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- . ABSTRACT

An in vitro brain slice preparation of the electrosensory
lateral line lobe (ELLL) of weakly electric fish was developed
and the electrophysiologicél characteristics of-the'main ELLL
output‘ neurons, .the pyzapidal cells, were measured.
Extracellular electrode recordings demonstrated that pyramidal
celis are capable of spontaneous, rhythmic spike activity.
Intracellular recordings showed that intrinsic osclllations in
membrane potential underlle the bursting\ behaviour. The
majority of pyramidal cells respond to depolarizing current
pulses.with aniinitial lag in splke flring followed by a non-
accommodating, higher frequency spike tréin. |

Time and voltage-dependent properties of pyramidal cell
responsiveness, as well .as the effects of pharmacological
blocking = agents indlcated that rhythmic activity and
repetitive firing are dominated by a persistent,' subthreshold
gNa which activates at depolarized levels and is the driyving
force behind the membrane potential oscillations and the
sustained (non-accommodating) spike firing. In addition, a
transient, outward potassium conductance (gA) ls fesponsible
for the lag in spike firing by acting as a 'brake' during the
initial 50-200 msec of a depolarizing ;timulus.

Calclium currents and . calcium-dependent A potassium
conductance add to the interval Befween spontaneous bursts but
appear lnsufficlent for splke frequency accommodatlon.

The in vitro behaviour of pyramidal cells differs

substantially from the behaviour of the same cell type in

v



vivo. Posslble exélanations are dlscussed.
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INTRODUCTION

Hechénisms that regulate neuronal exclitability are the'
subject of enormous interest insofar as they ultimately govern
both normal and abnormal central nervous sfstem activity.
Numerous 1nvest1§ations, In intact anlmals as well as in more
recently developed in vitro preparations, Iindlcate that
neurons afe equipped with a dive;se set of membrane ch@nnels,
many of_ which are modifiable under ‘appropriate conditions.
This last characteristic imparts plasticity in a neuron's.
response to a changling environment.

The abllit;ﬁ éo correlate blophysical properties with
behavioural physlology ls greatly facilitated by the use of"
simple model systems. with this approach, the neural
substrates for isolated behaviours can be identified
anatomically, manipulated physiologically or pharmacologically
and the resulting behavioral effects measured. In this
respect, the electrosensory system of weakly electric flsh has
been especlally useful; anatomical, physlological and
behavioural studies have been well coordinated ﬁoh understand
certain aspects of how central processing of electrosensory
signals occurs. This thesls deals with mechanisms that
requlate electrosensory function at the cellular level, which,
together with the more conventioﬁél approacheg "to sensory
physioiogy, should extend our current understanding of how

electosensatlion operétes.



Electric fileld detecfion
Three orders of teleost £ish have electroreceptive
capabilities: siluriformes (catfish), mormyriformes (African)

and gymnot{formes "{South American). While catflsh ' are
sensitive:” to low frequency electric signals generated from
environmental sources, mormyrids and gymnotids have' more
highly developed electrosensory structure§, angd, utilize self-
generated electric fields for the puéposes of elgctrolocating

+

objecﬁs and linteracting soclally ‘with conspeclfics {for
y

general reviews, see Bullock :  '82, Carr and Malexr '86).

s

-In the gymnotid.species used in this §tudy, a hearly
sinusocidal, éonstant frequency electric organ discharge (EOD)
is egatted from an electric organ located in the fishs' tall
{(Knudsen '74). Electroreceptor organs are distributed about
the body surface, and are highly sens}tivé to eiectric fleld
distdrbances caused by nqarby objects with conductivity
-diffefént from the surrounding water, or from mixing of thelr
own gdb “with those of neighboring fish. In addlition to
ampulléry recepfors sensitive to low frequency AC signals, (as
found in catfish), two physiologically dlstinct tyﬁes of
tuberous réceptors qencode changes in EOD amplitude (P-type
afferents) or‘timing of the zero—trogsing of the EOD waveform
(T—t?pe afferents)(Scheich et al. '73). All three types of

r)
electroreceptive afferents project centrally in somatotopic

1



register, and synapse within the electrosensory lateral 1line

lobe (ELLL) of the medulla (Carr et al. '82).
ELLL morphology

The continuity c¢f the ELLL 1is 1interrupted by 3
'breaks' which partition its structure into 4 roughly egqual
segments: medial, centromedial, centolateral and lateral
(Carr et al. '82; Heillgenberg and Dye ﬂ82i. Intracellular
labeiling with HRP of physiologically 1identified primary
afferents indicated that each tuberous afferent divides to
innervate the lateral, centrolateral and ,centromedial
segments, whereas ampullary receptors innervate the medial
segment alone (Heiligenbeig and Dye '82). A curious feature of
this organlzation 1is that eacﬁ segment recelves 1its own
somatotoplc representation of the body surface or 'pisciculus’
which 1is aligned as a miffor image °"of those in the adjacent
segments (Carr et al. '82). The functional significance of
multiple maps in the ELLL is stl11l unknown, although it
reflects a general tendency for parallel piocessing in the
elgctrosensory system (Carr et al. '81; Maler et al. ‘'8la;
Mathieson et al. 86).

The cytology of the ELLL has been thoroughly investigated

using golgi and HRP-labelling techniques at both the light an

electron microscope levels (Maler '79; Maler et al. '81

™~

Helligenberg and Dye '82; Mathieson et al. '86). A simplified

diagram of the cell types an

their connectlons, based on
these works, Is in fig.1 and described 1in the

followlng paragra ELLE is a highly laminated



structure, contalning .at leaﬁt 11 cell types é;d afferent
input orlglinating from 3 maln sources. Primary pfferent.flbers
from the periphery enter thg;ELLL rostrally and form the
ventral-most lamina. As thef‘bass in the caudal dlirection, -

terminal branches turn dorsally to ramify within the deep
neuropil lamina. .

In the pyramidal cell layer are located the somata of 3
cell types: basilar and non-basllar pframldal cells which are.
the main output neurons of the ELLL, and one class of
interneuron, the polymorphic cells. Basilar pyramidal cells
(BPs) héve elongated- basilar dendritngthat extend ventrally
into the deep neuropll layer where they receive excitatory
chemical synapses with ?-type primary afferents. Thus, BPs
respond to increases in affereﬁt activity with an increase in
firing rate (Bastian '81b). Granule cell interneurons also
receive primary afferent input and then make inhibitory
synapses wlth basilar pyramids. Measurements of the relatively
large dendritic spread of the granule cell population led to
the prediction that a compact excitatory receptive field for
BPs would be flanked by a larger annulus of surround
inhibition (Maler et al. '8la). &on-basilar pyramidal cells
(NBPs) lack a basllar dendrite and therefore do not recelve a
direct input from the periphery. ?nstead, primary afferents
make excitatory synaptic contact (both electrotonic _and
chemical) with granule cell interneurons which, in turn, make
putative . inhibitory =synapses with NBP somata and somatic

dendrites. Thus, NBPs receive electrosensory input indirectly



via a disynaptic pathway. Increases 1in afferent input
therefore result in decreased NBP firing, the opposite of the
BP response.

Granule cells alse have a long ascending ‘dendritic
process (not shown in fig 1) that makes gap junctlon synapses
only with non-basilar pyramidal célls which are offset from
the parent granule cell. This apecial arrangement of
eleefrotonic coupling and inhibitory synapses was predicted to
end&w ~NBPs with an off-center, on-surround receptive fleld
organlzation (Maler ét al. }Bla). ﬁhysiological measuremenps
of pyramidal cell receptive field prbperties supbort the
ﬁeuroanatomy-based -predictiops (Bastiaﬁ, '81b; “86a,b}.'

Polymorphic cells, Jlocated in the ventral agpect of the
pyramidal cell lafer are in a key position to ‘regulate the
receptive fileld prop;rties of pyramiéal neurons. Although
polymorphic” cells have yet to be studied physioclogically,
thelr action 1is presumed to be 1nhibitory, based on the
uitrastructuye of their synaptic contacts (Maler et al. '81},
furthermore they appear to be use GABA as a ne;rotransmitter
(Maler and Mugnaini '86). They are driven by descending as
well as P- and T-type afferent input and have an extensive
axonal plexus which makes synaptic contact primarily with
granule &blls and, in addition, makes axo-axonlc synapses wit?
primary afferent fibers in the deep neurop11'4Ma1e; et al.
'elj. Thus, polymorphic cell iﬁhibitory terminals can not only

gate the incoming primary afferent input  (axo-axonlics), but

also shape the pyramidal cell on-responsé via granule cell

e ~
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inhibition.

Pyramidal cells are output neurons of the ELLL; their
axons collect to form the plexifprm lamina immediately ventral
to the pyramidal cell layer. The majority of théir axons
project bllaterally to two midbrain structures, the 'nucleus
praeeminentialis and layers 3,5,7,8 of the 'torus
semicircularis (Carr et al. '81; Maler et al. '82).

Pyramidal, poiyﬁorphic and certain granule cells have
extensive apical dendrites which pass dorsally 1into the
molecular layers of the ELLL. Here the dendrites of each cell

_type receive a large, descending.excltatory input. The. only
qualificafion to this stétementlls that type I1 granule cell
apical dendrites do not reach hlgher than the middle of the
molecular layerx. The dorsal moleeular layer (DML) contains
vertlcai and‘ parallel fibers orlginating )lh the overlyfing
caudal 1lobe. These parallél fibers aée oriented rostro-
caudally and make multiple synapses with the distal portions
of the aplcal dendrites of“each cell type except granule type
.I cells. Parallel fibers in fhe ventral molecular léyer (VML)
originate in the nucleus praeeminentialis and enter the ELLL
In the stratum fibrosum. In the VML they pass ~ medlio-
laterally, synapsing with proximal portions of all aplcal
dendrites. Thus, ELLL neuzons ar; stimulated by descending
inputs which differ in thelr origins and fhe geometry of thelr
synaptic interactions.

The components of the ELLL <clircuitry described above

evaluate amplitude-related changes in electroreceptive input



—_—

and form the neural supstrate for object détection. This
ingorpqtion is carriedgza\tﬁE/ELLL predominantly by P-tgpe
afferent fibers. The ELLL is also equipped with a separata,
parallel pathway designed to relay precise timing 1nformation'
to higher electrosensory centers (Szabe_and Fessard '74; Maler
et al. te2). This pathway receives peripheral input
exclusively by T-type afferents (Maler et al. 'gla;‘Hathieson
et él. '86). T-units make electrotonic synapses with spherical
cells, which 1lie 1in a narroﬁ band - within the neuropil.
Spherical cell axons subsequently relay the timing information
to the contfalateral layer 6 of the torus (Maler et al. '82).
Sinée the spherical cells have no synaptic connections with
pyramldél cells or other amplitude*senslfive neurons of the
ELLL, they are not included in the wiring diagram of fig. 1.
The T;unit pathway underlies social interaction among electric

fish, in particular, the well documented jammimg avoidance

response (JAR) (Bullock et al. '72; Scheich '77; Helligenberg
'80). . . o
Pyramidal cell physjoleogy

—

Electrophysliological studies employing several species of
gymnotid £fish have examined the responsiveness of pyramidal
cells toﬁard a varlety of electrical stimuli; The results of
these 1investigations have 1dentifle;- parameters which are
1mportant. to electrosensory processing in th@’ %LLL.

Splke adaptation
Enger and S8zabo ('65) f}rst reported that ELLL pyramidal

neurons are senslitlive to motion and directioh of obJjects



placed in their receptive fleld. Many of the units responded
in a phasic manner, 1leading the authors to speculate on thelir
possible role as edge detectors fér moving objects. More
recently, Basti?n {'81b) recorded similar wunits, highly
sensitive to the movement of small objects across a localized
recegtive field. Two' physiological response types were
identified: E-cells tgansiently exclted by conductlve objects
({e. metal sphere) and inhibited by nonconductive (le.plastic)
objects, and I-cells which respond with an opposite pattern. A
subsequent report identifled E and I cells by HRPeslabelllng,
as basilar and non-basilar_pyramidal cells, respectively.
(Saurders and Pastian '84), Since pyramidal cells evaluate
electrosensory‘ events with time-dependent components such as
object movement, their electroresponsiveness must be capable
of matching the timing of the incoming afferent signals. E-
cells, in particular, are most sensitive to amplitude
modulations with frequencies of “64 Hz (Bastian '8lb) which
requlires a highly phaslc spike response. This characterisatic
was demonstrated by presenting the flsh with step changes In
ECD amplitude, stimuli that lack a motion component. Bastlan
found that both E and I cells respond abruptly to stimulatlon,
and rapldly adapt their spike frequencles to near-baseline
levels-- (Bastian '81lb). The mean time constant for splke-
:ﬁrequency adaptation in E cells is 37msec (Bastlan '86a).
It 1is important to note that this pﬁasic flrlng‘ pattern
cah only parti;lly be accounted for by receptor adaptation.

Lo

Electrode recording of receptor activity ‘in response to



ampl itude modulations ahouad.-fh P-type afferents are
node:atoly phanic cells (Baatiln
Hoﬁbve:, convergence of afferent*faput oqu pyramidal ce11§
results in a dramatic increase in the degree of phasic firing
(Bastian 'Slb; '86a). The disparity In temporal coding, at
receptor vs byramldal cell level suggests that spike
adaptation is medlated in part by 1) local clrcultry with the
- BLLY, or 2) by |in rinsic blophyslcal properties of the
pyramidal cells themselves. The anatoﬁlcal description of the
BLLL.by Maler and co-workers supports the notion that granule
and polymorphlic cell .inhibition may add to the phasic
response. Since intracellular .recording of pyramidal cell
electrophysiology i3 extremely difficult in whole aﬁimals,
very little 1is known about_ intrinsic m§chanlams that govern

thelr response characteristics.

The BLLL 1is the first-order processing statlon for
electroreception. Output £rom spherical cells and pyramidal
cells convey phase and amﬁlitude—related information on to
hlqﬁgr order electrosensory centeis. The electrosensory system
has also evolved an elaborate seiles of 'feedback pathways
which wultimately return to the BLLL in the form of parallel
flber input as described earller. - This descendlng"input
prdvldes the BLLL access to a number of otherx sehsory
modalitlies, and has recently been shown to exert considerable

:egulatozy influence over pyramidal cell activity.

Two electrosensory nuclel occupy plvotal positions

9

'8la; Matsubara '82) ..

e



ulthln BLLL feedback clircultry: the nucleus praeeminentialis,
an isthmic strucﬁure, and the granule Cell masses of the lobus
caudalls, recently renamed ﬁoﬁterlo: eminentia granularis.
Both nuclel not only.contain the parent cell bodies of the
parallel £iber tracts, " but in additlion, integrate
electrosensory 1npuf with visual (Bastian '82), proprioceptive
{Bastlan '74), audltory and ordinary lateral llne input (Carr
and Hatsuba;a '81). 'In.fhls respect descending input to the
'BELLL s multimodal, and provides a mechanism for ‘non-
electrosensory ) information to reflne\ the way the ELLﬂ
functlions during electrolocatlion.

