks of 49.8 + 14.9 and 95.8 + 28.1 Hz (Fig. 7C). The reason for two distri-
butions- at high levels of current injection is unknown, but could relate to the maximal
level of current injected. or evidence for a difference in burst properties between basilar
and non-basilar pyramidal cells. The range of oscillatory burst frequencies recorded for
individual cells over the full extent of an F/I curve varied widely between 10-140 Hz (51
+ 40.2 Hz; n = 28) (Fig. 7D). By comparison, spike frequency (not including the spike
doublet) ranged between 25-60 Hz at threshold for spike discharge and increased up to
475 Hz at higher levels of current injection.

An interval histogram of the average ISI at burst threshold revealed a clear rela-
tionship between spike [SI and the switch from tonic to burst discharge (Fig. 7F). Bursts
were evoked most readily when the ISI fell within 3-7 ms (125 - 300 Hz; mean of 5.5 +
1.38 ms, n = 34). There was also an inverse relationship between the absolute current
level at burst threshold and cell Ri (» = -.59; n = 34; data not shown). However, Ri was
not highly correlated with the qualitative characteristics of burst output, including the os-
cillatory frequency at burst threshold (» = .23) or the oscillatory burst frequency range (r

=.25;n=25).
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Table 1.

The average value of membrane properties, and the amplitude and duration of evoked
spikes and afterpotentials in pyramidal cell somata and apical dendrites (= 150 um). Av-
erage values are mean + S.D. and n = 10 samples taken at random from the available
cases. All measurements of spike parameters and afterpotentials were taken in reference
to the membrane potential immediately preceding discharge of the spike when evoked
near threshold intensity. DAP measurements were taken from antidromic spikes evoked
at resting potential. Statistical comparisons were made between corresponding values

obtained in somatic and dendritic recording sites.
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Figure §.
Left column shows both current (I) and voltage (V) traces for a somatic (4) and

dendritic (B) intracellular recording. From the current and voltage traces current — volt-
age (I/V) plots are constructed and the Ri calculated as the slope of the linear portion of

the data. Right column shows the corresponding I/'V plots at the soma (Ri = 85 MQ) and

dendrite (Ri = 77 MQ).
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Figure 6.

A, Representative examples of oscillatory spike bursts evoked by direct current injection
in a separate pyramidal cell somatic and apical dendritic recording. Oscillatory discharge
in each location is comprised of a series of spike bursts separated by bAHPs (arrows). B,
Expanded views of representative single spike bursts in separate dendritic and somatic
recordings (somatic spikes truncated, and bursts are approximately aligned to facilitate
comparisons). At the soma there is a pronounced reduction in AHPs (solid arrows) and
an increase in DAP amplitude (open arrows) during a spike burst. A comparatively small
SAHP in dendrites is reduced as dendritic spikes summate to produce an underlying
membrane depolarization during a burst. Bursts are terminated upon the generation of a
high frequency spike doublet (double linked arrows) and large amplitude bAHP at the
soma. The doublet pair in dendrites consists of a full dendritic spike and a pre-potential.
followed by the bAHP. One oscillatory period is defined as the combined duration of

the spike burst and subsequent bAHP (dashed lines below recording traces).
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Figure 7.

Pyramidal cells exhibit an intensity-dependent shift in spike output from a tonic to burst
discharge. A, A shift from tonic to burst output in a pyramidal cell somatic recording as
the level of depolarizing current injection was increased (bAHPs separating spike bursts
are denoted by arrows). Numbers indicate corresponding positions on the fre-
quency/current (F/T) curve shown in B. B, F/I curve of spike discharge for the recording
shown ’in A with the threshold for transition to oscillatory spike bursts marked by an ar-
row (80 ms current pulse). The F/I curve could typically be fit as a sigmoidal function.
C, Interval histograms of oscillatory burst frequencies recorded at burst threshold (white
bars) and at the maximum of the F/I curve (shaded bars). The data were fit by Gaussian
function to a peak value of 34 + 9.8 Hz at burst threshold and at high intensity with two
Gaussian ﬁts of 49.8 + 14.9 and 95.8 + 28.1 Hz (» = 28; Binwidth = 10). D, Interval
histogram of the range of oscillatory burst frequencies exhibited by individual cells over
the full F/T curve. E, Interval histogram of the average interspike interval recorded at
burst threshold, indicating a link between interspike interval and the shift from tonic to
burst output. Burst threshold was most often reached when interspike intervals fell be-
tween 3 - 8 ms. Data were fit by a Gaussian function to a peak value of 5.5 £ 1.38 ms (n

= 32 soma; n = 11 dendrites; Binwidth = 1).
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Pyramidal cells could also shift from tonic to burst output during current-evoked
depolarizations. indicating a time-dependent change in the pattern of spike output (n =
30) (Fig. 84). Once initiated, the frequency of oscillatory spike bursts increased over
time to reach an eventual steady state. Figure 8B illustrates such a frequency shift in a
somatic recording during a 4 s current pulse initially set subthreshold for burst discharge.
In this cell, oscillatory bursts of ~20 Hz began 750 ms after current pulse onset, and in-
creaseq to ~50 Hz by the end of a 4 s current pulse (Fig. 8C). As found during the con-
struction of F/I curves, the shift in tonic to burst output was associated with a decrease in
ISI during repetitive discharge. This corresponded to ISIs of 8.8-12.5 ms (9.9 + 0.64 ms;
n = 4) during the initial stage of tonic spike discharge, and a shift to burst output as the
[SI stabilized to ~8.7 ms or below (8.7 £ 0.14 ms; n=4).

These studies indicate that burst discharge has a clear threshold which can be at-
tained in a voltage- or time-dependent manner that depends on spike discharge reaching
an ISI of ~3-7 ms. The shift from tonic to burst discharge in pyramidal cells was thus

strongly dependent on spike frequency.

Burst Frequency

[ next examined the parameters of burst discharge in CMS pyramidal cells that are
regulated to effect the wide range of oscillatory burst frequencies (10-140 Hz) shown in
Figures 7 and 8. A shift in oscillatory burst frequency could involve a change in the
properties of spike discharge during the burst itself, a change in the subsequent bAHP, or
in both elements. The ability to evoke a progressive increase in oscillatory burst fre-

quency in pyramidal cells with long depolarizations allowed me to identify these pa-
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rameters. These studies revealed a pronounced but selective change in several aspects of
the spike burst but not the bAHP in pyramidal celis.

During long membrane depolarizations, the number of spikes per burst decreased as
oscillatory burst frequency increased, eventually leading to a series of bursts comprised
of only 2-3 spikes 1-2 s after current pulse onset (Fig. 80). The duration of spike bursts
also decreased as oscillatory frequency increased, stabilizing to a relatively fixed duration
once the bursts had been reduced to 2-3 spikes (Fig. 8£). This pattern of change in burst
parame'ters was detected in all cells examined in relation to either the duration or ampli-
tude of membrane depolarizations. However, a sequential analysis of burst discharge un-
covered the surprising result that the duration of the bAHP showed little or no change as
oscillatory burst frequency increased (Fig. 8£).

Figures 9-12 present an in-depth analysis of burst dischargé for the cell shown in
Figure 8 to establish which parameters in the spike burst or bAHP were most clearly cor-
related to the shift in oscillation period over time.
Spike burst
[ first considered factors within the spike burst (Fig. 94), including:
e burst duration
e the number of spikes per burst (excluding spike doublets)
e the mean ISI during a burst
e the net depolarization within the burst (burst amplitude)
e the net change in membrane depolarization during a burst over time — (defined as

burst slope).
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Figure 8.

Pyramidal cells exhibit a time-dependent shift in spike output from tonic to burst dis-
charge. A4,B, Somatic recording of a cell shifting to burst discharge during a current
pulse initially set subthreshold for bursts. Arrows denote bAHPs as the cell began to
burst (A, 750 ms) and at progressively longer time points after the onset of a 0.74 nA, 4 s
current pulse (B8; numbers correspond to times shown in C). C, A plot of oscillatory burst
frequcqcy vs time illustrating an increase from ~20 Hz to ~50 Hz during the current
pulse. D,E, The increase in oscillatory frequency was associated with a decrease in the
number of spikes per burst (D) and a decrease in burst duration (E). There was little or
no change in the duration of the bAHP as oscillation frequency increased (E). Single so-
matic recording, n = 100 spike bursts. Variations in spike height in A and B are due to a

low sampling rate.
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Figure 9.

Specific intraburst parameters are correlated to changes in oscillation period. Data is
taken from the cell shown in Figure 8. 4, A single spike burst indicating areas of meas-
urement (m, burst slope; A, burst amplitude). Spikes are truncated for illustrative pur-
poses. B-D, Oscillation pertod was highly correlated to burst duration (B), the number of
spikes per burst (C), and burst slope (D; expressed in Figures 10-12 as 1/burst slope,
ms/mV). Single somatic recording, n = 100 spike bursts. The correlation coefficients (r)

are shown on each graph.
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Figure 10.

Intraburst parameters that were not correlated to oscillation period. 4,8, No significant
correlation was found between oscillation period and burst amplitude (4) or the mean ISI
(B). C,D, The voltage threshold for generating a spike doublet shows no consistent
change with an increase in oscillatory frequency over time (C), and was not correlated to
a change in oscillation period (D). ). Single somatic recording, n = 100 spike bursts. The

correlation coefficients (r) are shown on each graph.
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Figure 11.

Specific intraburst parameters are correlated to changes in burst duration. Data is taken
from the cell shown in Figure 8, with measurement parameters as shown in Figure 94.
A,B, Burst duration was highly correlated to the number of spikes per burst (4) and burst
slope (B). C,D, No significant correlation was found between burst duration and either
burst amplitude (C) or mean ISI during the burst (D). The mean ISI was caiculated from
bursts comprised of 4 or more spikes and do not include the spike doublet). Single so-

matic recording, n = 100 spike bursts. The correlation coefficients (r) are shown on each

graph.
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Figure 12.

The bAHP is not correlated to oscillation period, or to factors within the burst. Data is
from the cell shown in Figure 8. A single spike burst indicating areas of measurement
(4). The oscillation period was not significantly correlated to the bAHP amplitude (B), or
bAHP duration (C). The bAHP duration was not correlated to burst duration (D), the
number of spikes in a burst (E), or the burst slope (F). Single somatic recording, n = 100

spike bursts. Abbreviations: m, slope; A, amplitude.
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Three factors were very highly correlated to oscillation period: (i) burst duration, (ii) the
number of spikes per burst, and (iii) burst slope (Fig. 9B-D). In contrast, oscillation pe-
riod was not correlated to either burst amplitude (Fig. 104) or the mean ISI (Fig. 10B)
within each burst. The absolute voltage threshold for the spike doublet showed no con-
sistent change over time (Fig. 10C), and was not correlated to oscillation period (Fig.
10D).

A closer examination of the burst itself revealed that burst duration was also highly
correlated to the number of spikes per burst and burst slope (Fig. 114,8) but not to burst
amplitude or the mean ISI within each burst (Fig. 11C,D).
bAHP

The consistency of the bAHP observed during a shift in oscillatory burst fre-
quency (Fig. 8F) was verified by the finding that oscillation period was not correlated to
either bAHP amplitude or duration (Fig. 12B,C)(Lemon et al., 1998). In addition, none
of the factors examined within the preceding burst appeared to influence the characteris-
tics of the bAHP, including burst duration, the number of spikes in the burst, or the burst
slope (Fig. 12D-F); all of which were highly correlated with changes in oscillation period
(Fig. 9). Moreover, bAHP characteristics were not correlated to the properties of spike
discharge in the subsequent burst, as might be predicted in cells controlling burst dis-
charge through an interplay between the currents I and 17 (McCormick and Huguenard,
1992; Huguenard, 1996; Pape, 1996). Thus, the bAHP appeared to be generated almost
independently of oscillation period.

The bAHP is only generated after a spike doublet. I therefore looked more closely

at the relationship between the spike doublet and bAHP to try and identify some factor
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which could control bAHP generation. Figure 13 demonstrates that bAHP amplitude did
have a detectable relationship with the specific ISI of the spike doublet (Fig. 134). The
bAHP amplitude appeared to be greatest over a narrow range of spike doublet ISIs (5-7
ms), with the degree of variability increasing outside of this range. A similar but weaker
relationship was observed for bAHP duration over the same range of spike doublet ISIs
(Fig. 13B). Although these trends are not as compelling as those relating intraburst prop-
erties to oscillation period, the spike doublet ISI remains the only factor that I have iden-
tified to date which can be related to the characteristics of the bAHP. Regardless, this
may be significant, as the short ISI of the spike doublet could be an important factor con-
trolling Ca®" influx and any Ca®" - activated K* conductance which might underlie the
bAHP.
Model of mechanisms controlling oscillatory burst frequency

The data presented in Figures 8-11 allow the formulation of a model of how pyrami-
dal cells produce a shift in oscillation period (Fig. 14). Since one oscillation period is
defined as the combined duration of a spike burst and bAHP (Fig. 144), a change in os-
cillation period could arise through changes in the properties of one or both of these ele-
ments. Since the bAHP appeared to be generated almost independently of oscillation pe-
riod, factors within the burst are sufficient to account for a shift in oscillation period.

Burst duration was one of the factors most highly correlated to oscillation period.
One of the most important factors controlling burst duration is the generation of a spike
doublet, which terminates the burst with a bAHP. Burst duration is thus highly depend-
ent on the cell reaching threshold for the spike doublet. Neither the threshold for gener-

ating a spike doublet nor the burst amplitude exhibited any change in relation to oscilla-
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tion period. Therefore the time required to attain threshold for the spike doublet becomes
the important variable. This time can be varied by changing the rate (slope) of membrane
depolarization within a burst. If burst slope is increased, the threshold for generating a
spike doublet is attained in a shorter period of time, thereby reducing burst duration (Fig.
14B). A change in burst duration also accounts for the number of evoked spikes per
burst, as a progressively shorter burst duration will sequentially reduce the number of
spikes discharged. Therefore, the slope of the depolarization within the burst can be
identiﬁ;:d as the critical determinant of burst duration, the number of spikes per burst, and
oscillation period. This in turn relates to the degree of interaction between the somatic
DAP and afterhyperpolarizations during repetitive spike discharge.
CHANGES IN AFTERPOTENTIALS DURING REPETITIVE DISCHARGE

Given the clear change in spike afterpotentials during burst discharge (Fig. 6B), |
examined more closely the underlying basis for the change in fAHP, sAHP, and DAP
amplitudes during repetitive discharge. |
AHPs

As superimposition of the DAP and AHPs prevented quantification in intact cells,
a method to “isolate™ somatic AHPs from the DAP was required. It was previously
shown that the somatic DAP can be reduced by focally ejecting TTX in the mid-dendritic
region (Turner et al., 1994). However, these earlier experiments did not attempt to block
the discharge of all dendritic Na+ spikes, including those in the most proximal dendrites.
[ thus modified this procedure to block all spike backpropagation to examine somatic
AHPs in the absence of a DAP. To ensure that all dendritic activity was blocked, TTX

ejections were continued until TTX had diffused to the cell layer and affected the somatic
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spike. By restricting my measurements to those records obtained immediately prior to
this time, [ was able to examine somatic AHPs in relative isolation.

Repeated ejections of TTX (10 - 15 uM) in the dendritic region blocked the DAP
and prevented the shift in membrane potential necessary to generate a spike doublet and
bAHP, effectively blocking oscillatory spike bursts (Fig. 15). This established that both
the somatic fAHP and sAHP were very stable in amplitude and duration throughout a
spike train, even though spike frequency remained similar to that in control recordings
(Fig. 133; n =5). These data are important in revealing that somatic AHPs do not con-
tribute to the change in afterpotentials observed during repetitive discharge; either
through a cumulative inactivation of underlying currents, or by a shift in EK. We were
unable to perform a similar test on the dendritic SAHP, but the small amplitude or lack of
this response in dendrites suggests that it has a minor influence compared to that of so-
matic AHPs. The experiments illustrated in Figure 15 thus indicate that most if not all of
the change in somatic afterpotentials during burst discharge can be attributed to changes
in the DAP.