Two cently published reports speclfy how déscending
1nput“~té/;§§e DML regqulates EL@L output (Bastian ‘'86a,b).
Thié portion of the ELLL feedback loop appears to function as
@ gqalin control mechanism for pyramidal cell activity. The
responses of both E and I cells to stationary o; moving
objecfs was recorded before and after interrupting
input to the DML. Removal of the descending pathway alter?d
pyramidal cell responses to statlionary objects in 'Ewo wafs:
the sensitivity of E and I cells was dramatically 1nczease§,
while spike-frequency adaptation was greatly attenuated. Tﬂése
changes wére explained by a loss of excitatory drive that
parallel fibers normally provié; ELLL inhibltory linterneurons.
Speclfically, removal of excitatory input to type IIIg:anule
cells, neurons of the ventral molecular layerfand polymorphic

cells I8 expected to disinhibit pyramidal cells, consistent

with the recorded increasss in their response to stimulation.

]
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Descending input also controls E and I cell receptive

fleld prppertles. Aéfer interruption of descending input,

Fboth cell types axhibit grgatly enlarged areas _;E surround
‘inhibition, a phgnomcnon‘attributed to increased gqgranule cell
activity. It is-suggested that loss of bHL input should reduce

polymorphic cell inhibition of grandie cells, thereby

strengthening lateral Iinhibltlon on pyramidal Eells. In

addition, type I granule cell dendrites do not reach the DML,

-and therefore, would "'not lose activity by 1nterruption of

descending inpﬁt Bastian '686a).

A second consequence of descending control ié that
pyramidal cells are able to éompensate for décreasés in EOD
intensity. Bastian demonstrated that E cells -can increase
their sensltlzity“ to correct for decreases in the fish's
electric £field strength (Bastian '86b), an ability that is
lost following removal of descending input to the DML (Bastian
'86b).

Descending input to the VML remains to be investigated as
a possible source of feedback,control. The consequences, of VML
parallel £iber activity are likely to differ gqualitatively
from those in the DML, since they arrive by a different
pathway, and make synaptic contacts within spatially
segregated zones on the apical dendrites of their reciplent

neurons.

Intrinsic mechanisms

b

It 1s clear f{rom the preceding description that “the

w

‘électrosensory system I8 equlipped with several potential
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mechanisms to modify ELLL function in :esponsefgp a changing
. environment. Although the local wiring of theé&PLL clrcu;tzy
defines the basic properties of py:amidal'neuron;}\ and hegce,‘
output from the ELLL, gqualitative changes in affé:ent input
are sufficient to modify their excltabllity and cellular
behaviour. In respon;e.to pximary afferent input, foxr example,
pyramidai cells “afe _mbst senslitlive to time-dependent
modulations in EOD amplifude, a property that lncreases thelr
resolution of small moQing objects.

Descending input to the ELLL is an especlally potent
mechanism Eor reshaplng electrosensory processing. Moreover, a
yet to be exélored possibility is that descending feedback to
the 4 ELLL segmegts may differentlally regulate feature
extraction during electrolocation.

Even more baslc to the control of neutonal behaviour are
alteratlions of intrinsic membrane properties, phenomena that
have not yet been addressed for electrosensory neurons with in
vivo recording techriques. Unfortunately, the ability to
analyze blophysical properties of ELLL neurons is extremely
fimitedqin situ; most electrosensitive neurons are relatively
small, and heqce it is difflicult to obtalin stable iﬁtra—
cellular recordings. Furthermore, many features of neuronal
membranes require pharmaqological or electrophysliological .
manipulations in order to identify thelr presence and describe
their contribution to the behaviour of the cell. Many of these
procedures are not feasible in whole animal experiments, and

consequently, have not been attempted 1in studies  of

12
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electrosensory cells.

Nonethelegs,' examining biophysical phenomena has been
extremely fruitful in other model systems for understéndlng
how CN3S activity 1is regulated at the cellular level. Some
examples of the more .successful approaches include the
bibphysical substrates of conditioned learning in Hermissenda
photorecept;r cells (Alkon '84a), 1lon channel propertles that
regulate the precise timing of motoneuron firing required 1in
splnal pattern generators (Getting '83), or lonic conductance
changes that underlie epileptogenesis in hippocampal neurons
{Schwartzkroln and Prince. '78).

A blophyslcal characterization of ELLL pyramidal cellé
'would be - equally productive. 1In light of the ékténsive
anatomical and physiological information already avallable for
electr;sensory structures, some of which are outlined above, a
'descrlption of the intrinsic préperties of pyramidal cells 1is
a natural continuvation toward integratling cellular and sensory
physlology. In a more general sense, it s increasingly

evident that neurons from a broad fange of CNS structures
.share simllér membrane properties.. 1In Gery few model systems,
however, especlally vertebrate preparations, can these new-
found propertlés be placed in a behavioural context as well
documented as 1is elecfrosensatloh.
Objectives:

In liéht of these developments, the following ]specific
objectives were outlined for this thesis: 1) to débélop a

viable tlssue slice preparation, allowing the recording of
. ‘
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electrophysiological acEIQlty of pyramidal neurons at the

intracellular level. This will faclilitate making a
\\J’,.,Ha;h;racteiiiation of thelr cellular behaviour which has not
péévlously been feasible Tln whole animal recording
éxpériments: 2} Using this aproach,‘ it will be possibie to
meaéure spontaneous resting behaviour énd the response
properties of pyrémidal cells to direct current stlmulat;@h.
3) In addlition, a blophyslical analysis of the loﬁlc
conductances which mediate these cellular properties will be
made. 4) Wherever posslble, a coorelatlion will be made pgtween
the behaviour of cells recorded physiologically In vitre and
the 1identlty of the two types' of pyramldal neurons: the basilar
and non-basilarpyramidal cells. 5) The possibility of segment-

speclflc differences in the physiology of pyramidal cells will

be examined.
xp
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MATERIALS AND METHODS

I. Experimental Animals

Electrophyslological récordings were méde frdm ELLL brain
slices prepared from gymnotid f£ish of the specles Apteronotus
leptorhynchus . Fish were maintalined at 250C in aquarium water
adjusted for conductlivity to 5-10 kf£.cm. Some experimental
data using extracellular electrode recordings were taken from
anoﬁher speciés of the same order, Eigenmannia viriscens . The
ELLL neuroénatomy of the two species Is wvirtually Iidentical
(Maler, '79), and no signlficant differences were observed In
their physiological behaviour.
II. 8lice Preparation

Adult fish approximately 15 gms. in wéight were
pretreated by Injecting (i.m.) 2541 of so;ution contalining
0.25mg 2-amino-5<. phosphovaleric acid (2-APV) and 1.2mg L-
glutamic acid diethylester (GDEE), two aclidic amino acld
antagonists which interfere with N-methyl-D-aspartlic acid
(NMDA) and qulsqualate-type geceptor binding. (McLennan, '83).
The 1injected fish were kept for 20 min in oxygenated tank
water and anesthetized with ether prior to surgery (approx.
5ml ether stirred into 1L tank watgr). The rationale for this
protocol was that the ELLL contalns slgnificant quantlties of
glutamate and aspartate (Nadi and - Maler unpublished
observatlions], two excltatory neurotransmitters. In wvivo
experliments on the role of excltatory amino acids in
epileptogepgsls showed that blockade of thelr receptor binding
with 2-APV prdtected hyperexcitable tissue from d&eveloping

14
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convulsive activity (Meldrum ét- al. ”"83). Fu:th;rmore,
"systemfé application of NHDA'antagonists-were shown to reduce
some of the damaging effects.of brailn anoxla (Gerhardt et al.
'86). Additional studies suggested that anoxia pléys a role in
the development of sbreadlng depresslon (Milan et al. '85), ap
phen&génon which is suppressed by ether anesthesia (van
Herreveld and Stamm '53). Without these pretreatments, the
viability of the ELLL slice was greatly reduced; intracellular
electrode recording-indicqfed that a majority of neurons had
undergone depolarization block and had been rendered’
electrically unresponsive.

"The anesthetized fish were then submerged in a small dish
of - ice-cold artificial cerebrosplinal fluid (ACSF) (Table 1)
oxygenated with a 95% 02/C02 mixture. Under a dissecting
microscope, the skin over the head was retracted and the \
cranium was carefully removed with forceps to expose the full
extent of the brain. Small pieces.of razor Siades cleanad In
alcohol were wused to dissect a block of brain tissue which
included the ELLL, corpus Cérebéili and lobus caudalis. The
surgical procedure Itself was perhaps the most
1mportaﬁt factor in obtqlning stable recordings. Many
varlations in the plane of section were attempted, the-
optimum being in the true transverse plane for the ELLL (figqg.
2). Tilting the slice was also beneficlal; this placed the
slice aﬂgle parallel to the orlentation of the pyramidal
cells' aplcal dendrites (Ha1er, unpublished observations) and

thus minimized their amputation. A transverse orientation had

15
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an additional. benefit of sparing the majority of 'pargllel

fiber afferents originating in the lobus caudalis pars

‘granularis, allowing orthodromic actlivation of the ELLL

circuitry via descending input.

All cranial nerves, the ganglia of the anterior lateral
line nerve (nLLA) and the spinal cord were quickly severed
and the tissue block was removed from the skull. Surgery time
was kept to a ﬁ;ximum of approximately 2 min. The tlssue blbck
was removed from the ACSF with a spatula and fine brush and
excess fluld was removed with fiiter paper. The tissue was
then fixed to a small aluminum block with a drop of
cyanoacrylate glue, submerged in chilled ACSF and mounted onto
an Oxford vibrating microtome. The cholce of sliceA thickness
was a compromise: thin slices promote rapid exchange of drugs
and 02 diffusion throughout the tissue, thicker slices keep a
larger portion of the neuronal circuit intact. The optimum
thickness was within the range of 500~700um.

Each slice was gently lifted from the vibratome bath and
placed onto a nylon mesh in a slice chamber apparatus (fig.3).
The total Fime elapsed between surgical cutting of the ELLL
and placement of the slice into the bath was 7-9 min.

The flssue was lIncubated at room temperéture in
oxygenatad ACSF for 1-2 hours prior to electrode recording.
During this recovery period, the slices were maintained using
EBE/Lﬁluid'interface' mnthgg in which the upper surface of the
slice was in contact with a humidified, oxygen-rich atmosphere
through a capillary f£iim of ACSF. This facilitated 02

16
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' diffusion 1into the slice and hélped reduce the ienqth of
recovery period. The ACSF fiow rate was adjusted to
0.75mls/min with a Gilmont Flow Meter and was delivered to the
bath by gravity from a seriesrof bottles equipped with 02/c02
bubblers. Various drugs or bath solutions could be exchanged

for normal ACSF by mechanical switches to each of thé bottles.
The delivery tubing  was kept as small as possible (1i.d.
l.14mm) in order to minimize turnover time while switching
solutions, The tubing plus the bath chamber volume wés
approximately 14ml ana exchanged volumes about every 30 min.
Occasionally, slices were incubated in a separate holding
chamber where they were.submerged in oxygenated ACSF for up to
5 hours until they were transferred to the slice chamber for
electrode . recording.

For the purposes of apélying drugs or switching solutions
4urlng electrode recording of the slice, it was found that
iﬁterface maintenance was unsatisfactory for several reasons:
the 1low flow rates resulted in long (> 30 min) delays before
drug effects were stabilized, and more importantly{r even
ﬁlnute changes in flow rate caused the sllce to move up or
down enough to lose the ‘intracellular impalement. Tﬁéreforp,
after the 1initial recovery period, slices were maintained
completely submerged. 8Small pleces of platinum wire were cut
and placed over the edges of a slice to help stabilize it and
prevent it from floating away; and the flow rate was lncreased
to approximately 4ml/min. 1In this way the exchaﬁge time was
reduced to about 6 min and even large changes in flow rate,

17
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such as occur during switchover of solutions, had no effect on
e stablility of the recording.
II. Composition of ACSF
Since the composition of gymnotid csfx,had not beeg
analyzed, ACSF was developed based - on the composition of
mammalian ACSF (Schwartzkroin '77; Schubert and Mitzdorf '79)
and: modified according té our empirical observations. éhe
i

compositions of various forms of ACSF used for thils study are

listed in the following Table:

Table I. Composition of artificlal cerebrospinal £1luid

{ACSF) solutions ( .

dext-

norm
ACSF 131 ' 20 2 1.25 2 2.5 10 -- -— -

Wa -
free --  —-  3.25  -- 2. 2.5 10 20 131 --
Mn2+ 129- -- 3.25 --  -— 0.2 10 20 11.4 2-i0
131 Mn2+
4-AP 131 20 2  1.25 2 2.5 10  —=  ——  1-2
4AP
TEA+ 126- 20 2  1.35 2 2.5 10 = --  -- 5-15

116 ' TEA
pH set to 7.4 before bubbling with 95%02/C02

IV. Recording Apparatus

'Glass microelectrodes (WPI capillary tubing) were pulled

18



19

on a Brown-Flaming puller and back-filled with elther 2M NacCl
for extracellular recording (10-20 Mn resistance) or 3M KCl
for ‘1n£race11ular recording (50-100Mn resistance).. In some
experiments cells were impaled with electrodes filled with 2M
potassium methyl sulfate or 3M potassium acetate. To improve
the stability, of intracellular recdrdings, electrode tips weré
coated with a silicoﬁ solution ('Aqua-8Sil', 0.4%; Plerce
Chemléal Co.} and allowed to dry for about 20 mié. This
promoted sealing of the hydrophobic plasma membrane to the
charged glass tubing following impalement ;f the cell.

The ELLL is. a highl?glaminated structure (Maler '79), and
the polymorphlc cell layer which contains the pyramidal cells
was clearly visible in the slice ﬁith the ald of q secting

mlcroscope' and inclident light source (fig 4). The recording

‘electrode was positioned under visual guidance and 1lowered

into the tissue with a Midgard Microstep driver. While
recording from a submerged slice, glass electrodes are
transparent and require application of a black <coating by

dipping thelr tips into a drop of India ink to help visualize

the location of the penetration.

Electrical activity in the slice was amplified by a Dagan
8500 Preamplifier and displayed on an osclilloscope screen or
paper chart recorder (Watanabe)." Bipeolar, silver-silver

chloride electrodes were used to activate pyramidal cells
orthodromically by stimulating granule cells 1in the 1obus-
caudalis, or antldromlcally‘&by stimulating the plex%form

layer. Constant current, biphasic, square-wave pulses of 50-
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100nA amplitude and 200-400msec duration were delivered by a
Grass S88 Sstimulator coupled to SIU6 stimulus isolattion
units. For 1intracellular recording, pyramidal cells were
astimulated dir%ctly by passing d.c. current through the
'rrecording elgéfrode via a bhigh Iimpedance bridge balancei
circult on the preamplifier. Following the initial lmpaiement
of the cells, hyperpolarizing current (0-0.4nA) was
frequently passed through the recording electrode to help
stabilize the membrane potential (vm).