DAP

Based on the model of DAP generation in Figure 4B, one can predict that an in-
crease in the degree of dendritic depolarization during a burst could enhance DAP am-
plitude at the soma. [ therefore compared somatic and dendritic spikes during burst dis-
charge. This revealed a small but statistically insignificant decrease in somatic spike am-
plitude (92 + 7.9% of control; n = 9) and no change in the rate of somatic spike repolari-

zation or duration over the time course of a single burst (Fig. 164,C).
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Figure 13,

bAHP properties are correlated only to the ISI of the spike doublet. Data is taken from
the cell shown in Figure 8 during a long duration current pulse. The bAHP amplitude (4)
is greatest over only a narrow range of spike doublet ISIs (5-7 ms). The bAHP duration
(B) appears to have a more consistent length over a specific range of doublet ISI’s (5-8

ms). n = 100 spike bursts.
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Figure 14,

Model of the parameters controlling oscillation period in pyramidal cells. 4,8, Repre-
sentative traces of single spike bursts in a somatic recording exhibiting an oscillation pe-
riod of 54 ms in 4 and 43 ms in B. Spikes are truncated for illustrative purposes. A burst
slope of 0.11 mV/ms in A increases to a rate of 0.16 mV/ms in B (large arrow), allowing
the depolarization within the burst to reach threshold for a spike doublet in a shorter pe-
riod of time. As a result, the onset of the bAHP shortens burst duration from 36 ms to 25
ms, reduces the number of spikes per burst from 6 to 4, and reduces oscillation period.
There is no identifiable change in bAHP characteristics as oscillation period is reduced.
Therefore, the primary factor controlling oscillation period is the burst slope, reflecting
the degree of interaction between the DAP and AHPs that lead to the generation of a

spike doublet.
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In contrast, dendritic spikes exhibited a greater decrease in amplitude during a burst (65
£ 11.7% of control; n = 9; p <.001, Student's T-test), and a substantial change in both the
rate of repolarization and duration (Fig. 16B). By the third spike of a burst, the rate of
repolarization of dendritic spikes could decrease to 66% of control values while spike
duration increased up to 135% (measured at 10% above baseline) (Fig. 16C,D).

Since repetitive spike discharge in pyramidal cells exhibits a gradual increase in
trequency during a burst, I examined the possibility that the increase in dendritic spike
width during a burst was frequency-dependent. These experiments employed antidromic
stimulus pairs delivered at varying condition-test (C-T) intervals to determine any fre-
quency-dependent change in the DAP or dendritic spike. As shown in Figure 17, there
was a pronounced effect on both the DAP and dendritic spike over a specific range of C-
T intervals. At the soma, antidromic C-T intervals of ~2.2 - 2.9 ms fell within the spike
refractory period and blocked spike discharge. C-T intervals of 2.9 - 3.2 ms reduced
DAP amplitude on the test response (Fig. 174; n=8), an effect which could be seen as an
all-or-none phenomenon in some cases. In contrast, C-T intervals of ~3 - 7 ms markedly
potentiated the DAP by up to 500% (Fig. 174,C). As the potentiated DAP was often
large enough to reach spike threshold, a spike doublet was effectively evoked at these C-
T intervals (Fig. 174). Potentiation of the DAP was most apparent in terms of absolute
amplitude but could also be detected as an increase in duration. Measurements of peak
DAP amplitude revealed an average maximal increase of 262 £ 121% between 2.6 - 5.5
ms C-T intervals, which then decreased to 120 = 13% (n = 8) at a 10 ms C-T interval.
The potentiation of DAP amplitude gradually decreased at longer C-T intervals, but was

still present in one case as a 134% increase at a 60 ms C-T interval. It is important to
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note that neither the reduction nor the potentiation of DAP amplitude can be attributed to
recurrent activation of synaptic responses, as pyramidal cell axons exhibit no recurrent
collateral projections (Maler, 1979; Maler et al., 1981).

In dendritic recordings antidromic C-T intervals of 3.0 - 4.5 ms evoked the test re-
sponse upon the falling phase of the control dendritic spike, and near the dendritic spike
refractory period. As a result, the amplitude of the test dendritic spike was gradually re-
duced as C-T intervals were shortened to ~3.0 ms. At the shorter of these C-T intervals a
small pre-potential of 26.6 £ 9.5 mV and 2.4 + 0.4 ms (n = 8) was uncovered (Fig. 17B).
Earlier work has established that a similar pre-potential recorded in dendrites represented
the passive reflection of a spike discharged at the soma (Tumer et al., 1994). In agree-
ment with this, C-T intervals of ~2.1 - 2.9 ms blocked the small pre-potential in dendrites
in an all-or-none manner, as found for the somatic spike (data not shown). As C-T inter-
vals fell beyond ~4.5 ms, dendritic spike amplitude began to approach control values, but
exhibited a substantial decrease in the rate of repolarization and an increase in duration.
This produced a temporal summation of the spike pair, and often resulted in the discharge
of a spike doublet on the test response, as indicated by the presence of a pre-potential
(Fig. 17B, lower trace). The onset latency of this pre-potential (~3-4 ms) coincided with
an increase of 158 + 46.3% in the absolute voltage shift on the test dendritic spike (n = 8;
p < .01; Wilcoxon Signed Ranks test) (Fig. 17D). This increase in dendritic potential
gradually declined with longer C-T intervals, but could still be detected in some record-
ings at C-T intervals as long as 20 ms (Fig. 17D). Importantly, there was a close corre-
spondence between the peak amplitude of the somatic DAP and the dendritic spike volit-

age over a wide range of C-T intervals (Fig. 17C,D).
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The changes I observed in DAP amplitude and dendritic spike waveforms for paired
stimuli continued to accumulate during repetitive spike discharge. As shown in Figure
184. DAP amplitude and the temporal summation of dendritic spikes steadily increased
during an antidromic stimulus train. This led to the eventual generation of a spike dou-
blet, as evidenced by a full amplitude spike pair at the soma and a spike followed by a
small pre-potential in dendrites. I found that three to four antidromic stimuli delivered at
150 - 200 Hz could evoke increases of up to 350% in peak DAP amplitude and 250% in
the ab;olute dendritic potential at the estimated peak of the somatic DAP (Fig. 18B).
Furthermore, summation of dendritic spikes during repetitive stimulation affected the
threshold for burst discharge, as indicated by the generation of a spike doublet. Thus,
increasing the number of spikes in an antidromic stimulus train enabled a longer ISI
(lower spike frequency) to evoke a spike doublet (Fig. 18C.D).

It is important to note that the C-T intervals tested in the above experiments are of
direct relevance to the ISIs encountered during burst discharge. At the beginning of a
spike burst, ISIs were typically ~20 ms and shortened over several spikes to 3 - 7 ms. The
ISI values during burst discharge are thus within the range which potentiate the DAP and
produce a change in dendritic spike properties (Figs. 17,18). Moreover, the antidromic
C-T intervals used to increase dendritic and somatic depolarizations experimentally were
evoked with a constant antidromic ISI. One could expect these changes to be even more

pronounced under normal conditions in which the ISI decreases with each spike in a

burst.
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Figure 15.

Somatic AHPs are stable during repetitive spike discharge. A4, Schematic diagram of a
pyramidal cell indicating a somatic recording site and repeated focal pressure ejections of
TTX (10 puM) in the apical dendritic region to block dendritic spike discharge and the
DAP. B, Current-evoked spike bursts prior to TTX ejection indicating an apparent
change in both AHP and DAP amplitudes during spike bursts (bAHPs are denoted by ar-
rows). Inset at right shows magnified ;nd superimposed views of the first spike (narrow
trace) and third spike (thick trace) of the indicated burst. C, Spike discharge and AHPs
recorded immediately prior to TTX diffusion to the cell body layer, ensuring a complete
block of backpropagating dendritic spikes and the DAP. Note the lack of change in AHP
amplitudes when recorded in isolation of dendritic activity in C. Inset at right shows an

expanded view of the first and third spikes of the indicated burst.
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Figure 16.

Burst discharge selectively alters dendritic spikes. A4, A somatic recording exhibiting
several spike bursts in response to current injection (bAHPs denoted by arrows). Inset at
right shows expanded and superimposed views of the first (thin trace) and third somatic
spike (thick trace) in the indicated burst. Note the lack of change in spike repolarization
and width during burst discharge. B, A dendritic recording illustrating current evoked
spike bursts. In contrast to the soma, there is a substantial decrease in the rate of repo-
larizaﬁ;)n and increase in dendritic spike duration during a burst (inset at right superim-
poses the first (thin trace) and third dendritic spike (thick trace) in the indicated burst).
C,D, Plots of the mean rate of spike repolarization (C) and spike width (D) during spike
bursts in the recordings shown in 4 and B indicate a select and marked change in den-
dritic spike properties (** p<.05; *** p<.001 in comparison to controls; » = 7 somatic
bursts, 8 dendritic bursts). Spike width was measured at a time corresponding to 10% of

peak spike amplitude.
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Figure 17.