Passive electricalxbropertles of the membrane, such as
festing poﬁentlal (VR), 1input resistance (Rin), ;nd time
constant (rvm) were routinely measured during intracellular
‘recording. VR was measured by recording the voltage drop after
penetration of the electrode. Rin was measured bé delivering
30 msec hyperpolarizing pulses to the cell and recording the
amplitude of the voltage change acrbsé the membrane versus the
intensity of the stimulus current. The slope of the plot
Yields the input resistance. Alteinatlvely, Rin was measyred
directly by adjusting the bridge balance until the voltage
drop . just disappeared and subtracting the 1n1tia1 electrode
impedance from the total membrane impedance. The membrane time
' Constant was measured by deli#ering a square pulse of
intracellular hyperpolarizing current (eg. 0.3 nA, 500 msec
duration) and extrapolating the time to reach (l-e-1) times
the mgximal change. in ﬁm. {(Conners and Kriegstein '86).

All intracellular recording data presented here were
takén from cells which met the following criterlia: the

K
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electrode was situated withl:jggglpyramidal cell layer of the
(-

lateral, centrolateral or cestromedial segments of the ELLL.
f

All cells used in.the stydy had a VR > -60 mv and action
. v -

potential amplitude > 60 mv Each unit was heldipt least long
enough for the Vvm to s 'anq measure the passive

membrane properties as well as spontaneous firing behavliour.

V. ZGTA injection

In some experiments, the effect of removing free
intracellular Ca2+ was tested by injecting the speciflc
calclum chelator, EGTA (ethyleneglycol-bis(8-aminoethyl
ether)- N,N'-tetra-acetic acld) directly into the cell soma.
The micropipettes were £illed with a solution of 1.8 K
acetate plus 0.2M K EGTA. Hyperpolarizing cufrent (0.3-0.7nA
DC) was applied across the cell membrane for up to 1 hr to
allow sufficient. quantities of EGTA to ﬁlffuse into the
\distal—most dendrites. ﬁuring the injection,~ the changes in
%he electrophysikologlical behaviour of the cell were monitored
L o

z
n the strip chart recorder.

~VI. Intracellular labelilng

Verification of the precise’ localization and
morphological ldentity of ELLL cell types recorded
physiologically was accomplished by intracellular injectlon
of the florescent dye, Luclfer Yellow (LY). Electrodes were
fililed with a 4% solutl éf LY 1in 1M~ lithilum chloride
(Relec.= 100-150M%). Tﬂgjflye vas 1Ajected by passing 1 na

hyperpolarizing pulses through the recording electrode (1 Hz;

‘ 21
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200 msec duration) for as long as possible before losing the
;nlt { ag. 45 min.). '

The electrode was pulled up and the tissue inmersed in 4 %
formaldahyde in 0.1M Na phosphate buffer, pH 7.4 overnight =

The fixed slice was gluéd'to a vibratome block and cut into

- 100um thick sections and washed -in buffer. The sections were

dehydrated through a graded series of alcohol, cleared and
coversllipped in methyl sallcflate and sealed with nail polish.
An alternative- prd&cdure {Grace;and Lilnas '85%) reéently
reported to-yleld improved resolution anq_mlnlmal shrinkage of
tisgue due to alcohol dehydration was also used. In this
procedure, the  flixed 100mm sections were washed in buffer,
then der'aydr:ated,,Y;Eg cleared and coverslipped in dimethyl
aulfoxidé (DNSO) . hfte§sglther procedure, the resulting slides
were viewed with eplflorescencé mlcroécopy through an FITC
filter and photographed.
VII. (;}tology

One of the Ccriteria for assessing the viability of the
8llce preparation wés the‘cytglogical appearance of the ELLL
in vitro compared to in vivo . 8ince electrode recordings
were made from tissue maintalned in the slice chamber for
periods of up to 8 houys, several expezimengs in® which the
cells were deémed 'healthy' by electrophyslological criteria
ware terminated by preparing the slice for light and electron
microscopy. .

After the recording session, fixation of the slices was

achlieved by immarsion directly into a 2% paraformaldahyde/ 23

c . |



23

glutaraldehyde solution in 0.12M Na-cacodylate buffer {pH 7.4)
and stored overnight at 4 C*. The slices were then washed in
buffer prior to osamicatlon for 1 hour in an ice-cold solution
of 1% osmium tetroxide and 7% dextrose in 0.12M Na-éacodylate

buffer, dehydration in a graded serles of alcohol, propylense

oxilde and finally embeddment in Araldite.

The tissue blocks were sectioned with glass knives on an
LKB-III ultramicrotome to a thickness of 1-2 microns and
stalned with a 1% solution of toluidine blue for examlnation
with the 1light microscope. The blocks were subsequently
trimmed down to the tissue depth and locatlon that {included
pyramidal cells recorded physliologically, and sectioned for
électron microscopy. fhe “thin sections were stalned with,

uranyl acetate and lead citrate and viewed with a Phillips EM

300 micrcscope.

.

-

RESULTS

I. Vviability of slices

~ The wultimate goal of establishing an. in vitro brain
prepafatlon is the abllity to maintain for .extended periods
functional neuronal circuits, includlngl intact affexent
fibers, interneurons and efferent projections, and .an
opportunity to experimentally manipulate the circuit in such
fashion as is not possible in the intact animal. In developlng
a viable 1In wvitro- ELLL preparation, several techniques
described in the MHaterials and MNathods were critical In
determining the 'health' of the slice. .
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a. EBlectrical activity:

The tissue was coﬁaidered viable when, during each pass of
the electrode through the slice, several cellq could be
punctured and recorded 4intracellularly. The majority of these
units had resting potentlals of 60 mv or greater. The Vm of
healthy cells stabillzed quickly (ie. <5 min) and could be

racorded for several minutes to several hours. It was usual
for the slice to remain 'silent' during the initial recovéry
periecd, a phenomenon common to most slice preparatlons (Schurr
et al. '84; Bianch; et al. '86). Followling 1-2 hours
incubation 1in the chamber, it was typlcél of the haalthlesé
slices to remain active for up to 10 hours.

Evidence of tissue disruption.due to surgical trauma or
th; effects of hypoxia was apparent from recovery pertods
lasting 1longer than the norﬁal 2 hours, or an finabllity ¢to
holé “stable wunits before premature deéth of the cells.
fraumatlzed cells displayed depolarized resting potentigls
(less than 40 mv) which were accompanied by high ~levels of
spontaneous activity recorded extracellularly.

Optimizing the surgical preparation of the brain and
sectioning of the slices 1improved the tissue viabliltity,
although the sﬁccess rate for obtaining a very healthy slice
was still less than ~25%. The greatest improvements were
achieved. by pre-treating the f£fish with 2-APV and GDEE
injectlions, and anesthetizing the filsh with ether prior to
surqgery. These procedures increased the success rate for
obtaining heélthy 8lices to approximately ,75%, - and qgreatly

24
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improved the practlcallty of studying ELLL physlology' in

vitro .

b. Cytology of the slice:

| Several experiments were terminated by fixation -and
processing .fcr 1light and electron microscopy (Mat.and
Meth.VII). Areas. of tlssue were examined whlich contalined
electrode recording sites so that a correlation could be made
betweeﬁﬁ the cytological appearance _and the viabllity of the
tissue, | | | ‘

In general, the more physio}ogically active the tissue,
the less evidence of cytologicai disruption was found.. For
example, the 6utermost 50—100um‘of all slices were exposed to
the most Severe shearing forces of the microtome blade. This
zone was usually devold of electrical activity and, wheﬁ
examlneq in the mlcroséopek__contalned large areas of pycnotic
cells and evidence 6f edema (not shown).

Deeper in the slice, however, a high level of electrlcal
activity corresponded .to tissue with relatively normal
cytdlogy. Electrode recordlngs were made ln all three ELLL'
segments which receive tuberous electroreceptive 1npu£
(Heiligenberg and Dye '82, Hathleaw al. '86). The
yfability and appearance of the slices were fﬂéntlcal in each
of these segments. Fl§.5 1l1lustrates the appearance of an area
of " an ELLL slice which had been recorded in vitro for 8
hours. All of the ELLL laminae and major cell types described
in vivo were easily recognizable and displayed minimal
evidence of disruption (flgs.5-14). As expected, the greatest
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‘damagg occurred within the laminae contalning f£flber tracts
orlented perpendicular to tﬁev plane of sectlon. As a
conseguence, the. deep fiber layer (DFfL) . tractus stratum
flbrﬁsum (tsf) and to a lesser extent the plexiform layer
(pl.} contained varying amounts of extracellular edema and
vacuolated axonal processes. Unraveling of the myelin sheath
frequently occurred, particularly with the larger fibers. 1In
spite of the disruption of these fiber tracts, the majority of
axons displayed normal internal ultrastrucﬁﬁre; mitochondrial
swelling was not 'apparent and neﬁrofilamehts_ were evenly
spaced throughout the axoplasm (fig. 10b).

fn the. neuropii, electrosensory afferent ;;erminals

'synapsed with dendritic processes from basilar pyramidal
cells, granule cells; polymorphic cells and spherical cell,.
somata (flg.l?). Although evidence of Tarkened terminals and
separation of synaptic junctions were foﬁnd, most electrotonic
and chemical 'synapses were qualitatively similar to those

reported lin vivo (Maler et al. '8la). The distribution of
sfnaptlc ves;cles across some probability-coder termiﬁals was
somewhat dispersed compared to the normal appearance of-
veqicles ‘tlghtly clustered around the presynaptic meﬁﬁiane
(Maler et al.'8la). This conditlion does not reflect disruption
of éxonal structure, but in f;ét is a normal consequence of

eliminating the hlg:\raée of electrosonsory input which 15‘

characteristic of gymnotid receptor afferent fibers. (Maler and

Mathieson '85}.

[

Unfixed BLLL slices present two broad cellular layers
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3

easilf recogniiable with a dissecting microscope as gray bands

separated by whitish fiber tracts. The most'ventxal of these
bands is the granule cell lamina, whlch. appeared well
preserved, even Afollowing the longest recording periods in
vitro. The more dorsal cell body layer is _the polymorphic
lamina, which contains basilar and non-basilar pyramidal
cells, as well as polymorphic cells. Since the slice
techhiéu; employed here was desiéned for recording pyramidal
cell activity, the sectionlng was adijusted to minimize trauma
tolthe byramidal cell population (eg. cutting as few dendrites
as possible). Both basilar and non-basllar pyramldals appeared
normal in light and EM sections, although occasional pycnotic
cell bodies were present in even the most healthy slices
(figs.8,9).. It was also possible, by wvirtue of their
characteristic ultrastructure, to identify axon terminals from
polymorphic and granule cell lnterneufons synapsing with

pyramidal somata (fig.13).

13

A single apical dendrite ,from each pyramidal celi passes
dorsally through the stratum €ibrosum ramifyling withinﬁzﬁhe
ventrai‘ and dorsal molecular layers; {£ig.14). The 'apical
dendrites were studded with small spiny procesdes, many of
which were seen receiving asymmetric, chenmical synapses from
descendlng parallel fibers (flg.14 top). In general, the =soma, °
basilar dendrite and apical dendrites of pyramldal“célls were
left' intact by the sectioning procedure and appeared

T

relatively normal.

Other 1local interneurons, such as neurons of the

N
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molecular layer and stellate cells, were 1denfjfied“;in the

ELLL slice and appeared normal at the light microscopic 1eve1)>’

(f1lg.5}). These cellg are relatively scarce and were not
identified in EM sgctions.
c.  Intracellular labelling with Luclfer Yellow:

Previous studies on the intact ELLL (Maler et al. '8la),
identified thfee neuronélgtigll tfpes present within the
pyramidal cell lamina: basilar and non-basilar pyramidal cells
(also called E and I cells in physiological terminology of
Bastian, '81b), .and polymorphic cells. Since all of the
recording data pfesented in this thesis were taken from the
pyramldal cell layer, representative samples of intracellular
units were injected with lucifer yellﬁw (LY} in an attempt to
correlate electrophysiological behaviour with one or all of
the three possible cell typeé. Of ten cells fllled with LY, 6
were ldentified as non—basilar pyramidals and 4 were basilar
pyramidélsa Figs. {(15-16}) illustrate the fesulting florescence
micrographs. These 1results were not unexpected, since
pyramidal cells_gre by far the mosf numerous cell types 1in the
pyramidal lamina. Ho?over, polymorphic neurons are less likely
to be aﬁéééééfully penetrated than pyta@idal cells owlng to
their relatively smaller size ( 15mm compared to 25mm for a
basllar pyramid.). Basilar and non-basilar pyramidal cell
somata are approximately d{ equal diameter and are alternately
dlstrlbutad across the ELLL (Maler, '79), a pattern which

reflects the nearly equalﬁnumbers of each cell type 1injected

-

wlth LY. ' -
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" Although it was possible that the electrode data
presented in the following sections included occasional
representation from polymorphic cells, it is reasonable to
assume that the large majority of recorxrdings were from basilar
and non-basilar pyramidal cells., Correlation of cell type with
electrical activity will\ be presented with
electrophysiological data to foilow. -

Previous measurements of the dime?ﬁions of pyramidal
cells were made with Elgenmannia , a smaller speclas wlith
correspondingly smaller neurons (Maler '79). Another study
(Saunders and Bastian, '84) used fish of comparable size and
the same species as in this study.” Both employed standard
tissue fixation and embedding. techniques which included
alcohol dghydration and clearling with xylene, two treatments

known to promote tissue shrinkage. As described in ‘Mat. and

Heth.Vf,, cells injected wlth LY were prebéred for microscopy
qusing DMSO dehydration and clearj:;j\\‘a—aprecesa\_ which
redqces shrinkage (Grace anq Llinas '85). Although the ;;mple
sizelin this study was small, the measurements made from )LY~
filled cells and illustrated in the micrographs in figs.l‘,lﬁ
give us the most accurate size estimates of basilar and non-

basllar pyramidal cells to date. . \\

S~

Non-basilar pyramidals had cell bodies which measured \\\
apgroximately 20X60nm, and a single aplical éendrite' which
bifurcated into 15-20 fine processes ramifying into the full
extent of the ventral and dorsal molecular layérs {£iqg.15).

Due teo the difflculty in recons{ructing the aplcail dendrit}c

29



[C]

30

tree in LY-filled cells, the full dimension of the apical
dendrites was not measured.  Partial reconstruction
measurements 1indicated that théy extended a minimum of 340mm
in length by 120um across. From the soma emerged numerous tiny‘
somatic dendrites which arborized within the polymorphic
lamina. The initial segment and proximal portion of the single
axon was usually labelled, although the LY did not diffuse far ~
encugh albng the axon to describe its course. None of the
labelled pyramidal cells showed any evidence of dye-coupling
with adjacent neuronal processes, Allowiné for specieé size
differences and hlistological shrinkage, the somatlc and
dendritic measurements were compatiblé with those previously
reported for NBPs.