The somatic DAP and dendritic spike depolarization exhibit frequency-dependent poten-
tiation. A4,B, A representative series of antidromic stimulus pairs delivered at the indi-
cated condition-test (C-T) intervals. Insets show expanded and superimposed views of
control (thin trace) and test (thick trace) responses. Stimulus artefacts were reduced for
illustrative purposes. At the soma (4), a C-T interval of 3.0 ms selectively reduced DAP
amplitude (middle traces). A C-T interval of 3.7 ms markedly potentiated the DAP, ef-
fecﬁveiy triggering a spike doublet (lower traces, slanted arrows denote second spike;
two sweeps superimposed). In an apical dendrite, C-T intervals of less than ~4.9 ms
gradually reduced dendritic spike amplitude to a minimum at 3.7 ms C-T, revealing a
small pre-potential reflected from the soma (middle traces). At a C-T interval of 4.7 ms
the dendritic spike duration was increased and a spike doublet was triggered (arrows in
lower trace denote second spike of pair). Dashed lines in the lower somatic and dendritic
trace indicate the latency used to measure the absolute voltage at the estimated peak of
the somatic DAP (latency of second evoked spike) shown in C and D. C, D, Plots of the
absolute voltage of the somatic DAP and dendritic spike at varying antidromic C-T inter-
vals. The latency for measurements was fixed at the estimated peak of the somatic DAP
(4 and B, dashed lines) . Note the close correspondence between the absolute voltage
attained in dendritic recordings to that of somatic DAP amplitude, including a gradual
reduction at shorter C-T intervals. Some increase in DAP amplitude and dendritic volt-

age can still be detected on test pulses at > 15 ms C-T intervals.
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Figure 18.

Repetitive spike discharge summates dendritic spikes and lowers the threshold for burst
generation. A4, Superimposed records of antidromic dendritic and somatic spikes evoked
singly or in 3-4 stimulus trains at an ISI that led to the generation of a spike doublet
(slanted arrows; 6.0 ms ISI in dendrite, 9.1 ms ISI in soma). Note the summation of den-
dritic spikes, the increase in dendritic spike width and marked increase in DAP amplitude
during a stimulus train. Dashed lines and double arrows indicate the estimated latency of
the sorx;atic DAP generating the second spike of the doublet for the plots shown in B. B,
Plots of the absolute dendritic membrane potential (open circles) and DAP amplitude
(closed circles) at the latencies shown in 4 with successive spikes in a stimulus train.
C.D, Dendritic spike summation permits a lower ISI to trigger a spike doublet (defined
as burst discharge) during repetitive activation. C, Two antidromic dendritic stimulus
trains (two and six stimuli) illustrating the longest ISIs capable of triggering a spike dou-
blet (arrows). D, Plot of the longest ISIs capable of evoking a spike doublet as the anti-
dromic dendritic stimulus train in C was increased from 2 to 6 spikes. Lines in B and D

represent best fit sigmoidal curves. Stimulus artifacts were reduced for illustrative pur-

poses.
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SPIKE DOUBLETS AND BURST TERMINATION

Since spike bursts end with a spike doublet and bAHP, the doublet may act to in-
hibit the soma-dendritic process underlying the burst. As indicated above, the second
spike of the doublet in dendrites was only a small pre-potential. suggesting failure of the
dendritic spike. In this regard, the antidromic condition-test experiments above revealed
different refractory periods for somatic and dendritic spike discharge. The somatic re-
fractory period consistently fell within 2.5 + 0.64 ms (n = 13). The range of C-T intervals
that deﬁned dendritic spike refractory period was more difficult to identify given that
dendritic spike amplitude decreased gradually as C-T intervals were reduced below ~10
ms. This would suggest a progressive biock of several active sites in apical dendrites with
differing sensitivities to paired stimulation. This is consistent with the demonstrated
punctate distribution of Na* channels in pyramidal cell apical dendrites, and the recording
of several TTX-sensitive dendritic responses (Tumner et al., 1994). There was also some
indication that the refractory period in dendrites increased with distance from the soma
(data not shown). However, by defining the dendritic refractory period as the C-T inter-
val evoking only a pre-potential of stable amplitude in recordings > 100 pum from the
soma, [ arrived at a value of 4.5 = 0.93 ms (n = 14).

The observed failure in dendrites of the second spike of a doublet may then result
if the spike doublet ISI falls within the dendritic spike refractory period. To test this, I
compared the spike doublet ISI recorded during current-evoked burst discharge to the re-
fractory period measured with antidromic stimulus pairs in individual somatic and den-
dritic recordings. These experiments revealed that the ISI for spike doublets at the soma

was consistently longer than the measured somatic spike refractory period (difference of



0.96 £ 0.78 ms; n=9; p <.01; Wilcoxon Signed Ranks test), allowing two full amplitude
action potentials to be generated (Fig. 194,B). In contrast, the spike doublet ISI meas-
ured in dendritic recordings always fell within the range of antidromic C-T intervals that
reduced dendritic spike amplitude, and within 0.4 = 0.55 ms from the defined minimal
refractory period (Fig. 19C.,D; p <.0S; Wilcoxon Signed Ranks test; n = 8).

[ then tested whether a spike doublet could terminate a burst by simulating a spike
doublet during an antidromic stimulus train (Fig. 20). This was accomplished by tnsert-
ing an 'additional stimulus at varying latencies within an antidromic stimulus train of
fixed ISI. In dendrites I found that the addition of an antidromic stimulus at latencies
close to the dendritic refractory period produced only a small pre-potential on the falling
phase of the previous spike (Fig. 204). This blocked the discharge of at least one subse-
quent dendritic spike of the background stimulus train, presumably through the actions of
a bAHP. In contrast, an additional stimulus inserted at longer latencies evoked nearly full
sized dendritic spikes and no subsequent inhibition of spike discharge (data not shown).
In somatic recordings, inserting an additional antidromic stimulus at effective C-T inter-
vals of ~3 - 5 ms evoked a spike doublet comprised of two full spikes followed by inhi-
bition of subsequent spike discharge (Fig. 20B). The use of C-T intervals near the so-
matic spike refractory period resulted in failure of the imposed spike but no interruption
of spike discharge in response to subsequent stimuli in the train.

HYPOTHESIZED MECHANISM OF BURST GENERATION
I have developed a working hypothesis by which the frequency-dependence of
spike broadening and dendritic spike conduction establish a process of “conditional

backpropagation” to control burst discharge (Fig. 21). During repetitive spike discharge
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at ISIs longer than ~8 ms, there is a faithful backpropagation of each spike from soma to
dendrite. Spike ISIs of ~3-7 ms promote a selective broadening of dendritic spikes, al-
lowing dendritic spikes to summate and exert a progressively greater influence on the
soma as a DAP. As a result, the DAP increases in amplitude during a spike burst, ulti-
mately reaching threshold to trigger a spike doublet at the soma. The spike doublet [SI is
longer than the refractory period of the soma, allowing two full action potentials to be
generated. The first of these spikes backpropagates into dendrites, but the second fails to
backpr;)pagate as it falls within the refractory period of dendritic spike discharge. This
results in an abrupt loss of the dendritic depolarization driving the burst, allowing the
membrane to repolarize in the form of a bAHP (Fig. 21). The absolute ISI capable of
shifting a cell from tonic to burst output (ie burst threshold) varies according to the num-

ber of spikes discharged and the degree of dendritic spike summation.
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Figure 19.