Fig.1l6 1illustrates the elongated shape of a LY-filled
basilar pyramidal cell. The soma measured approximately 20mm
across and usually presented fewer somatic dendrites than the
NBP, consistent‘.with Maler's ('79) golgl data. Instead, a
slng;e highly g elongated basilar dendrite descended
approximately 200—400u;t/’arborizing within the deep neuropil.
This basilaf trunk has a diameter of approximately 10mm,
substantially greater than the f-B‘nm :éborted by Maler. The
basilar dendrite terminated in a compact bush, 30-50mm in
dlameter; note that Maler ('79) esﬁimated the basilar bush to
be 50nm in diamater; The apical dendrite resembled that of a
NBP. )

The 206l400nm length of the basilar dendrite of ﬁY-filled
BPs waé conslderébly greater than that reported by elither
30 |
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Maler {40-70mm) or Sauﬁders and Bastian (Ave.137am);
presumably this is due to the lack of shrinkage‘in the slice
preparation. From the profile of the BP in fig.16, it |is
_posslble that \primary afferent input, which contacts the
basilar dendrite at its distal bush in the neuropil (Maler et
al. '8la), might be electrotonically distant from the soma and
the spike initiating initial segment. Pﬁssible functional
significance‘of these measurements will be elaborated upon in

the Diécussion.

d. Synaptic copnpnectivity:

An important consideration in the viability of an in
vitro brain preparation is the preservation of functional
synaptic connectigns within the neuronal _circuit to be
studied. 1In the EﬁLL slice, synaptic input to pyramidal cells
was Eested by orthodromic stimulation of either primary
afferent fibers in the deep fiber lamina, or descéndlng
parallel fibers from the lobus caudalis. Fiqg. 17 1llustrates
synaptic potentlials recoraed from pyramidal cells following
stMulation of the descending input. Suprathreshold stimull
were followed by a 3-6 msec latency EPSP or an all-or-none
action potential " ox burst of action potentlals. DC
"hyperpolarization ofbfhe soma prevented Vm from reachling splike
threshold, reGealing a complex EPSP with a rapid initial time-
course laséing approximately 6 msec, and a second, much slower

phase 1lasting about 100 msec. Hypexpolarlzing the cell

increased the EPSP amplitude, as expected for classic EP8Ps

Sy
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(Eccles '64). J

Activation ‘ of primary afferent fibers was less
successful at_evok;ng synaptic potentia%g. Primary afferents
reach the ELLL by coursing longitudinally 1in the caudél
d@rect;on.- Therefore, in the transvefsé plane, many of their
_flbqré' are perpendicular to ﬁhe orientatiqn of the slice and
are sectioned as they enter the ELLL, rendering them
dnresponsive. If it had been desirable, howeve;, to study the

synéptlc_ interactions of primary afferent fibers with

pyramidal cell propeptleé, orientation of the ELLL slice 1in

the'. 1ongitudin$1 ‘plane would preserve the "majority of
afferents in the deep fiber iaygr. o

Synaptlc activit} generated?from the large numbers of
interneurons was occasionally evident-by” the presence of
spontaneous, hypérpolarizing IP3Ps, ‘regordgd‘froﬁ pyramidal
Eella using acetate electrodes (fig.la). IPSPs were iarely

ancountered when using chloride elettrodes, “presumably due to

reversal of thelr direction by inpraceilular chloride.

‘Iinjection (Bccles, '64).

e. Ennﬂle_mﬁmh:mm_:hazaﬂumm

-Intracellular electrode recordlngé were obtainéd from

lmoré than 140 Pyramidal heurons; "passive membrane parameters
sﬁcﬁ as input reslstance for the membrane (Rin), membrane time
constant (Tm),_ and resting mgmbrane potential (Vm) were
measured. In addition, spike amplitude was routinely‘measured
during brief depolarizing currené‘pulses as a meésure of the

stability of the recording and overall health of the tissue..

i
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Fig.19 illustrates time constant measurement, and the data, in

Table II summarizes the calculated membrane parameters.

Table II.

Electrophysiological properties of ELLL pyramidal. cells
in wvitro.

1

input resting - spike time
resistapce ‘potential ampl itude constant, Tm
] |
sampled | 132 96 141 8
|
.......... b et e ittt it ittt e et a ettt e
| .
AVE i 27T.1 73.9 68.2 6.75¢
+8.E. |  +1.16 Mohm_ =~ +0.96 mv +0.79my +1.44 msec

II. Spontaﬁeous activity
a. Extracellvlar recording:

Extraéellular, single unit recordings from the——
polymorphic lamina revealed spontaneous activity which
followed three characteristic patterns: 1) low freéuency tonic
Einlng' of action potentials; 2) short bursts of action
potentials of 2-20 spikes per burst, and varlable interburst
intervals of <1 sec;r 3) pacemaker-like activity with very
large bursts discharging several hundzedJspikes per burst and
regular burst intervals, wusually >10 sec (Mathleson and Maler,
1983). The records in £ig.20 illustrate the typlical discharge
patterns of the bursting neurons.

The most frequently encountered patterns of spike £iring
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were by far the tonlc and lowar-lntensliy burstiné. As judged

by the criteria for ti sue viability, both of these spliking
behaviours predominatted in healthy slices,. The 'giant

bursters' were, by contrast, most often recorded during the
initial axpe‘lments, when many of the optimum slice
breparatlon techniques had yet to bé developed. Thelr presence
was frequently éccompanied by a preponderance og neurong in
'depolarization block', whlch-had resting membrane potentials
of <40mv (mﬁasured by imtracellular penetration) and were
unresponsive to stlmulat;on. In =ubsequent experiments, fish
were pre-treated with 2-APV, GDEE anq ether anesthesia to
reduce the harmful effects of anoxia following surgery '(see
Mat. & Methods). With the addition of these steps to the slice
prepaxation, the occurrence of gliant bursters was eliminated.
The strongest evlidence that 'giant bursters' wefe' firipg
abnormally'was that whenever théy were encountered, groups of
cells were recorded which exhibited nearly identical, complex
patterns of burst firing. In one experiment, extracéllular
recording within the deep fiber'iayer directly ventral to a
pacemaker-like neuron’ revealed a pattern of axon spiking
almost identical to that of tﬁe‘neuron above. This 1indirect
evidence that the more intense spontaneous bursts wer belng
. L e
driven by injured primary afferent axons was supportéd by the

observations that tonic firing or small bursts o splkes were

hever accompanied by spontaneous discharge in the underlying

" deep flber 1layer. Piesumably it is thlsliintense abnormal

activity which drove the pyramidal cells- into depdlarization

34
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blkogk; the efflcacy of APV and GDEE In Improving sllice
Gfability may thus be related to thellxr ablility to antagonize

the response of pyramldal cells "t the primary afferent

transmitter. The following séctfq employed Intrasomatic
elec@rode recording technlques/to ‘show that, in viable sllces,
rhythmic activity in ELLL nfurons in 'vitro results from

Intrlnslic meﬁbrane propertleﬁ\ipg;LsﬁQoq driven by Injured

afferents. ' ‘ \
b. Intracellular recording:
- Flg. 21 1llustrates a. spontaneous action potential

recorded intfasométically from a pyramidal cell; Thelr splkes
‘typically were preceded by a 3-5mv ‘hump', and. dlspiayed - a
conspicuqﬁs inflection point where Vm reache& splke, threshoid'
(arrcew). Action potentials rapidly repolarized so that the
splke dpratlon at 50% maximum amplitude ‘was apbfoxlmately 0.5-
1.0 msec. A hyperpolarizing after—potential (AHP) of 5-10 mv
Eollowed the spiké%. In most respects, pyramidal éell neurons’
. actlion potentials fesemble fast-Na splikes reporteq in other

vertebrate. neurons (Hille, '70).

i. Oscillations in Vm:

The values reported in Table II indicated that for cells
used In this study, the resting membrane potentlal averaged
about 74 mv, with a range of 60-90 mv. Howeve;, many unlts
displayed an unstable Vm which osclllated above and below the

resting potential in a sStereotyped fashion. The trajectories
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of several examples of these voltage excurslions are described
in £19.22. More robust osacillations consisted of a slow
‘aspolatlzing ramp, followed by a steep repolarization
{f£ig.22a-c). Rhythmicity did not depend on the electrolyte
used 1in the recording electrode; identical patterns of slow
potentlals were obsmerved while recordinq with potassium
‘chloride, acetate or mathyl sulfate electrodes.

In a stable recording, the frequencylaﬁd amplitudé of
the SPs was remarkably constant, although 1t varled from cell
to r;ell within a rénée of 0.5- 1lHz and. 2-15 mv: In more
depolarized neurons, the SPs traversed the subthreshold range
foer saplilke firing, and evoked a 5urst of action potentials
which resembled the extracellularly recorded activity.

The 8Ps were found to be sfrongly voltage-dependent;
cuireht—clamplng the ¥m to—various subthfgshold values altered
boph the frequency and amplitude of the voltage excursions.
‘Hyperpolarizing the neuron reducéa the strength of the 8Ps,
eliminating them at more hype;polarlzed levels. Converéely,
depolarizing current Injectlion lncreasedb. frequency and
amplitude. In thé extreme, a non-rhythmic cell (tonic firing
or quiescent) could sometimes be 1nd$ced to bursting behaviour
by turning .on this voltage-dependent cscillation. The degree
of voltagg-dependence,- that is, how large of a voltage-step
was tequir;h to eliclt a substantial change 1ﬁ resting

behaviour, varled greatly from cell to cell. In many cells,

however, step-changes in Vm by as 11lttle as 5 mv above and

¢

E

below resting Vi were sufficient to switch the cells €£lring
N |
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behaviour from tonlc to bursting (£1§.22d).

In order to appreciate the importance of this 1ntriﬁaic
rhythm te ELLL pYramldallcells'in vitro, wherever possible,
intracellular records 1Included a description of. the cells'
resting membrane properties and presence of voltage-dependent
slow potentials. Prom a total of 131 cells, pyramidal cells
were placed Into 3 arbltrary classes of spontaneous'behayiouf;
aj approximatély 1/3.of those sampled were non-rhythmic at any
potential, b) 1/3 weré ‘weakly' rhythmic eg. they displa?ed‘
oscillations in Vm during subthreshold,” depolarizing currgnt.
injection €) 1/3 were 'strongly' rhythmic: at the reatlné
membrane potential. The data for these measurements are shown

in the followling Table:

Table 1II.

Classification of'ELLL pyramidal cells by strength of membrane
potential oscillation.

"% of total cells

type of behaviour { n=131 )
I. 8trongly rhythmic 39.7
I1. Weakly rhythmic 24.4
IIT. Non-rhythmic ' 35.9

While recording from rhythﬁfé cells, measurements® of Rin
were made thréughout the course of several consecutive
membrane oscillations. This was carried out by dellvering
constant-current hyperpolarizing pulses through the recording

pipette and measuring the size of the resulting voltage

[ »
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deflectlons on the'penl:ecorder. Burprisingly, even during the
more robust SPs, no det %table changes in Rin were measured at
dlfferehﬁ polntﬁ in the rhythm. This indlicates that either the
number of channels involved ln’genaratlng the different phases
of the 8Ps are quite small, or that activatlon-inactivation of
inward: currents_ are offset by 1inactivation-activation of
outward currents to produce no net change in Rin.
Another %oasibillty is that the éhannel openings dgenerating
§Ps occur far enough out on the dendrites thaf fluctuations ln.
Rin ’are teoo sma11 to measure at the soma. 'Thls appears

unlikely, however, considering ‘the voltage-sensitivity of SPs

_ te current applied at the soma.
{1. Correlation of cell type with rhythmic potentials:
& o
An interesting possibility emerged that slow osclillations
fn membrane poténtlal might exist in elther basilar or non-
basilar pyramidal cells, but not both. In order to test this,
‘cells were characterized according to their rhythmic membrane
properties, then injected with Lucifer Yellow. In a sample of
ten cells, no correlétlon was found between cell type and
auto-rhythmicity; nearly éqﬁél numbers of NBP and BP' neurons

exhibited membrane oscillatlions. Conversely, ndn-rhythmlic

cells were equally likely to be BP or ¥BP -cells.

iii. Fast pre-potentials:

Super imposed uponl the SP  were small, depolarlzing
splkelets which superficially resembled so~called fast .pre—
potentials (FPPs) described in ﬁlppoéampal neurons (Spencer
and Kandel ‘'61). Their. amplithde va?led from 2-5 mv in a
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voltage~depen&ent manner; as the Vm oasclillated across a slow
'poféntial, FPPs increaded in frequency and amplitude reaching
a maximum at more depolarized voltages (flg.22a,e).
Consecutive sweeps of the oscilloscope taken at different
voltages within a SP and at a faster sweep speed,- lllustrate
- the voltage-dependent pehavfour of the FPPs (flg.22e). " The
degiee of voltagé—sensltlvity wlth.fespect to Vm suqéests that

FPPs originate on, or electrotonically near the cell soma.

III. Repetitive firing propertlies
d. E(I datﬂ:

One approach often ysed to investigate how active
conductances can shape neuronal behaviour is to study the
input-output relationships of a cell. To address this area for
pyramidal neurons, intracellularly recorded cells were
delivered 80 msec square pulseé of depolarizing current and
the resultant splke potential frequencies were measuréd across
the dufation of the stimulué._ Various protocols are often
employed to generate splke frequency data; for this study,
measurements made of the 1st, §2nd, and 3rd lntgfspike
intervals were used to calf;iate the instantaneous,

intermediate and steady~state( firing freguencles during
\, :

N

repetitive firing. g ~

S

More than 30 pyramidal cells were tested for tﬁeir

stimulus-response characteristics, and the calculated spike

+

N\
frequencies were plotted agalnst total current injected to\
give a series of F/I curves for each neuron. Although the)

——
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réspbnses“ggzled greatly in their slopes and x-intercept,
certain generalities were apparent from the data. A graph
iliustrating the F/I curves from dn exemplafy neuron 1ls shown
in £ig.23. Hostr cells respon&ed to increasingly 1nten§e
sﬁimull “by raising théir splke frequencies in a roughly-
siémoidal fashion. The slope of the.buzve Qas shallow Jjust
" above rheobase, and’ steepest at intermediate ° stimulus
intensities. The spi&e'freduency asually plateaued at higher
current levels. In ad&ition, the steady-state frequenclies were
consistently higher than the instantaneous values (£fig.24),
indicating that the cells were more capable of h}gh—frequency .
firing during longer stimulation periods.

.b. Spike agccommodatjon: | .

A further series of experiments was employed to
investigate the presence of slowly develéping patterns of
repetitive firing not wvisuvalized during short duration
stimuli. Depolarizing DC injections, 400msec-lsec in duratlion
were delivered through the electrode micropipette. Two
characteristic patterns of spike potentlals were recorded.
Flrst, apﬁroximately 2/3 of pyrémidal cells responded with a
slowly de&eloplng train of -spikes which increased in frequency
to the point of ténic firing (£i9.25d), or rapid bursts of
action potentials (fig.25c). These neurons showed no .
indication of spilke accommodation.

In contrast to the non-accommodating neurons, roughly

1/3 of the cells tested responded in a more phasic manner

(fig.26)}, by exhibliting partial to near total splke
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accommodation. It should be noted th;t the occurrence of thegz
two response tyﬁes was complicated by onelb;‘ moxe Voltage—
dependent processes. An accommodative cell could be made to
Elre non-accommodatively by manipulating the stimulus
intensity and current-clamping Vm to different values.

cf Stimulus-response lag:

One of the more conspl¢uous features of pyraﬁidal cell
firing {n response to direct stlmula?ioh was a lag period at
the start of a depolariiing pulse which lasted up to 250 msec.
As illustrated By the spike trains in £19.26, a pronounced lag

_preceded both tohic or bursting-type repetitive firing. 1In

some cells, ({eg.fiqg.26c) the lag“geriod s0 dominated the
initial 200 msec that the splke frequency was held below 25
Hz, then abruptly increased to nearly 100 Hz. The nature of
the mechanisms involved in requlating spike accommodation and
lag will be examined further in the following section.

‘ It is clear from the above data that fhe repetitive '
firing properties of pyramidal cells in vitro would have a
major influende on the output behaviour of cells recelving
excitatory input. The lonic mechanisms responsible for the
observed 1lagq period would act as a 'brake' for spike firing,
and tend to prevent high frequency responses to brlef,
excitatory input. Convexrsely, the non-accommodatlﬁe naturg of
most pyramidal neurons yould render their response to longer
duration stimuli non—phaéic.

The fesponse characteristics of 1in vitro pyramidal

cells wvas strikingly different from thelir in vivo

e
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counterparts. Bastlan's laboratory has recorded from pyramidal
cells (E and I cells) in situ whlle the fish received
behaQiourally relevant, excitatory.sgimuli. As shown by the
_ respbnse of an E cell in fig.25a (top row)(compliments of Dr.
Bastian, personal‘ communléatlon), pyramldal cells {n vivq
respond to excitatory input with a fast, higg frequency burst
of actlon potentlals, followed by rapid éplke adaptation.
Spike frequencles of 450-600 Hz are not uncommon during the
inittal 50 msec of the burst (compared to 25-100 Hz In vitro).
Moreover, the response is extremely abrupt, followlng a brlef
latency (10-15msec) for conduction of the afferent volley and
a single synaptlic. delay (Bastlan, *8la). The functional
slgnificance of thesg discrepancles wlll be addressed In the

£

Discusslion.
IV. 1Ionlc conductances

a. Fast sodium conductance (gNa):

From the many examples of spontaneoys and stimulus-evoked
spiké—potentials presented 1In these results, 1t 1is evident
that ELLL pyramldal neurons élsplay a fast sodium current
typical of most invertebrate and vertebraté neurons. The rapld
rise-time of the depolarizing phase and short duration of the
splke (as 1in fig.21), indicates rapid actlivation and
Inactivation kinetics of sodlum channels, and the Ehreshold
for splke generatlion was in ;he range of 10-15 mv depolarized
from rest, In addition, 0.2MM TTX was sufficlent tB_block gNa,
and thereby eliminate fast somatic spikes.

i
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- b._gubthreshold s¢dium conductance:

43

In addit&on‘to classic fast-Na spikes, several lines of
evidence suggested that, in the voltage range subthreshold for
;bike potentlals, the excitability of pyramidal cells is to a

large extent determined by the presence of a persistent Na

conductance (gNaP}.

1. ITX sepsitivity:

-

At resting meqbrane potentials, fast Na channels are for
the most part closed. Hewever, in cells which display slow
oscillations, another, persistent gNa provided the driving
force for the 8Ps. Addition of 0.2nH TTX to the bath ACSF
completely and reversibly eliminated pyramidai cell rhythmic
behaviour (N=10). The strxip chart recording 1in £fig.27
il1lustrates at a slow speed the time course of TTX-blockade of
membrane oscillations. In this experiment, the- sllice was
maintained in Ehe interface condition, which was reflected by
the 1long delay before the drug had an effect. Aléo ‘note
throughout the records the upwardly directed pen strokes which
correspond to Intermittent, depolarizing current pulses that
also 'monitored TTX block. of spike potentials; fast and
persistent Na channels were equally sensitive to TTX. During
TTX-block, the interval between 8Ps lIncreased, and the
amplitude of +the depolarizing phase of the voltage shift
diminished until the Vm was essentially flat. Although the
hyperpolarizing phase appeared unaffected by TTX, an increase

in 8P interval resulted from a reduction in the slope of the

depolariziﬁg ramp.

43



44

-
-«

Lidocaine, a topical anesthetlic also known to block

sodium channels (sugiméri and Llinas * '80), had a similar
effect on SP generation when added to the ACSF (fig.28a).
1i. Sodium sensitivity:

The sodium-dependence of subthreshold potentials was
further demonstrated by substitution of normal ACSF for Né+
free ACSF. fig.28b 1lllustrates a rhythmic pyramidal cell
.recorded 1htracellular1y during incubation in zero-Na. As with
TTX block, sodium substitution eliminated both slow and fast
spike potentlals,
> Not shown 1in £igs.27,28 is the observation that fast-
prepotentials were also Na-dependent. Both TTx application and
Na -substitutlon abolished the brief depolarizing spikelets
which frequently were superimposed upon the crest -of 8Ps. -

It could be argued that both slow and fast—prepbtentials
represent syhaptic currents transgi;éz
dendritic loci to the soma. Blocking Na channels would abolish
-such actlvity by eliminating tonic synaptic input. The voltage
parametef; of the subthreshold behaviour, however, suggest
that théae evénts are intrinsic to pyramidal céll membrénés.
This is clearly lnéicated by current-clamping manipulations of
Vm. Manually setting V;.above or below resting values with DC
injections strongly affected the amplitude and frequen5§\ of
9Ps. Unlike EPSPs, which decrease in amplitude- Qr reverse
directlon upon depolarization of Vm, SPs and FPPs increased in
strength in the positive direction.

Another possible explanation for the voltage sensitivity

44 ,\ ”
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of the SPs is the exitence of an 'unusual' outward current that

is synaptically mecdulated, such as the Mfcurrent. In this
situation, neurcotransmitter binding closes a voltage~

dependent, outward K-channel to affect a slpw depolarization

N

s

of the membrane. This possibility appears

u:lpkely, however

(see Results IVE.). |
Activation of a subthreshold inward current was
particularly obvious during depolarizing current Jpulses.
Following an initial lag, a conspicucus depolarizing ramp

developed 1n the voltage range preceding spike firing 1in
approximately 50% of the cells tested (fig.29). The slope ©of
tﬁe ramp varied from cell to cell, so that cellé which displayed
a strong oscillation in Vm also displayed a large depolarizing
ramp during injection of current pulses, orten develoéing
oscillations reﬁiniscent of SPs. In 4 separate experiments,
addition of 0.2uM TTX abolished the ramp providing additional

evidence for the activation of & subthreshold sodium current

“(gNaP).

iii. Rectification: Further evidence for a subthreshold,
inward sodium conductance in pyramidal cells was ébtained from
I/V relationships when brief positive and negative current
pulses of equal amplitude were delivered intracellularly.
Approximately 1/3 of the cells tested (N=30)  displayed a.
variable degree of apparent anomalous rectification. As shown
in the top row ong}g.BO, the voltage deflection was larger in
respomse to depéT@?ization, often forming the characteristic
trajectory of a stimulus-induced SP. The middle line 1in each
stimulus series marks the resting potential and provides a
reference for the current-evoked responses.  Positive
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dependent gNaP and not a true anomalous rectification per se.

Conversely,” another 1/3 of the _ $11s dispiayed

rectification of opposite'sigh. THe re rds in f£ig.30, bottom

row, illustrate Nrtwo cells responding with ‘négative
réctification. This pattern of I/V rééponse : Yy correépbnd to
cells in which depolarlzétion:§ctivatéss-a. Lélatively weak
gNaP .compared to larger, - voltage—depenéenﬁ outward
éondﬁctances. Opening K-channels would theréby attenhafe the

_positive voltéﬁé/deflection. Similarly, a cell with a 1large

resting gK might also respond with negative rectification; a
- ' B B .

pulse of hyperpolarization woulg fnactivate both gNaP énd gk,
increasing Rin and exaggerating the hyperpolérizing voltage

deflectlon.‘

The remaining cells responded 6hmica11y, with symmetrical

I/V deflections. 'In reality, 1t was evident that electrical

properties of these cells were reghlatéd by a very delicate
balance between inward, gNaP and\Qthard conductances (eg.gA
~or gK(ca). This balance caﬁld be aitéred in favour of one
direction or Ithe other, simply by manipulating the Vm an&
stimulus amplitude. Howevex, the neé}conductance significantly
_1nf1uenced the'firing behaviour of the cells; strongly non-
accommodating pyramidal cells generally displayed a large bias
toward positive rectification, whereas accommodating cells {cf
fig 30d4) typically showed negative rectiflcation.
c._Calcium copductance (aca):
i. aCa blockade:

Data obtalned from extfacellﬁlar, single-unit recordings

46.



47

”pruvlded indirect evidence that calcium was importint in
regulating pyramidal cell excltability. Burst-firing was found

to be a Ca;dgéendent process, since both removal of Ca2+, or

addition of the calcium channel blocker, verapamil, to ~the:"

bath reversibly abolished bursting activity (f£ig.31).

Electrode recording at the intracellular level reinforced
the above findings. Cells which displayed regular oscillations
in Vm (N=3), were incubated in low calcium ACSF containing/émﬂ
Mn2+ to block calcium currents.(Bagust énd_ﬁKerkut '80). As
shown in fig.32, calcium blockade altered the trajectories of
thq SPs b} progressively increasing thelr frequency and at the
same time diminishing their amplitude. With time the rhythm
had degraded into very irregular and rapid fluctuatlons in Vm
2-3 mv in amplitude, which, since calcium influx was bIockéd,

probably was a reflection of the persistent Na-current and IA

{see below). Washout with~2§éﬁal ACSF completely recovered

£
the pre-test rhythm.

Without the aid of voltagélclamping techniques, it  1is
impossible to judée which speclfic conductances were .affected
by the Mn2+ block of calcium cpannels. The shortening of the
interval between successive oscillations strongly sugéested
that‘a'Ca-dependent outward.current, probably gK{ca), adds to
the hype;polarizing phase of the 8SPs, thereby requlating the
frequency of rﬁythmic firing. The decrease in amplitude of the
voltage shifts also _suggested that calclum influx elther
contributes directly to the d;polarizing phase of the 8P, or
indirectly /py activatlng a calcium-dependent inward (HNa)
/ : .%7



48

current, In either case, since Mn2+-block also Interrupts
synaptic transmission (Bagust and Kerkut '80), the residual,
- irregular potentials following calclum chanhel blockade must

be 1nt£1nsic to the pyramidal cell. A ‘

11. Calcium spikes:

A more dlrect abproach to demonstrate calcium currents is
tor record calcium spike—potential§‘ In order to isolate gCa-
from other inward and outward currents and successfully evoke
clean Ca-splkes, ;Tx was add?d to the bath to block gNa{fast)
and gNaP, as well as 4-AP and TEA to b}ock gA and gk (delayéd
rectlfler),- respectively. This massive block of membrane
conductance should, in theory, unmask Ca-spikes during
?epolagizing stimzlation. In. approximately 1/2 of the 20
éyramidal cells so treated, -however, no evidence of Ca-spikes’
was found, even during intense dehblarizatlon:

In a sm3l)l fraction of'the cells (N=4), small amplitﬁde Ca-
splkes were evoked. These potentials had high thresholds for
acfivation, requiring current pulses greater than iiS nA 1in
amplitude (£fig.33b). The “remalning cells displayed low
threshold (eg. 0.5nA) splke potentials with amplitudes in the
.range of 5-20 mv (£fig.33a). The most responsive cell is shown
in £1g9.33c at fast and slow sweep épeeds; a low-threshold,
short latency Ca-spike was evoked which was immediately
followed by an unusual 'reverberation' 1in Vm. At higher
stimulus intensities, a slowly developing hump in the membrane

potential dominated the stimulus-response ané continued for an
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addlitional 50-100 msec after ter;lnating the stimulus pulse
(flg.33d,e1. Finally, CaZ+ was substltuted with Ba2+, uﬁlch is
ﬁnown to pass through calcium channels more“ readllya than
Ca2+(Hagiwara et al. '74). At this point, stimulation wgg no
longer necessary to generate Ca-potentials. :As illustrated in
fi1g.33f, slow, long duration calcium currents weie recorded
spéntaneously. Superimposed on the creat of the slow calclum
. wave can be seen small splkelets which appeared similar to
small amplitude ‘'early' Ca-spikes. The time course and
threshold.values for these calcium potentials suggest that Ehe
early evoked spikes are generated falrly near to the soma,
while the high threshold, _1ater potential probably represents
splkes orliginating further out in the dendrites.

It is clear from thesSe results thét_pyramidal cells vary
considerably in the magnitude of gCa that is expressed during
direct current stimulafion. The rahge of responses included a
lafge' groﬂb ;f néﬁrons that displayed no measurable calcium
current, to neurons that show both low and high threshold

spikeé of congiderable‘mégnitude. -

Numerous',examples of vertebrate CNS. neurons have been
descrlbéd whereby the cells' electroresponsiveness is in part
determined by a prominent * calcium-dependent potassium
conductance (Alger and Nicol'ﬁq, Barrett and Barrett'7§,
Hotson and PrincthO, Krnjevic and Lisiewicz'72, Llinas and
Jahnsen '82, '% 1

inas and Sugimori'sob, Llinas&Yarom'8l).

Hippocampal . neurons, for example, display rapid, spike
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frequency accommodation which 1Is mediated by outwardlyf
dixpéted gK(ca) (Hadiﬁoh and Nicoll '82). The fact that a
majority of ELLL.py:aaldalfcelis in vitro fire  repetitively
with little or no\accommodation, in additloh to the observed
difficulty ln evoking calcium spike potent!als; leads to the
speculation that gK(ca) is not an lmportant component of thelr
membrane conductance. The following experiments were conducted

to assess the contribution of gK{(ca) to spike firing 1in

pyramidal cells.

\. BGTA iniection:

A total of eight ng;:ons were injected with potassium
EGTA, a ‘chelat&i of lntfacbllular calcium, by passing
hyperpolarizing current directly through the micropipette.
Hembrane properties such as slow potential oscfllatlons and
splke freque?cy accommodation were compared at the onset and
throughout the BGTA injection. If gK(ca) is involved in elther
of theae processes, chelating lntfacellular calclum would
alter the flring p:opertles“of the cell.

Injection of BGTA had a rapid and consistent effect on
all '8 cells testedl First, chelation of free 1intracellular
calclium caused ; steady depolarization in Vm which glateauedi
up toolo mv posltl?e to rest. This suggested that EGTA removed

a tonic, outward conductance shifting Vm in the depolaxizing

direction. Q'Second, BGTA effectively eliminated spike

- accommodation. Flg.34a,b demonstrates how cells that initially

-'flred with little spike accommodation were mlniﬁally effected

by EGTA. In contrast, cells which were strongly accommodating
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(flg.34c,d) were dramatically effeétad by the drug, becoming
completely tonic. | - |

In general, cells tésted with EGTA became more highl}ﬂ
responsive to depolarizing pulses. This was evident even |in
cells that were initially only weakly accommodating. The
imelication is that lnterspjke Interval, as well, is
determined in part by calciﬁm—dependent processes,

The - observed changes in f1r1n§ after.injectlon of .EGTA
;ere nof due simply to the depolarizing effect of EGTA on the
V. This possiéllity was eliminated by manually clamping vm to
the resting value and maintaining the stimulus at a cohstant
intenélﬁy. The results suggest that the wide range 1ﬁ observed
‘accommodation - levels was due to the presence of Lg_x/<”fﬁ\
corresponding range of gK(ca) levels.