The spike doublet ISI falls within the refractory period of dendritic spikes. 4,B, A so-
matic recording comparing the doublet ISI during current evoked burst discharge to the
spike refractory period. 4, An expanded view of a current evoked somatic spike burst,
indicating a spike doublet ISI of 4.1 ms (linked arrows). B, Antidromic C-T stimulus
pairs in this recording indicate a spike refractory period of 2.8 ms, as indicated by su-
perimposition of two stimuli illustrating an all-or-none failure of spike discharge on the
second.stimulus. Note that the short somatic refractory period allows the spike doublet in
A with an ISI of 4.1 ms to be evoked as two full spikes. C,D, Dendritic recording com-
paring the doublet ISI and dendritic spike refractory period. C, An expanded view of a
current evoked dendritic spike burst exhibiting a spike doublet ISI of 3.5 ms (linked ar-
rows). D, Antidromic C-T stimulus pairs in this dendritic recording indicate that a C-T
interval of 3.5 ms falls within the refractory period of the dendritic spike, revealing the
small pre-potential associated with somatic spike discharge (long arrow). Superim-
position of antidromic test stimuli delivered at progressively longer C-T intervals illus-
trates an eventual return of test dendritic spikes to control spike amplitude. Antidromic

stimulus artifacts were reduced for illustrative purposes.
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Figure 20.

Invoking a spike doublet inhibits spike discharge and triggers a bAHP. A4, Upper trace:
A dendritic recording illustrating a train of 5 antidromic spikes (7.1 ms ISI). Lower
trace: A spike doublet is simulated by inserting an additional antidromic stimulus 3.9 ms
after the third spike in the train (linked solid arrows). The new stimulus fell within the
refractory period of the dendritic spike, evoking only a small pre-potential (open arrow)
and a subsequent bAHP capable of inhibiting discharge of the next spike in the train
(slanteci arrow). B, Upper trace: A somatic recording illustrating a train of 6 antidromic
spikes (8 ms ISI). Lower trace: A spike doublet is simulated by inserting an additional
antidromic stimulus (open arrow) 3.6 ms after the fourth spike in the train. This evoked a
full spike at the soma, but also inhibited subsequent spikes in the stimulus train (solid
arrows indicate a pre-potential signifying failure of the somatic spike). Antidromic

stimulus artifacts are reduced for illustrative purposes.






Figure 21.

Working hypothesis of how conditional backpropagation controls burst discharge. A,B,
Representative spike bursts in a pyramidal cell dendrite and soma. The records in 4 de-
pict the somatic contribution to dendritic activity during a burst, while records in B illus-
trate the dendritic contribution to somatic depolarization during a burst. The weight of
influence is shown by the size and shading of arrows. A4, Each successive somatic spike
in a burst triggers a full spike capable of backpropagating into dendrites. B, Each suc-
cessive. dendritic spike in a burst is longer in duration than the last, progressively in-
creasing current flow back to the soma (shaded arrows). There is a concurrent increase in
DAP amplitude and duration until the DAP becomes large enough to reach threshold to
trigger a spike doublet at the soma. The short ISI of the spike doublet (3.0 ms) falls at or
within the refractory period of dendritic membrane (4.5 ms), preventing backpropagation
of the second spike of the pair. This failure of dendritic spike discharge eliminates the
dendritic depolarization driving the spike burst (denoted by dashed arrow). A subsequent

bAHP repolarizes the cell membrane.
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CHAPTER 4
DISCUSSION

The present study describes a novel mechanism by which a conditional backpropa-
gation of Na* spikes controls oscillatory spike bursts in a central neuron. Burst discharge
is dependent upon the generation of a DAP at the soma by a dendritic Nat spike back-
propagating from the soma. The ELL pyramidal neuron has a length constant (i) of 550
puM. A dendritic recording site 200 uM from the soma is therefore at only .36 of . By
comparison the dendritic spike can thus be expected to discharge nearly simultaneously
with the somatic spike. This makes the largest effect of the dendritic spike on the so-
matic membrane potential not visible. The somatic DAP is closely related to the falling
phase of the dendritic spike. I have now shown that backpropagating spikes undergo a
frequency-dependent broadening that enhances dendritic spike summation and potentiates
the somatic DAP during a burst. The eventual generation of a somatic spike doublet
abruptly terminates burst discharge when the relatively long refractory period of dendritic
membrane prevents backpropagation of the second spike of the doublet. Thus, a process
of conditional backpropagation regulates dendritic spike invasion to alternately drive or
terminate a spike burst, providing extensive control over the threshold and frequency of
oscillatory discharge.

The potential for dendritic spikes to secondarily depolarize somatic membrane was
raised in some of the earliest reports of intracellular recordings (Granit et al., 1963; Nel-
son and Burke, 1967; Calvin and Sypert, 1976; Calvin and Hartline, 1977). Interactions

between a backpropagating spike and a somatic DAP have been suggested more recently
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in cortical pyramidal cells, although this also involved activation of dendritic Ca2+ cur-
rents (Zhang et al., 1993; Mainen and Sejnowski, 1996; Golding et al., 1999; Magee and
Caruth, 1999). Turner et al. (1994) established the relevance of this mechanism in ELL

pyramidal cells, and I have now shown how conditional backpropagation of dendritic

Nat spikes controls burst discharge. Importantly, spike doublets have been reported in
several bursting cell types ranging from receptors to cortical pyramidal cells, but their
role in burst discharge has not been established (Granit et al., 1963; Nelson and Burke,
1967; Calvin and Sypert, 1976; Calvin and Hartline, 1977; Steriade et al., 1993; Paré et
al., 1995; Gray and McCormick, 1996; Koch, 1999). The mechanism I describe for spike
doublets in ELL pyramidal cells may then prove to be a common strategy for controlling
burst output.
FAST OSCILLATIONS IN ELL PYRAMIDAL CELLS

In 60% of ELL pyramidal cells studied there was a clear threshold for burst dis-
charge observed on the F/I curve. For the remaining 40% of the cells, increased depolar-
izing current injection increased the tonic firing frequency without inducing a shift to
burst discharge. The question remains as to why 40% of the cells recorded from did not
exhibit burst discharge. One reason may be that the level of current injection necessary
to shift some of these cells from tonic to burst firing was not reached. This seems to be
an unlikely explanation for many cells, as several of the non-bursting cells continued to
fire tonically despite large (> 1 nA) depolarizing current steps. A second explanation
could be a difference between basilar and non-basilar pyramidal cells discharge proper-

ties. This might also account for the occurrence of two peak distributions of oscillatory
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frequency obtained at the highest levels of current injection during construction of F/I
curves (Fig. 70).

Variance in cell morphology could also explain the differential ability of ELL py-
ramidal cells to fire spike bursts. The dependence of burst firing on cell structure is sup-
ported by the finding that oscillation frequencies at the high end of the F/I curve were
represented by two populations of cells (Fig.7C). Mainen and Sejnowski (1996) demon-
strated that the ability of pyramidal cells to burst could be completely explained by their
dendriti.C morphology. Using a computer model of a neocortical pyramidal cell with a
uniform distribution of Na” and K channels in soma and dendrite, Mainen et al. (1996)
showed that cells with larger dendritic trees were capable of oscillatory discharge, while
cells with smaller dendritic trees only fired tonically. The underlying mechanism for this
was that further backpropagation into the dendritic tree in their model promoted the gen-
eration of a larger DAP at the soma.

The possible role of dendritic morphology in burst discharge in the ELL is sup-
ported by anatomical studies which show a wide range of dendritic area among basilar
pyramidal cells (Bastain and Courtright, 1991). Bastian and Courtright (1991) found that
an ELL basilar pyramidal cell’s dendritic morphology corresponded to the cell’s firing
pattern in vivo in response to sensory stimulation. Pyramidal cells with small apical den-
drites were shown to fire more regularly and with a higher frequency, while cells with
larger apical dendrites fired brief bursts of action potentials separated by long intervals.
Bastian thought that this difference in firing pattern might be due to an increased level of
GABAergic stellate cell input to the phasic cell types with larger apical dendritic trees.

My research would now suggest that the correspondence of the cell’s firing pattern to
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dendritic morphology may be due to a differential degree of spike backpropagation. Py-
ramidal cells with larger dendritic trees may receive more depolarizing current at the
soma from backpropagating dendritic spikes, and therefore be more likely to exhibit burst
discharge. Conversely, it may well be that some of the 40% of cells not exhibiting burst
discharge had their dendritic trees truncated during the ELL slice preparation and were

therefore left incapable of firing spike bursts.