The significance of iﬁfernal C§2+ or gK(ch on rhythmic
membrane potentials was more difficult to declpher. Except for
the already mentioned EGTA-induced depolarization, cells which
were noé-rhythmic were unaffected in resting membrane
potential. Cells which displayed SPs, however, responded to
" EGTA In an apparent contradiction to the -earlier, zero-
calcium experimeﬁts. As shown in £fig.35, membrane oscillations
became progressively more Intense with increasingly long
interburst intervals. The increased level of excitablility 1is
consistent with a mechanism whereby EGTA had removed the
braking action of gK(ca) during burst firing. However, the
same current should also be expected to contribute to the
interburst intexval. Note in fig;35 that even after 1lengthy
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EGTA injection, 'burst eplsodes terminated with a prominent
afterhyperpolarization. This suggests tﬁat the hyperpolarizing
phase of S8SPs or bursts of ;plkes is at least partially
mediated by a different outward current(s) than simply IK{(ca).
Altetnatlgely, although EGTA was injacﬁed ‘for up to 1 Hr, the
'Jposslbillty 15 recognlzed that gK(ca) channels out on the most

- distal dendrites were not affected by injecﬁing the soma, and

these distal sites may be important in regulating rhythmicity.

¥

I1. Apamin:

The bee venom toxin, apamin, has been reported to
specifically block Ca-activated potassium channels in several
vertebrate cell preparations (cf. Hugues et al. 1982).
Addition of 100nM apamin to the bath had no measurable effect
upon pyramidal cell responsiveness. However, increasing the
dose to 400nM mimicked several of the EGT;;induced changes 1n'
firing properties (N=3). The cell recorded in fig.36 Dbest
1llustrates the apamin-effect because it displayed a strong
splke accommodation, presumably mediated by gK(ca) (panel a).
Treatment with apamin completely abolighed the accommodatling
respons? (panel b), which was partlally returned during
washout with normal ACSF (panel c).

Apamin also reduced the amplitude of the'.post—spike
hyperpolartzation. Compare the AHP pefore and after apamin in
fl1g.36d,e. The amplitude of the undeéshoot was reduced by >50%
ané the duration of the AHP was curtailed. Note that the

duration of the action potential itself was unaffected by
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apamin ~

‘ The remaining two cells tested with apamin sho;;h
- similar patterns of -change, the magnltuae of which
corresponded with the presenée of splke-frequency
accommodation. These results, together Qlth the EGTA data,
support the interpretation that non-accommodating pyramidal
cells have 1little gK(ca) while' the repetitive firing of

accommodating cells 1is strongly lnfluenced'by this outward

current. .
e. Voltage-dependent Potassium gurxents:

Two voltage-dependent outward currents were identlfied in
p}ramidal cells which could be differentiated by their
pharmacological sensitlivities, The fast translent potassium
current (IA), and the classic delayed rect{&ﬁer (IK) were both

found to play a large role in determining the excitabllity of

these neurons.

1. gk | : .

The potassium conductg;cé identified as th delayed
rectlifier (g%). by Hodgkin and Huxley (1952) is perhaps the
most difficult to study in isolation from other outward
currents. Although TEA applted externally in 1-10mM
concentrations has been shown to block delayed K-currents
"without interfering with IA or the glow—AHP assoclated with
gK(ca) (Barrett and Barrxett '76; Thoﬁbson '77; Ségal et -al.
'84), other studies have found a TEA-sensitive component of
fast, Ca-dependent K-currents (Adams et al. '82; Zbicz and
Welght '85). Therefore, when ELLL slices were treated with 5-
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10mM TEA, the most deflnitive statement to be made was that a
population of K-channels, including gk, was  blocked.
Nonetheless, the cdnsequences of blocking K;channels with TEA
was immediately obvious. The cells became hyperexcitable,
flring paroxysmal trains of splke potentials. Unfortunately,
this inevitably led to the cells entering depglarizatisn block
(not shown). |

In a separate series of experiments, <CsCl electrodes:
were used to block potassium channels by injecting Cs+
directly into the cell soma. This treatment non-specifically
blocks K-channels,” with the exception of the M-channel
(Bezanilla and Armstrong '72; Halliwell and Adams '82). The
;eault -~ from one such cell is shown in £ig.37 top row).
Depolarizing pulses were delivered to the cell to inject the
Cs+ and monltor changes in the splke trajectories. At T=0 (not
shown) a normal train of spikes with typical undershoot of the
AHP was recorded. After 30 min of Cs+- injection, the AHP had
been reduced from 8mv to approximately imv (panel a). By T=40
min, a newly formed depolarizing after-potential (DAP) was
apparent during the interspike intervals (panel B). This
Inward-directed DAP was interpreted as being a component of
the persiétent, subthreshold gNa normally masked by the
powerful outward K+ currents. Support for this notion was
obtalned in the next panel (c) where 0.2 uM TTx‘had been added
to the bath. The photograph was made just before TTX block of
spike potentials was achleved, when the drug had reduced
gNaP sufficiently to eliminate the DAPs.
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W
Cs+-blockade of potassium channels also Increased the
duration of the action potential, presumably by impairing
spike repolarization. These results, together with the strong
TEA effect on spontaneous activity, suggests that K-currents

are lmportant in malntéinlng low levels of background activity

in pyramidal cells.

iy. IA:

First described in molluscan neurons (Conners and
Stevens, 1971b, Neher, 1971) and more recently in vertebrate’
neurons (Gustafsson et al. '82; Stansfeld et al. '86, see also
‘review by Rogawski in TINS"BS), IA is a translent, outward
potassium current with time and voltage-dependent properties
differing £rom cther outward conductances. It activates
rapidly in the voltége range subthreshold for splke formétion
and inactivates with a double-exponential time constant over a
200-400 msec perlod (Connor and Stevens '71b; Neher '71).
Although IA 18 partially activated at rest potentlals, a cell
must receive a pre-conditioning hyperpolarization in order to
fully remove lnactivation (Neher '71).

Several 1lines of evidence suggested that ELLL pyramldal
cells have a large IA which regulates the input-output
relationships as recorded intracellularly. Firstly, repetitive
firing in response to depolarizing pulses was typically
preceded by 4'}a .variable delay and subsgquent low splke-
frequency period; the duration of this lag roughly

corresponds to the inactivatlon times for IA (cf. £ig.26).

55



-,

\ | ) 56
\\

8ince IA inactivates with time at positive membrane
potentials, current ‘clamping Vm at different values should -
affect the lag in spike reactivity, 1If indeed it Ls med;ated
by IA. The left and cente; columns in £ig.38 illustrate the
voltage-dependence of the 1lag period. At each membrane
potential tested, the magnitude of the depolarizing pulse was
adjusted-so that the same final stimulus voltage was reached.
At depolarized Vms, the response lag was reduced, whereas
hyperpolarization increased lag time indlcating de-
Inactivation of an outward conductance.

The presence of an IA-like current during repetitive firlng
was also demonstrated pharmacologically, with the addition of
lmM 4-AP to the bath solution. At this dose, 4-AP has been
shown to sélectively block A-channels (Thompson '77; Zbicz and
Welght '85). As 1indicated in £ig.38c, 4-AP abolished the
response 1ag to direct stimulation, and allowed the cell to
fire an immediate, high-frequency burst éf splkes.

In addition to requlating stimulus-response patterns, IA
also determined the tQ;jectory for 1individual spikes and
interspike intervals. Blocking IA with 4-AP effectively
eliminated the early phasé of the AHP, as well as broadening
the splke duration by as much as 300% (fig.37d,e). Thus, the
contribution of IA toward splke repolarization is significant,
gpd thls current also adds to the h}perpolarizing action of gk

and gK(cg) in forming the interspike interval.
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£. M-current:

Previous. studies provided evidence for a cholinergic
input to the ELLL, possibly from vertically descend}ng fibars
of  eurydendroild cells in the lobus caudalis (Maler -et al.

'8la) and involving only muscarinic receptors {( Phan and Maler
'83). In other CNS structures, activation of muscarinic
receptors has been associated with the closure of the so-
called M-channel and its corresponding conductance {idama and
Brown '82). Pyramidal neurons in %ha ELLL slite were therafore
tested for the presence of an M-current and responsiveness to
cholinomimetic drugs.

First, atropine (1uM) was added to the bath to block
the actlon of any endogenous Ach. Next, the cell was current-
clamped to depolarized Vm to activate gM, and glven step
hyperpolarizing pulses. Closing and subsequent openling of M-
channels should be evidenced hQ a hyperpolarizing 'sag' and
depolarizing 'hump', @respectively (halliwell and Adams '82).
As 1llustrated by the record in F1§,39, no indication of M-
current was obtained in any of the cells tested.

This negative f£inding was given support by the addition
of 1mM carbachol, a potent Ach agonist (Halliwell and Adams
'82). In three separate experiments, application of the drug
" had no measurable effect on the £firing pattern, membrane
osclllations or Rin. These results might have a number of
explanatlions: First, pyramidal cells may not recelve a
cholinerglic input. Second, Ach receptors might not be coupled
to M-channels in pyramidal cells. 1In othexr cell preparations,
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Ach has been shown to modulate such diverse channels as Ca-
dependent K-channels (Bernardo and Prince '82b; North and
Tokimasa '82; <Cole and Nicbll '84; Tokimasa '85; Madison and
Nicoll '86) or the A-channel (ﬁadman et al. '86). In addition,
the density of Ach receptors in the ELLL is low, eveq/%n the
dorsal molecular layer where tﬁe highest level of QNB;£1nding
was measured (Phan and Maler '83). This lamina is where the
‘dlstal-most dendrites of the pyramida} cells agsufgund. Small
currents assocliated with the M-channel at these distal origins
might not be resolvable at the soma. Alternatively, the in
vitro preparation may somehow alter M-channel properties
making them unresponsive to voltage manipulations.

v. Other effects of 4-aminopyridine

The previocus section presented data to show that ;iAP
treatment of ELLL sliéés ‘had direct effects on the
-electrophysiology of pyramidal cells, probably by blocking an
IA-like outward current. In addition, 4-AP acted indirectly on
. byramidal cells through the actions of other, unidentified
elements in the ELLL clrcuit. These actions lnitiated several
rathex =striking changes ir the electrical behaviour of
pyramidal céils. //“\\

While recording from pyramidal cells in slices superfused
with 4-AP, spontaneous spilke activity graduallf increased in
splte of only minor decreases in VR. Frequently; . DC
hyperpolarization was required to maintain reasonable firing
rates, During this period of hyperexcitability, a very
reqular, large amplitude oscillation (ébzrox. 2 Hz) 1in
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membrane pot 1 developed which is 111ustrated at two time
scales 1ﬂ £1g.40.>.This—pattern occurred in ali of the cells
treated with 4-AP (N>15) and so dominated their electrical
behaviour as to lInduce a . pacemaker-like burst firiné.
Frequently, the' large oscillations were superimposed upon a
second, extremely slow wave (approx. 0.2 Hz; fig.41). It
should be noted that these 4-AP potentials were different from
the slow potentlals that characterized untreated cells. The
drug-induced oscillations were larger amplitude waves, often
20mv peak-to-peak, and lacked the typlcal slow inward ramp and
subsequent steep hyperpolarizing phase of the SPs.
'Furthermore, in contrast to SPs of untreated cells, the large
waves (both 0.2 and 2 Hz forms} increased in amplitude when
constant-current hyperpolarization was applied, and decreased .
during depolarization. The membrane voltage had no effect on
the frequency of the potentials. The chart records in

fig.4la,b demonstrate this rectification phenomenon.

Several expe nts were performed in an attempt to
determine | 4-AP waves sulted from turning on Intrinsic
conductances or from activating an intense, synchronous

synaptic input. Bath application of 0.2mM TTX completely
abolished all splking and wave potentlals (fig.42). This
result was 1nconc1us1ve,/’however, since TTX blocks not only

gNa, but nerve activity as well. .

In a separate experiment, calcium influx was blocked by
addition of Mn2+ to the bath, which resulted |in the
elimination of 4-AP waves (fig.41c). As the calclium “block
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occurred, the depolﬁrizing part of the wave was..eliminated,
leaving the resting potential at its 'baseline level. This
reéult indicates that  the waves are Ca-dependent events,
driven elther by 1)1;;QEV"Ca—currents involved in the
depolarizing phase of the wave, 2)synaptically medliated
depolarization .followed by an unidentifled .:repolarizing
current, possibly gK(ca). The data seems to rule out the first
possibility | since large Ca—burrents 'were aifficult'\ or
impossible to evoke in a majority of pyramidal neurons. Also,
cells treated with 4-AP plus Na- and K-channel blockers to
unmask Ca2+-currents never exhibited these large amplitude
oscillations suggesting that they are not mediated by calcium.
The drug-induced potentlials appeared operationally
similar to the giant bursterg enc;untered in unhealthy 511;55;\\
This form of bursting was found to have the same Qpitaée—
dependence that 4-AP waveforms ha®. These data aie-consistent
with - observations on other cell preparations~ that afferent
nerve terminals are also sensitive to 4-AP (Llinas et al. 176;
H\‘\\;higahara '8l). 4-AP treatment therefore probably evokes
hype}excitability in BELLL afﬁ;rent fibers, generating

synchronous, glant EPSPs in pyramiddt—celIg e
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P DISCUBSION '

Recent advances 1in the technology of in vitro CNS
preparations have stimulated an increase in our wunderstanding
of the cellulaf mechanisms that regulate neurocnal
excitabllity. Unfortunately, however, apart from studles of
the comparatively siﬁple nervous 's¥§£ems of invertebrate
anlmals, ‘very little data pertalning to intrinsic membrane
physiology «can be applied to gaining an understaﬁding of the
regulation of specific behavioural patterns or sensory

capabilities.

The electrosensory system of weakly electric fish is one
area of vertebrate neuroblology whege cel%ulaqumechanlsms
could be examined in a more behavioural coﬁtext. The ELLL, in
particular, has been thorogghly described anatomlcally with
respect to its intrinsic ciréuitry (Maler, '59; Maler et al.
8la; Mathieson and Maler '86) as well as 1ts connections with
higher order electrosensory areas (reviewed by Carr and Maler
'86). Thé ELLL has a relatively simple; laminated strucéure
which facilitates study of its cellular components at the
physiclogical 1level. 1In addiﬁion,i this fixsf—order sensory
area subserves two well documented electrosensory behaviours:
electrolocation of objects (Bastian 'Blé,b), and the jammlng
avoldance response (JAR) " which 1is used during soclal
interactions with conspecific £fish (Bullock et al. '72;
Heillgenberg '77;'80;'83). From these studies is emerging a
detalled analysis of the function of the electrosensory
system correlated with the structure of the varlious
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electroreceptive centers. s

To date; the electrophysiology of the ELLL has .been
explored primarily with extracellular eléctrode recordings 'of
pyramidal neurons in response to various behavioural stimuli
(Enger and 8zabo '65; Schelch '37; Bastlan '81b, '86a,b;
Partridge et al. '81; Matsubara '82). Alﬁhough pyramidal Eell
aftivity‘ under these conditions correlates well with
predictlions made from neuroanatomical dlagrams (Bastian '86a),
none of the 1ntefpretations take into account the ceéllalar
propertles of pyramidal cells themselves. The results
presented 1Iin this 'thesis are the first attempt to study
pyramidal cell physiology at éhe 1ntrace11u1ar'level, and to
identify the cellular properties thch have functional
consequences for the overall output of the ELLL.

The abllity to characterize .the biophysical propertlies of
pyramidal cells demonstrates the usefulness of an in wvitro
preparation of thg electrosensory lateral - line 1lobe. By
Incorporating into the slice technique se#eral key steps which
minimize thé damaqing effecfs of surgical hypoxia and presefve
the structural integrity of most of the ELLL circult, it was
possible to maintaln viable tissue for more than 10 Hr, and
record from stable pyramidal cell units oh a routine basis.

It 18 important that the interpretation of physiological
recordings from neural tissue is based on a solid
understanding of the surrounding circuitry. This is especlally
true of in vitro preparations such as the ELLL sllce. As
shown in £ig 1, the malin neuronal csmponents of the ELLL

A
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clrcuit dlagram include the prramidal cells, and two types of
iﬁhibitory -intérneurons, the'granulé and polymorphic cells,
The major inputs to the lobe are from primary afferent 'Eiberg
in the deep fiber layer, and parallel flbefs‘dgscendlng  from
.the lobus caudalis and nucleus praeéminenéialls. |

In the traﬁsverse, '500-700 mm thick slices used in this
stpdy, the Eollowiné structures and connectlons should remain
virtually intact: First, the dendritic trees of pyramldal,
granule and polymorphic cells are orlénted parallel to the
plane of the slice. 1In each of these cell types; the maximum
longlitudinal spread of the dendritic processeé, as measured by
golgil impregnation, is leéss than 250mm (Halér '79). Theréfore,
excluding thase neurons located in the most superflcial 125um
of thé€ slice, these maln cell typeé of the slice should be
uﬁdamaged by the vibratome knife.

Since pyramidal cells are output ned?gﬁh-cf the ELLL,
their axons are cut as they pass through the plexiform lamina
toward the lateral limniscus. It was possible, however, to
activate pyramidal cells antidromically by stimulating the
broxlmal portion of their axons within the plexiform layer. In
contrast, the local cp}laterals of granule cells and probably
poiymorphic cells form an Intrinsic plexus of axon terminals
which contact nearby pyramidal cells (Maler et al. 'Bla) and,
as such, will probably remain intqqt in the slice.

Although slice preparation interrupts the normally high
tonie 1input to the ELLL, it 1is possible to acfivate
orthodromically not only the pyramidal cell population, but
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thé inhlblitory lnteiqpuronal pool ;s well. BX stimulating the
gfanulé cell mass in the overlying caudal lob. to activate
descending parallel fiber input, or primary affetenta.in the
deep flber‘lamlna; it is feasible to esxamine the interaction
cf synabtlc currents with the intrinsic currents described tn

this study.

Pyramidal cell electrophyalology in vitre

‘The ELLL .slﬁce p:égarat;on used in thls thesis was
desligned to .x$inve5tlgate ' the electrophygiologfcal
cﬁaractet{stlcs cf pyramidal <cells 1nr-as close to thelr
natural state~as pqﬁslblel The laminar organization pf. the

r ’
ELLL, which segregates the cellu$hr and fiber tracts Into

ldlscrete. layers facilitated electrode zecerding of a- pure

~ population of basllar and non-basilar pyramidal cells,

. r
Intracellular labelling with Luclifer Yellow conflrmed this

important aésumptlon;{ aiT“?f fhe physiolééical data reported
here are representative of’électrlcai activity of BP. and NBP
neurons.

T i fcsults of ghesé data demonsatrate- thaé pyramidal
cells . in :yitro‘ exhiblt several characteristic patterns of
spontaneous éctlvlty;. While nearlf 1/3 of t?é-cellg have a
stable resting membrane potential, the remalning cells are

céﬁable of dergoing rhythmic ozclllations in Vm. These slow

potentials are voltage-dependent so that ‘direct depolarization

. 3 : : ‘ ,
‘%f the cell”soma Increases thelr amplitude and freguency. The

presence or abaence of slow potentials appear to correlate

[
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with spontaneous bursting or tonic splke activity recorded
extracellularly.
Bepetitive firing:

When pyramidal cells are {inJected with depolarizing
current pulses, they respond with a characteristic pattefn‘of
repetltiﬁe splke firing. Although the response patterns. vary
from cell to cell, two striking generalizatlons can be made
from their input/output relationships. During long duration
stimulati&% (eg. up to 1lsec), the early respanse of pyrami&al

cells can be characterized as a period of low frequency spike

firing. This pattern is clearly lllustrated by an 1n1txa£§£f

delay lasting up to 30 msec prior te the lst actlon potentiaﬂ\

volley (cf f£lg.25). The early response, described as a 'lag'
in spike freqﬁency, continues for an additional period of 50-
250msec durling which spike frequencies rarely exceed 100Hz
(eg. £ig26). Following the lag period, the majority of cells
enter a perlod of higher frequency spike firing which persists
throughout the'du}ation.of the étimulus pulse; they dLsplay

little or no spike frequency accommodation and asl such are

tonic neurcns (*ig.25;.

lonic conduckamces;:
Characterization of the mémbzane_conductance of pyramidal
cells Iipdlcates that spontaneous rhythmic activity and the

repetitive firing properties are mediated by the actions of at

least 6 dlfferent fonic currents. Two currgnts, in particular,

dominate ‘the' QhYBloldglcal behaviour of these cells: a

perslistent, subthreshold sodium current (INaP) and a transient

1 . 0 .
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outward current similar to the A-current.
Several 1lines of evidence support the conclusion that
gNaP contributes substantlally to pyramidal «cell activity.

First, the spontaneous, slow potentials are driven by voltage-

i ~dependent processes which activate .in the wvoltage range

subthreshold té spike initiation. Altering Vm by as little as
5 mv can transform a non-rhythmic cell into one that displays
robust SPs. Furthermore, SPs are sodium dependent; blockade of
Na i{nflux eliminates rhythmic activity.. The progressive
flattening of the SP rising phase which accompanies TTX block
suggests that gNaP drives the depolarizing component of
membrane osclillatlions. ° |
Additlﬁnqlfeviden&e for gNaP activation occurs during

the response to positive c&rfent injection. A subthreshold
current . pulse‘elicits.a slowly growing depolarizing ramp in
the wvoltage trace, often triggering the appearance of SPs.
This inward ramp is sensitive to TTX block. lWhen compared to
voltage deflecgions evoked by equal amplitﬁde current pulses
in the hyperpogarizing direction, many cells disélay a form of
lnward:recfification interpreted, in part, as a cgnseqhence‘bf
activating gNaP. it 1is reasonab}e to assumez that the
persistent, depolarizing action of gNaP ls largelx résponsiblé
for the lack of splke frequency accommodation when éhallenged
with long duratlion stimuli.

‘The effect of IA on pyramidal cell activityl iz egually
dramatic. Due to the tiﬁé and voltage propert}Es of IA, lthe

actlon of this current is eépecially obvious during the early
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response to stimulatlon. The kinetics of IA are such that
activation occurs rapidly (within msec) and inactivation
proceeds with a time constant of'200—3p0 msec, depeﬁding on
the membrane potentlal (Neherx '71).‘ This outward current
counteracts the depolarizing effect of positive current
injection, resulting in tp? prominent lag period in sbike
train formation clearly visible 1in the stimulus-response
proflles {cf _fig.26)5 . The - olmpertancé” ' of IA to
electroresponsiveness is most obvious wheﬁ the current 1is
blocked Qith 4-AP or inactivated by steady-state
depolarization; under these condltiohs pyramidal cells become
highly excitable and react rap{dly to depola:lzing stimuli by
firing a hlgh frequency burst of spikes (fig38).

IA ﬁay also Influence spontaneous oscillations in
" membrane potentlial. Current clamping Vvm to depolarized levels
results in 8Ps of iﬁcreased frequency and amplitude.
Depolarizing the cell not only activates éNaP, but in addition
inactivates (with time) IA, which would further unmask the
volpige excursion driven by gNaP. Thus, some of the
variability in the strength of pyramidal cells' rhythmic
behaviour could be accounted for by differences 1n the
strength of IA. Unfortunately, it was impossible to test this
idea pharmacclogically, since treatment with~4-AP also induced
thq~ £ormat16n.of the glant EPSP—l;ke waves.whiéh overwhelmed
the more éubtle, voltage-dependent propertles of the intrinsic
SPs.

In addition teo the classic sodium and delayed rectifier
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currents, caicium and-calcium-dependent potassium currents
Influence pyramidal cell acfivity. The contributlion of these
last two currents |is fgf\ies§ demonstrable than that of
either IA ox gNaP. |

By virtue of the inablility to demonstrate calcium splikes
in at least 1/2 of the cells tested, 1ICa ls probably not a
major éontributor to the total membrane cpnductéhce. Even ‘in
the remaining fractlon of celis that Ca-spikes could be
evoked, a massive blockade of Na and K channels was required
in order to sufficiently unmask their presence. ,Jn light of
the relative> weak calclium influx, it 1is possible that
calctum entry’via voltage activated channels does not play a
major direct role in pyramidal cell excitablility.

Calcium currents, however small, '1nd1rect1y'\Fegulate
rhythmic activity and repetitive fiiihé by éctivéting gK(ca}.
Tﬂi5 ‘is evident from 1he effects of eliminating calcium from

the bath or blocking Ca channels with manganese. In

-spontaneously rhythm{c cells these treatments substantlally

reduced the interval between SPs, indicating that a calciﬁm—
dependent outward current (gK(ca)) regulates the freguency of
membrane osclillations. 8pike frequency accommodation, as well,
dgpe;ds on gK(ca}. In those cells which displayed
accommodation, blockade of gK(ca) with apamin or chelating
calcium with 'EGTA injection eliminated the accoﬁmodation
whereas non-accommodating cells were unaffected b; these

drugs., The insensitivity of non-accommodating cells to gK(ca)

block provideé further 'support to the notion that calclum and
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calcium-dependent potassium channels play minor roles In
pyramidal cell physlology in vitro. ' The accommodating cells
appear to belong to a different functionai class; It will be
important for future studies +to . determine 'whethe; tpls
functional distinction corresponds to a morphologlically unique

population of pyramidal cells.

Fast pre-potentials (FPPs): p

An intriguing aspect of pyramidal cell electrophysiology\

is the presence of spontaneous splkelets, referred to as fast
pre-~potentials. Thelr appearance does not seem go. correspond
to Injury potentlials, since many neufons deemed healthy by
physiological criterta displayed stable patterns of FPPs
throughout 1long duxétion.recording sessions. In general, they
were sensitlve to voltage manipulation and TTX treatmgnt,

slmllar to that of the larger amplitude slow poctentials. The

consequence of FPPS for spike activity 1is apparent durlng
/

perliods of membrane depolarization; either spontaneously at

the crest of an SP, during the EPSP which follows orthodromic

stimulation, or during direct injection of positive current.

Each form of depolarizing event is sufficienf to increase FPP

«

amplitude above the threshold for splke initiation.-

The duration and amplitude of FPPs observed in ELLL

-pyramidal cells resemble similar potentials recorded in

hippocampal pyramidal neurons in vive (Kandel and Spencer
'6l) and in vitro (Swartzkroin '77). The precise nature of
hippocampal FPPs has yet to be defined, but has been proposed

to originate from localized patches of dendritic membrane
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referred to as 'hot spots' (K&hdel and Spencer '61). Computer

modelllng.of Cal electrorespons%veness (Trdﬁ% and Llinas '79)
predicted that FPPs reéorded at the soma were, indeed,
resulting from sgaium dendritic splkes. Alternatively,
simultaneous recoxdings from separate electrodes and’
1nt£ace11uiar labelling of‘hippocampal cells indicates that
" some FPPs are electrotonic coupling‘pofentials transmitted Qia
som&~somatic and dendro-dendritic gap Junctions (MacVicar and
Dudek '80; 81). C

The\uifrastructure-of the ELLL supports the Qéésibility
of byramldal cell FFPs arising from electrotonic synapses. Non-
basilar pyramidals, in particular, make gap junction contacts
with ascending p;ocesses from granule ce}l dendrites, whereas
baéilér. pyramidal Célls appear 1nca§5b1e of forming gap
jqnctions (Maler et 51. '8la; Mat on et al. '86). This
arrangeﬁent predicts: that only non-basilar pyramids shouid
have FPbs. ’ The. 1ntracellulaf recordings preséntéd here,
however, argue against FPPs belng electrotonic coupling
potentlals; FPP sensitivity to current 1njeétion or
oscillation in Vm suggesté that they arise on or near the
céll soma. Furthermeore, the granule cell dendritic processes
are long and thin (eg 50-100mm from the pyramidal cells, 2-5um
dlameter, Maler '79). It seems likely that the granule cells
are electrotonically too remote from the NBPs to be influenced
by such small amplitude fluctuations in Vm.

1t hasrbeen proposed that ¥PPs in hippocampal cells may

function as a booster mechanism to amplify weak synaptic
. LS
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signals in dlstal dendritic loci sufficientlyFEo invade the
soma (Kandel and Spencer '61). In 1light of the size
measurements taken from LY-filled ELLL pyramidal cells (as 1in
_'fig.‘ 16), it seems feasible that FPPs might fulfill a similar
requirement for amplifying electrosensory input from tpe
periphery. /Ence primary afferents synapse onto the distal
bush of the basilar dendrite, EPSPs must be-conveyéd up to
400mum before reaching‘the soma. Locallzed patchés of membrane
with actlive sodium conductance, situated part way along the

asllar dendritic trunk could act as FPP generating sites and
atovidé a mechanism to increase the gain of ascending EPSPs.
Ldcallzing sodium 'hot spots' on the dendriticl trunk would
allso render them voltage- and TTX-senslitive, consistent with
the¢ recording data. T;}F hypothesls predicts that only basilar
pyr hids should have‘;;Ps. Further combined morphologlical and
phySiblogicallsfudies will be reéuiréd to resolve thils issue.
Interseqmental Comparison -

An intriguing aspect of eléctrdseﬁsory organization \is
the existence of multiple somatotoplc maps in the ELLL and
higher—ordg; centers. Tuberous- electroreceptors form
identical, mirror Iimage maps of the body surface in the
centrolateral, centromedial and medial segments (Helligenberg
énd Dye '82; Carr et al. '82). The possibllity has been raised
that intersegmental differences in synaptic organization of
ascending and descending inputs to the ELLL may allow for
independent anqusis of selected features 1in the £ishs'

environment (Helligenberg and Dye '82). However, previous
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studles on .the affer;nt projections to the ELLL and their
synaptic connectivity have faliled to detect any such
differences (Maler et al. '8la; Mathieson et al. '86). The
results presented here addressed the issue by comparing the
electrophysiological characteristics of pyramidal cells in all
three segments that receive tuberous receptor input. In each
parameter measured, pyramidal cells behaved simllarly
reqgardless of £he segment they occupled. If there are
segmental dlfferences in electrosensory processing, they do
not appear depgndent on such pyramidal cell properties as
input resistance, rhythmic hembrane activity or repetitive
firing patterns. It is possible that differences in the ionic
conductance of pyramidal cells are present at the segmental
level, but could not be resolved with the 1limited sample
tested in this study. The functional significance of this
interesting phenomenon awaits further study.