FACTORS CONTROLING BURST DEPOLARIZATIONS

Extensive work in other cells exhibiting burst discharge has identified several key
elements that can contribute to the depolarization that drives spike bursts. Several cur-
rents have been implicated 1n this depolarization, including the interaction between I, and
I+ as well as conductances from Ica, Inap, INas, [cica)r Synaptic EPSPs have also been
shown to contribute to the generation of DAPs in some cells. I consider each of these
factors as potential contributors to the DAP below.
Iy and It

In many cells, burst frequency is controlled by the magnitude of Ca®* influx in-

voked during the burst depolarization, where there is an associated increase of Ca2* cur-

rent with each Na‘t spike (Aldrich et al., 1979; Bourque, 1991; Jackson et al., 1991;
Quattrocki et al., 1994; Ma and Koester, 1995; Klemic et al., 1998; Borst and Sakmann,
1999). Calcium influx can be directly linked to the size of the depolarization, the number
of Na” spikes generated, or burst duration. These factors may be directly linked to the
duration and amplitude of the bAHP, and therefore oscillation frequency (Hotson and

Prince, 1980; McCormick and Pape, 1990). In other cells, a Ca®"-dependent depolariza-
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tion drives the burst while a Ca®*-dependent hyperpolarization repolarizes the cell to it’s
resting membrane potential (Lewis, 1984). A similar result occurs in thalamic neurons
through a voltage-dependent inactivation of T-type Ca’* currents during the burst. This
acts to control the burst duration, with faster inactivation of the T-type Ca®" current
shortening burst duration and increasing oscillatory frequency. The time-course of the
subsequent AHP in each of these cases can also depend on the time-course for recovery
from deactivation of an inwardly rectifying current I, (McCormick and Huguenard,
1992). |

Importantly, neither It nor I, are expected to contribute to fast burst discharge in
CMS pyramidal cells, as whole cell voltage ciamp recordings at the soma in the presence
of TTX reveals little or no inward Ca®* current, and no I during membrane step hyper-
polarizations from —60 to -120 mV (E. Morales, personal communication).
Generation of the DAP
Ica

Inward Ca®* currents have been shown to underlie depolarizations during burst dis-
charge in several cell types. A Ca’" current was found to underlie DAPs in magnocellu-
lar neurosecretory cells (Bourque, 1986) and supraoptic neurones (Bourque et al. 1986).
The DAP and burst generation in CA3 pyramidal cells are believed to be mediated pri-
marily by a slow Ca** current (Johnston et al. 1980; Hotson and Prince, 1980). A T-type
Ca’" current is apparent in the cat and rat lateral geniculate nucleus and contributes to a
depolarization during burst activity (Crunelli et al. 1989). A Ca®" dependent current has

also been shown to mediate a DAP that is involved in the generation of spike bursts in
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cortical pyramidal cells (Kang and Ohmori, 1999) and hippocampal CA1 pyramidal cells
(Azouz et al. 1996) in vitro.

Ica however does not appear to contribute substantially to DAP generation in CMS
pyramidal cells, as experiments using focal somatic (n=6) and dendritic Cd** (n=3) ejec-
tions have shown no apparent modulation in burst discharge (data not shown). As indi-
cated above whole cell voltage clamp recordings at the soma in reveal little or no Ca®*
current. An inward dendritic Ca’* current may however play a role in depolarizing the
cell duﬁng burst discharge.

Inap and Ings

Inap could well contribute to the DAP, but its role in DAP generation is hard to as-
sess given the difficulty of selectively blocking it. In a model based on the mechanism
for burst discharge described by Turner et al. (1994), Wang (1999) showed that Iy.p was
sufficient to produce burst discharge in visual cortical pyramidal cells even without active
dendritic spike backpropagation. However, there are differences between the form of
bursting in Wang’s model and the burst discharge seen in ELL pyramidal cells. In
Wang’s model a large DAP is generated at the end of a burst which is not seen in ELL
pyramidal cells. Furthermore, focal dendritic ejection of TTX blocks spike bursts in ELL
pyramidal cells, revealing a dependence on active spike backpropagation. Nevertheless
Inap can not be ruled out as a possible factor modifying DAP amplitude as current is con-
ducted from the dendrite to the soma. A slow TTX-insensitive Na current (Inss) has also
been found to contribute to DAPs in CA1 pyramidal neurons (Hoehn et al. 1993). A slow

Na" dependent pre-potential does exist in CMS pyramidal cells, but this has been shown
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to be entirely blocked by TTX. Therefors a TTX-insensitive Inas does not likely play
much of a role in DAP generation in ELL pyramidal cells.
Icica

DAPs may also be mediated by activation of Ca®* activated CI” channels. A Icicay
contributes to DAP generation in lateral amygdala neurons (Sugita et al., 1993), cultured
spinal (Owen et al., 1986) or sensory neurons (Mayer, 1985; Scott et al., 1988), parasym-
pathetic neurons (Akusa et al., 1990; Tokimas et al., 1988), and cingulate cortical neurons
(Higasl;j, 1993). Any affect of Icyca) in generating the DAP in ELL pyramidal cells
would be minute as there is very little Ca’>* current at the soma. In addition, since
GABAergic CI” - dependent IPSPs reverse at ~ -70 mV in ELL pyramidal cells (Berman
and Maler, 1998), a reversal in the CI gradient at the soma can be ruled out as a contrib-
uting inward current to DAP generation.
Synaptic (EPSPs)

In the hippocampus, networks of synaptically connected inhibitory interneurons
can generate gamma oscillations; the same frequency range as ELL pyramidal cells
(Whittington et al. 1995). Indeed, computer simulations of several parts of the brain sug-
gest that gamma oscillations can be generated by pools of excitatory neurons, networks of
inhibitory neurons, or networks of excitatory and inhibitory neurons (Jefferys et al.
1996). Eeckman and Freeman (1990) demonstrated in the rat olfactory cortex that short
range negative feedback interactions between cortical pyramidal and granule cells were
sufficient to induce bursting. This recurrent inhibitory loop which generated burst dis-
charge involved GABAA receptor-mediated synaptic potentials. Berman and Maler

(1998) found that ELL pyramidal cells have both GABA, and GABAg receptors. How-
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ever, a recurrent inhibitory loop can be ruled out for generating burst discharge in ELL
pyramidal cells as they do not extend any axonal recurrent collaterals (Maler et al. 1981).
ELL pyramidal cells thus appear to be intrinsically bursting neurons.
Frequency-dependent spike broadening

The frequency-dependent broadening and enhanced summation of dendritic spikes
results in a parallel increase in the absolute dendritic voitage and DAP amplitude with
each successive spike in a burst. This process is maximal for [SIs between 3 - 7 ms and
controlg burst threshold by regulating the transition from tonic to burst output (Figs. 2
and 3). The exact spike frequency capable of reaching this transition point depends on
the number of spikes invoking dendritic spike summation (Fig. 10C,D). As a result, the
immediate history of spike discharge can influence burst threshold. I would thus expect
burst output to begin at even longer ISIs during the spontaneous activity found in vivo
(Gabbiani et al., 1996).

Frequency-dependent spike broadening has been reported in cell bodies, axons,

and presynaptic terminals of several cell types (Aldrich et al., 1979; Bourque, 1991; Jack-

son et al., 1991; Quattrocki et al., 1994; Ma and Koester, 1995; Mathes et al., 1997).

This most often involves a cumulative inactivation of A-type or delayed rectifying K™
currents underlying spike repolarization (Aldrich et al., 1979; Jackson et al.. 1991; Quat-
trocki et al., 1994; Ma and Koester, 1995; Klemic et al., 1998; Tkatch et al., 1999), and
an associated increase of Ca’” current activated by the Na' spike (Aldrich et al., 1979;
Bourque and Renaud, 1985; Bourque, 1991; Jackson et al., 1991; Ma and Koester. 1995;
Borst and Sakmann, 1999). In CA1 pyramidal cells, inactivation of a BK-type Ca®'-

dependent K™ channel was recently reported to contribute to frequency dependent spike
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broadening (Halvorsrud et al., 1999). Backpropagating Na’ spikes can also activate den-

2+
dritic Ca currents in a manner dependent on spike frequency and conduction along the

dendritic axis (Jaffe et al., 1992; Spruston et al., 1995; Callaway and Ross, 1995;
Larkum et al., 1996, 1999). The precise role for Caz* currents in spike broadening in

ELL pyramidal cell dendrites is presently unknown. However, focal dendritic cd” ejec-
tions (200 puM) have little effect on dendritic activity in CMS pyramidal cells (n = 6;

Lemon.and Tumer, unpublished observations). Dendritic spike broadening thus appears
to result primarily from actions on TTX-sensitive dendritic Na' spikes.
The reason repetitive discharge induces a selective change in dendritic spike re-

polarization has not been determined, but could relate to K channel density, K channel
subtypes, or their inactivation by the very different action potential waveforms in somatic
versus dendritic regions. A current hypothesis centers upon the potential role of a gym-
notid homologue of the mammalian Kv3.3 channel (AptKv3.3) that has been localized to
both somatic and dendritic membranes (Rashid and Dunn, 1998a,b; Morales et al., 1998).
This channel is similar in properties to the Kv3.1 channel in exhibiting a high threshold (-
20 mV) for activation. This allows the channel to repolarize action potentials and set the
maximal frequency of spike discharge in a variety of cell types (Kanemsa et al. 1995,
Brew and Forsythe, 1995; Perney and Kaczmarek, 1997; Massengil et al., 1997; Martina
et al., 1998; Hernandez-Pineda et al., 1999).

Significantly, dendritic spikes in pyramidal cells peak at ~ 0 mV, indicating that
AptKv3-like current in dendritic regions would be just activated by a dendritic spike.

During burst discharge dendritic spike amplitude decreases in a progressive and fre-
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quency-dependent manner (Fig. 19). This decline in dendritic spike amplitude during
spike bursts may be due to a cumulative inactivation of dendritic Na' channels, as found
in hippocampal and cortical pyramidal cells (Fleidervish et al., 1996; Colbert et al., 1997;
Mickus et al.. 1999; Sourdet et al. 1999). The decline in dendritic spike amplitude due to
Na“ channel inactivation may then progressively decrease the activation of the AptKv3.3

channels, resulting in dendritic spike broadening.

In rat subicular neurons low concentrations of the K" channel blocker 4-AP con-
verts spike discharge from regular spiking to repetitive bursting because it uncovers a
Ca®* current (Jung et al., 1999). Local application of 4-AP to the distal apical dendrites
of CAl pyramidal neurons also switches cell firing during a current-evoked depolariza-
tion from single to multiple spikes riding on a DAP (Carruth et al., 1999;Magee and Car-
ruth, 1999). Focal dendritic ejection of TEA has also been shown to lower burst thresh-
old in ELL pyramidal cells (Lemon, unpublished observation). This suggests that K"
channel inactivation in apical dendrites underlies dendritic spike broadening, which
serves to control burst threshold in ELL pyramidal cells.

Joho et al. (1999) recently demonstrated that a Kv3.1 knockout mouse exhibited
enhanced gamma frequency oscillatory discharge. A decrease in AptKv3.3 channel ac-
tivity in dendritic regions would increase the rate of spike broadening and the frequency
of gamma bursts. The 40% of ELL pyramidal cells not exhibiting oscillatory discharge
may therefore have a larger dendritic distribution of Kv3-type channels, preventing den-

dritic spike broadening and oscillatory discharge.



Role of Spike Doublets

The generation of a high frequency somatic spike doublet provides an intrinsic
mechanism to terminate a spike burst. This results from the longer dendritic spike re-
fractory period preventing backpropagation of the second spike of the doublet. The sud-
den loss of dendritic depolarization driving the burst then allows the cell to repolarize.
The spike doublet is also significant in allowing the rate of dendritic spike summation
and DAP potentiation to control burst frequency (Fig. 6).

R;:petitive discharge in other cells has been shown to decrease dendritic spike am-
plitude to the point where backpropagating spikes fail to invade some distal dendritic
branch points (Spruston et al., 1995; Colbert et al., 1997). Synaptic inhibition can also
regulate the degree of spike backpropagation (Buzsaki et al., 1996; Tsubokawa and Ross,
1996). However, the mechanism I describe here differs substantially from these in repre-
senting an all-or-none failure of dendritic spike invasion at the level of proximal apical
dendrites from one spike to the next. To my knowledge this is the first report of how
dendritic refractory period regulates spike activity.

The exact location of dendritic spike failure can not be identified. However. I re-
corded dendritic spike failure in locations as close as ~50 um from the cell layer. sug-
gesting that dendritic refractory period increases at a minimal distance from the soma.
The difference in somatic and dendritic spike refractory periods may result if dendritic
spikes are generated by a comparatively low density of Na” and K channels. Indeed, the
eventual failure of dendritic spike discharge is likely augmented by an inactivation of
dendritic Na" channels during a burst. Dendritic spike failure would become even more

likely if cumulative inactivation of dendritic K" channels during a burst lengthened the
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dendritic spike refractory period. An increase in somatic spike refractory period has in
fact been shown by Massengill et al. (1997) in layer IV cortical neurons in response to
TEA application. In this regard, I have preliminary data indicating that focal ejections of
5 mM TEA in the dendrite increases the refractory period in ELL pyramidal cell somata
from 2.8 to > S ms (n = 1). The progressive increase in dendritic spike width during a
burst may then increase dendritic refractory period from one spike to the next. Such a
process would only serve to enhance the ability of a spike doublet to block invasion of
the den;iritic arbor. This may partly account for why the past history of cell discharge
can act to regulate burst threshold. Figure 18(C,D) shows how an increasing number of
preceding spikes in a train of action potentials can increase the ISI capable of generating
burst discharge from 4.8 to 6.35 ms. This result may reflect a comparatively long den-
dritic refractory period when the number of spikes in a train are increased.
Generation of the bAHP

The spike doublet-induced failure of backpropagation was followed by a bAHP
that prevented further spike discharge. Although the bAHP was not a primary focus of
this study, it exhibited some unusual attributes with respect to burst generation. Most
importantly, it was not clearly correlated with any aspect of burst discharge except for the
preceding generation of a spike doublet. [ am uncertain at this time as to whether a spike
doublet is involved in generating the bAHP, or simply unmasks a bAHP when the den-
dritic spike depolarization is suddenly removed.

Many researchers have found long duratioxi AHPs to be generated by Ca®*- gated
K™ channels corresponding to SKca, BK(ca) or IK(ca) channels, having small, large and

intermediate conductances, respectively. An Iaup underlying a SAHP in rat sympathetic
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neurons is mediated by Apamin-sensitive SK(c,) channels (Sacchi et al.1995). ELL py-
ramidal cells are insensitive to the SKc,) channel blocker Apamin, making SKc, chan-
nels unlikely candidates for generating the bAHP. There is a good possibility however,
that an intermediate conductance IKc, or a large conductance BK ¢, is responsible for
generating the bAHP in ELL pyramidal cells. In support of this, E. Morales has recorded
large conductance (180 pS) Ca**-sensitive K* channels sensitive to Iberiotoxin (20 nM)
in both pyramidal cell somatic and dendritic membranes which are consistent with BKc,)
channel.s (personal communication). Morales has also recorded an intermediate conduc-
tance (90 pS) Ca**-sensitive K* current in both soma and dendrites. Both of these Kca)
conductances could thus play a role in generating the bAHP.

Jaffe et al. (1992) found that Ca>* entry into dendrites of hippocampal pyramidal
cells is triggered by Na spikes that actively invade the dendrites. This Ca** entry gener-
ates a SAHP by an I, termed Iznp. In bullfrog ganglion neurons the time course of an
Iup evoked by action potentials is a function of the Ca®>* load induced by the action po-
tential (Goh and Pennefather, 1987). A Na* spike-induced Ca* entry in ELL pyramidal
cell apical dendrites may then activate a K* conductance which could underlie the sSAHP
and/or the bAHP. The role of Iayp in bAHP generation in ELL pyramidal cells is un-
known, but my interpretation is that dendritic Ik, Will be more important than somatic
Ik(ca) in generating the bAHP because:

(1) There is little inward Ca®" current in CMS pyramidal cell somata (E. Morales

and R.W. Turner, unpublished observations).

-87-



(2) Focal ejections of Cd*" at the soma rapidly block the somatic SAHP, reveal-
ing a pronounced DAP of up to 100 ms at the soma, but leave the bAHP in-
tact (data not shown).

(3) Focal ejections of Cd** to dendrites reduces the bAHP following a train of
four antidromic spikes (data not shown).

Taken together these data suggest that Na” spike induced Ca’* entry in dendrites,
particularly during the spike doublet may trigger Ca®" activated K" currents and therefore
the bAi-IP. It remains to be determined, however, why focal dendritic cd** ejections
have little effect on dendritic spikes (n = 2).

An alternate explanation to bAHP generation can be seen in mammalian cortical
neurons (Dryer, 1994). Dryer found a slow AHP to persist even when Ca’" influx was
blocked. This slow AHP was generated by a sodium activated potassium current (I
KNa)- IK(na) channels require relatively high concentrations of Na” (in the order of 10-
30 mM) for activation. It could well be that the bAHP is generated by a Na” influx as can
only be accumulated by a spike doublet. This would generate a similar afterhyperpolari-
zation as the [ K(ng) induced slow AHP.

Finally, an extremely interesting aspect of the bAHP was its almost all-or-none
character after the triggering of a spike doublet. This might speak towards a mechanism
not determined by voltage dependent ion channels. but perhaps by the passive membrane
properties of the cell. [n this scenario, the bAHP could simply represent a passive return
of the membrane potential to rest when the dendritic depolarization is suddenly blocked.
A similar mechanism in fact takes place in thalamic pacemaking cells, where inactivation

of It and deactivation of Iy during a burst results in an abrupt return of membrane poten-



tial back to rest, thereby terminating spike bursts (McCormick and Pape, 1990). In sup-
port of this Morales has found evidence for inward rectifying channels in dendrites (per-
sonal communication), as has been reported in dendrites of hippocampal CAl cells
(Magee, 1998). Further work clearly needs to be done to discern the exact mechanism
underlying bAHP generation. The most likely candidates for bAHP generation however
appear to be a dendritic BK(c,), IK(ca) or IKna conductance or a passive return of the
membrane potential to rest.
SIGNIi"ICANCE OF FAST OSCILLATORY DISCHARGE

Apteronotus leptorhynchus can alter its EOD frequency in response to jamming
signals created by the EOD of neighboring fish. This jamming avoidance response
(JAR), can provide a seperation of EOD frequencies among neighboring fish that is re-
quired for accurate location of objects (Heilligenberg, 1991). Using selective ibotenic
lesions in vivo, Metzner and Juranek (1997) showed that CMS is both necessary and suf-
ficient for producing the JAR in both the Apteronotus leptorhynchus and in Eigenmannia
virescens. Lesions to the CLS and LS in Eigenmannia and lesions to the LS in Aprero-
notus had no effect on the JAR (Metzner and Juranek, 1997). Pyramidal cells in the
CMS have a smaller receptive field size and thus show higher spatial resolution than
those in the LS (Shumway, 1989, Tumer et al., 1996). This high temporal resolution
would also be required for the computational mechanisms controlling the JAR (Heiligen-
berg, 1991).

Gabbiani et al. (1996) recorded fast oscillatory spike bursts in pyramidal cells in
vivo in relationship to sensory activation. They found that pyramidal cells reliably en-

code the up and down strokes of electric field AMs through the generation of burst dis-
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charge; identifying a role for burst discharge in feature extraction. These authors also
tested the role for burst discharge in differentially encoding AM frequencies across the
sensory maps in the related gymnotiform Eigenmannia (Metzner et al., 1998). This study
failed to establish such a relationship, although the final conclusions to be drawn from
these experiments are in doubt due to several confounding factors (ie. species, choice of
anesthetic, method of AM stimulation compared to Shumway (1989)). These studies are
now being repeated with more attention to these factors to more convincingly test this
hypothésis. Regardless, the important demonstration that fast oscillatory spike bursts
have a role in feature extraction will allow studies of the mechanism underlying fast burst
discharge to eventually be related to a behavioral function.

The fast oscillations seen in ELL pyramidal cells are very similar to the burst dis-
charge of Layer V pyramidal tract neurons of the cat sensory motor cortex. Calvin termed
this type of fast oscillation as an extra spike mode. In the extra spike mode large depo-
larizing afterpotentials immediately following a spike may reach threshold to elicit an
extra spike within a few milliseconds, producing the equivalent of a spike doublet (Calvin
1975).

Gray and McCormick (1996) also found that a subset of pyramidal neurons named
“chattering cells” in the striate and peristriate cortex generate oscillations in the fre-
quency range of 20 - 70 Hz when depolarized or during visual stimulation. They believe
that these fast oscillating cells play a role in recruiting large populations of cells into syn-
chronous firing assemblies. Chattering cells display tonic spike discharge near threshold
levels of depolarizing current injection. With increased levels of current injection the cell

shifts from a tonic to burst discharge of 20 - 70 Hz which may also be seen in response to



optimal visual stimuli. Chattering cells also typically fire burst discharge when the ISI
reaches ~ 3 ms (Gray and McCormick, 1996). This resembles the frequency dependence
of burst discharge in ELL pyramidal cells which may generate bursts once spike dis-
charge reaches an ISI of 3 — 8 ms.

Moreover, Xiao-Jing Wang (1999) has created a model of chattering cells based on
the basic mechanism of bursting described for ELL cells by Turner et al. (1994) which
involves spike backpropagation. Both the ELL pyramidal cell and “chattering cells” have
a pronc;unced fAHP and DAP and both typically fire in bursts of 2 - 5 spikes. There are
however differences between the output of chattering cells in Wang’s model and the out-
put of the pyramidal cells in the ELL. When a burst terminates in Wang’s model it is
followed by a subthreshold DAP not seen in our pyramidal cells. In Wang’s model, in-
creased current injection to the chattering cell eventually changes output from bursting to
rapid tonic firing. The opposite effect is seen with pyramidal cells of the ELL where the
cell maintains burst discharge once it is initiated.

In recent vears the physiological role of fast oscillatory discharge has become in-
creasingly apparent. Wang’s model (1999) showed that burst discharge by a “chattering
cell” was required for the rythmycity to be reliably transmitted to the postsynaptic cell via
unreliable synapses. Wang (1998) also shows in his model that fast burst firing of chat-
tering neurons provides an exceptionally powerful drive in recruiting feed back inhibition
in cortical circuits. High frequency burst firing provides more precise information than
action potentials that arrive singly for hippocampal CAl synapses (Lisman, 1997), and
bursts generated by visual stimulation in the lateral geniculate nucleus enhance the detec-

tion of dim stimuli (Mukherjee and Kaplan, 1995, Guido, et al. 1995). Finally, burst fir-
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ing patterns have a direct relation to behavior (Calvin & Loeser, 1975), states of con-
sciousness (Steriade et al, 1993), and the secretion of vassopressin in magnocellular neu-
roendocrine cells (Andrew & Dudek, 1983).
FUNCTIONAL SIGNIFICANCE OF SPIKE BACKPROPAGATION

Many neurons initiate Na~ spike discharge near the soma which is followed by
spike backpropagation over extensive regions of the dendritic arbor (Tumer et al., 1991;
Jaffe et al., 1992; Spruston et al., 1995; Colbert and Johnston, 1996; Johnston et al., 1996;
Larkun; et al., 1996; Chen et al., 1997; Stuart et al., 1997). Recent work has begun to
identify the functional significance of backpropagating spikes, including a role in synap-
tic plasticity, enhancing dendrite-soma coupling, and presynaptic transmitter release
(Spruston et al., 1995: Callaway and Ross 1995; Markram et al., 1997; Bischofberger and
Jones, 1997; Chen et al., 1997; Magee and Johnston, 1997; Magee et al., 1998; Larkum
et al., 1999). This work on ELL pyramidal cells establishes a key role for a conditional
backpropagation of spikes in generating oscillatory burst discharge that will likely extend
to many different cell types (Zhang et al., 1993; Paré et al., 1995; Mainen and Sejnowski,
1996; Wang, 1999).

Spike bursts in cortical cells have become recognized for their role in encoding
stimulus location, orientation, and spatial frequency selectivity (Lisman, 1997). Simi-
larly. burst discharge in ELL pyramidal cells in vivo has a direct role in feature extrac-
tion (Gabbiani et al., 1996; Metzner et al., 1998). An intriguing feature of the ELL is the
presence of multiple topographic maps of electroreceptor distribution (Maler et al., 1991).
Pyramidal cells in each of these maps contribute to specific behaviours (Metzner and Ju-

ranek, 1997) and exhibit a frequency selectivity in vivo that varies in concert with oscil-

-92.



latory properties in vitro (Shumway et al., 1989; Turner et al., 1996). The distribution or
kinetics of ion channels that control burst output may then regulate pyramidal cell output

between sensory maps, emphasizing the potential for dendritic ion channels to modulate

sensory processing.
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