'COmparlson wl;ﬂ/other cell types

Perhapsl/the most exciting revelation to emerge from the
~membrane blophysical data presented here and In other recent
studlies, 1is an 1nva1idation of the long-held view that a
vertebratg neuron's soma and dendrites function strictly as
passive cables. %j exploring the ionic currents that_underlie
excitabllity at rest and at subthreshold membranef/pdzentials,
it‘ is clear that neurons are capable of a diversé range of
active coﬁductaﬁces. As with ELLL pyramidal neurons, many
oéher cell types in both invertebrate and vertebrate CNS

structures wutillize a characteristic subset of currents which
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dominates their electroresponsiveness.

Hﬂnzlnﬁﬁlléﬂnuﬂﬂlnmmdﬂﬂinﬂr z'/j
E11l pyramidal cells exhibit a sodium current (INaP[J;J
which activates in the voltage range 10-20mv negative to that
of. fast sodium currents. INaP also differs from the fast
sodium current due to its slow inactivafion, which  1is
manifested by long duration, spontaneous membrane oscillations
and the slow depolarizing ramp evoked by current injection.
This current 1s labelled 'pgrsistent’, because without the alid
of voltage clamping techniques it is impossible to determine
whether INaP ls non-inactivating or slowly inactivating.

k Sodlum conductances with properties similar to gNaP have
been ldentified in several'ofher cell preparations. In squid
axons, so-called 'sleepy sodium channels' were described as
ﬁon~1nactivating, but were opened at relatively high threshold
voltages (Matteson and Armétrong '82); More recently, slowly

inactivating sodium channels which also open at subthreshold
potentials were described in _giant axons of squid and
cockroach, as well as ln leech and barnacle neurons (Gilly and
Armstrong '84; Yawo et al. '85; Kleinhaus and Johansen '86;
‘Davis and Stuart '86). In the squld glant axon, they have been
called 'threshold channels' becéuse they are a major Iinwarxd
curgenF carrier at the threshold voltage for’spike initiation
(Gilly and Armstrong '84).
GNaP 1s present in certain mammalian neurons, as well. In
hippocampal CAl cells in vitro , depolarizing current

‘ ' i
Injection evokes a train of slow prepotentials which are
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similar Iin voltage-sensitivity and trajectory to ELLL slow

potentials (Langthorn et al. '84). CAl cells also display a
TTX-sensltive, Inward-directed rectification when gilven
subthreshold current  pulses (Hotson et al. '79). Lafer

experiments lIdentified the‘drivinq force underlying the s%bw
potentisls to be a persistent, subthreshéld sodium current
(HacVica£ '65). Thus, 1in both CAl and ELLL pyramidal cells,
subthreshold excitablility levels are reguiated largely by
similar gNaPs. -

In cerebellar slices, stimulation of purkinje cell somata
evokes all. ornone plateau potentials which lnactivate slowly
and are sodium-dependent. These potentials are ﬁormally masked
by large calcium and caléium—dependent currents, 5ut the Na
currents probably enable the cell to respond to stimulation
with sustained, repetlitive firing (Llinas and Suglmori '80a)
in much the same way that ELLL pyiamidal,cells respond non-
accommodatively to prolonged stimulation. |

The most thoroughly investigated form of gNaP occurs in
neocortical neurons in vitro. In tissue slices and in culture,
neocortical cells possess a slowly inactivating scdlium
conductance which activates between resting potential and
splke threshold (Connors et al. '82; Stafstrom et al. '82;
'84a,b; '85; Dichter et al. '86). This inward current is
responsible for the inward rectiflcation charhcteristic of
neocortical neurons (Stafstrom gt al. '82;‘;84a) and regulates
repetitive‘ filring properties by dominating the membrane

conductance between spikes (Stafstrom et al. '82).

-
A
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It 1s probable that gNaP determines to a large extent the
F/1 relationships of pyramidal neurons in both ELLL and
neocortex. The roughly sigmoidal shape of ELLL F/I curves (fig
23) appea;s to bor;espond to the primary, secondary and
tertiary frzguency ranges deScribed in ofher néurons {Schwindt
and Calvin '73; Langthorn et al '84). The increase in slope
which occurs at the transition from primary to secondary range
firing is a reflectioﬁ-of turning qQn gNaP. Neocortiéal neurons .
in vitro appear to lack a primary Erequenéy range; the.slope
of the F/I curve raises abruptly into a steep linear portion
corresponding to a secondary firing range. Stafstrom et al.
('84b) attribute this to gNaP activating at relatively
negative potentials.

The questlon has been raised whether the ability to
demonstrate two sodium conductances with differént kinetfz\“
parameters reveals the existence of.two separate populations
of sodium chanhels. It is possible tﬁat INaP and the fast INa
;ssociated with action potentials éould flow through the same

_ '
channel, provided that there is a substantial overlap ;? the
activation/ inactivation parameters (mee, h® curves, Hodgklin
and Huxley '52); at membrane potentials where m/h  overlap
occur, a non-iﬁgéti;;ging inward current would flog. This
possibllity seems unlikely, however, slnce INaP (ﬁeasured with
voltage clamp 1in neocortical cells) activates along a far
broader rénge of voltages than predicted by overlap of meo / hoo

curves (Stafstrom et al. '85). Further evidence that two

14 -
separate sodium channel populations exist was presented 'in
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abstract form (Sugimori and Llinas  '80): lidocaine
differentially blocks the fast and slow forms of gNa. This

report was_pever'substantlatéd in manuscript form, however,

and simii%r treatment .of ELLL pyramidal neurons falls to

discriminate betweqn gNa and gNaP (fig.éa).

Recent advances in characterizing the structure of sodium
channels (Noda et al. '84) has led to speculation that fast
and slow sodlum channels differ in a circumscriSed segment of
the channel which is enriched in arginine and lysine. Binding
of the neurotoxins batrachotoxin and grayanotoxin to fast Na-
channels reduces Inactlivation and lowefs the fhreshold for
channel opening, possibly by modifying the acidic residues
(Khodorov and Revenko '79; Sgyama and Narahashli '81} Yawo et
al. '85).

Cﬁlﬂum_mnd.us_tﬁngga_ai

Numerous CNS cell types have been showﬁ to haye -large
calclum currents .wﬂichﬂ vary widely in thelir spétlal
distribution and kinetic riqufrements. In certain cells their
activity 1is the critTcal determinant for fegulatlﬁg busting
behaviour and repetitive firing in response to syhaptic input.

In gastropods, many central—neﬁrons are autorhythmic, #
discharging spikes 1in a bursting pgcemaker pattern (Smith,
'80}. The egséntial biophysical characteristlé of bursting
cells 1s the presence of a negative slope resistance (NSR)

: ] &

reglon in the current-voltage relatlonship (Wilson and Wachtel

'74) which s invariably accompanlied by a ndn-inaétlvaflng
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inward current (Smith '80). The ‘charge. carrier of this
'pacematgr' current 1is controversiai; It has been {dentified
by some a:thoés as a TTx—insensléive.spdlum current in Aplysia
and Otaia (Smith et al. '75), a calcium current {n Hellx
{Eckert and Lux '76) and Tritonia'fﬂhompson '76) or a mixﬁure
of Ica/ 1INa (Johnston '76; Kramér and Zucker '85). The

intracellular Ca2+ concentration was also measured by Arsenazo

111 absorbance (a Ca-sensitlive dye) and found to oscillate 1in

‘proportion to the pacemaker cycle, providing Tadd\tlonal

{5

support to a rolg for calclium lnﬁpacemaker activity (Gorman

and Thomas '78).

*
Calcium influx {indirectly regulates the frequency of

.bursting by activating gK(ca) (Meech and. Standen -'75} Eckert

and Lux '76; Carnevale and Wachtel '80). The effect is

mimlicked by’;digect Intracellular injectldn of Ca2+ which
results incﬁthg post-burst reﬁolarization of the membrane
1 . . . ]
(Meech '72; ?or&an ang'gapmas ‘78). '
The contribution of calcium conductances to neuronal
excitability in vertebrates has beenxldvestigated in a varlety
of tls;de preparations. 1In cat spinél motoneurons, voltage

clamp analysis {in situ revealed that repetitiive £flring "is

regulated by a persistent inward current which activates.

~

within the voltage range traversed by the intersplke i{nterval

(Schwindt and Calvin *73). The current (IYY,'which 1s carried

by Ca2+ (Schwindt and crill '80a;b), —lis partially activated_

during the primary F-I filring range, and strongly activated

during the transition to secondary range flring (Schwindt and

“ - !
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. Crill '82). Furthermore, Ii 1s_re§ponsib1e for the observed
region of negétive slope conductance in motoneurons (Schwindt
and Crili *77) which permits them to fire non-accommodatively
to sustained depolarization (Schwindt and Crill 'gé).

Several forms of gCa have been described which Iinfluence
bursting behaviour in mammalian neurons. Synaptic activation
of Purkinje cgll dendrites evokes the formation of a calcium-

dependent plateau potential and calcium spikes which invade
i

the soma and result iIn burst of fast somatlc action potentials
: ~
(Llinas and Sugimori '80b). 1In Iinferior ollvary neurons, two

spatlally distinct calcium currents mediate a 1low frequency
osclilllation in membréne potentlial and rhythmic firing; a high
threshold calcium spike originates at dendritic 1locatlions

while a 1low threshold é—spike i1s somatic 1in orlgln. The
: : /

somatlc gCa requires a conditioning ﬁre-pulse of
hyperpolarization, eg. as in a post-burst AHP. Differential
activation of these two conductances, simply by changing ¢the
infensity of backg%ound synaptic activity, may be sufficlent
to regulate }ﬁé two naturally occurring osclllating
frequenclies observed in these cells (Llinas and Yarom '80a;b}.
Similarly, thalamlc neurons display two functional states
of excitability, shown with in vivo recordings to be
regqulated by a persistent lnward conductance (Deschenes and
Steriade '82) and identified as gCa in vitro {Llinas and
Jahnsen '82). At negatlve potentlals, a somatic gCa . (ls de-
inactivated and cells respond to stimulation with a burst of

splkes. At depolarized Vm, gCa is inactivated and the cells

78 -



79

/

fire tonically (Jahnsen and Llinas '84a;b). Thus, manipulation
of calciuﬁ conductance can dramatically alter the input-output
response of a cell. ' \
In hlppocampal CA3 neurons, spontaneous bursting 1is
generated by an lntrinsic, ng-inSeqsitlve conductance (Wong
and Prince '78), 1identified by voltage clamping techniques as
a persistent, gCa that gnderlies & negative sl?pe conductance
region In the I-V curve (Johnston et al. '80). Subsequent work
reported that in both CAl and CA2 neurons, burst flrinq is
requlated by a petsistent calcium current (Brown and Griffith
'83b). |
The présence of calcium—dependeﬁ potassium currents
"appears to be a universal property of vertebrate- neurons. They
contribute to the so-called fast AHP, implicated in " the
repolarization of action potentials {n_ bullfrog sympathetic
neurons (HacDermott and Welght '80; Adamg et al. '82) apd CA3
cells of hippocampus (Zbicz and Weight '85). Intracellular
caibium also actlvates a slower form of hyperpolarization
(slow AHP) (Krnjevic and Lisiewicz '72; Krnjevic et al. '78)
which is essential for the low frequency discharge observed in
frog motoneurons (Barrett and Barrett '76) and spike frequency
accommodation in CAl h{ppocampal cells and supraoptic neurons
(Madison and Nlcoll '84; Bourque et al. '85). Post-burst
hypgrpolarization, as well, depends on calcium influx during
splke discharge which activates a long duration, AHP (Alger
and 'Nlcoll '80; Hotson and Prince '80; Schwartzkroln and

Stafstrom '80; Gustgj;gon and Wigstrom '81; Hablitz '81;
T
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Aghajanian et al. '83; Brown and Griffith '83a}.

In light of the abundance of evidence that calcium and
calgium—dependent currents regulate excltablllty in such a
wide Spectruh of Eentral neurons, 1t is somewhat surprlising

that in ELLL pyramidal célls, calcium-senslitivity is dlfficult

to demonstrate for most repetitive firiné properties. 1In
several respects, pyramidal cells most closely resemble
neocortical neurons in vitro : the responsiveness of both

cell types 1s dominated by a persistent sodlum current,

neither cells have ~ prominent calcium currents and

consequently, gK(ca) plays a less prominent role in regulating
'

splke frequency. The 1last feature 1is manlfested by the

relative lack of spike accommodation which ls characterlstic

of thelr response to current Injection.

IA: -

A rapldly activating, transient K current was reported

almost simultaneously‘in neurons of two species of gaatropod

. {Connor and Stevens '7lb; Neher '71). Currents with

pharmacological, time and voltaée senslitivitles similar to the
so called A-current have since been reported in a varlety of
mollﬁscan and vertebrate nerve cells (Alkon '84a Gustafsson et
al '82; Stansfield et al. '865. IA appears to be a universal
component of neuronal membrane currents énd is a major
determinant 1in spike flring patterns (Rogawski '85). During
repetitivgfhflrlng, the lnactivation kilnetics of IA prévent

rapid membrane depolarization in the intersplike interval and

// thgtgby allow firing with very low spike frequencles (Connor
/
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and Stevens '71lc). At presynaptic sltes, IA is also believed

to regqulate neurotransmitter release'by rapidly repolarizing
the nerve terminal and restricting Ca2+ influx (Llinas et al.
'*76; Shimahara '81). )

The sensltivity of the A channel and ;ts ability to alter
cellular behaviﬁur has been documented in photoreceptor cells
of the marine snall, Hermissenda (reviewed by Alkon,'84a,b).
During assoclatiye learning in these animals, light-1induced
depolarlzation of t receptor membrane becomes progressively
augmeﬁted which, in éurn, causes a time-dependent inactiyation

£ IA. This increases the cell's responsiveness to subsequent
stimuli for as long as the membrane remains in the depolarized
state. . Interestingly, this behavioural change outlasts the
direct effect of depolarlzation on IA lnactivatlon. Sinece IA
participates in spike repolarization, its Dblockade in
Hermissenda neurons prolongs splke ;uratibn and allows
enhanced calcium influx to accompany action , potentials. This
cascade of effects is hypothesized to indirectly modify IA via
Ca2+-calmodulin dependent proteln kinase phosphorylatlon of
the A channel gating mechanlsm. Hence, long after the
conditioning-1induced depolarization disappears, IAa
modlflication continues to evoke the behavioural chanqge.

In BELLL slices, 1IA appears to lnfluence pyramidal cell
activity both as an intrinsic current and indlrectly via pre-
synaptic mechanlsms. Acting as a 'brake' during the 1initial
phase of a depolarizing response, IA counteracts the
developing inward gNaP to maintain low spike frequencies. The

1
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appearance of large EPSP-like potentilals followlhg 4-AP Dblock
of IA suggests that synaptic input to pyramidal cells may also

be redulated by IA-llke currents.

BLLL pyramidal cells in vitro vs in vivo
Ags.o_mmg_é_a.iz_l_gn_zl

Although pyramidal cell physiclogy has been Ilnvestigated
in intact flsh almost exclusiVely at the extracellular level,
it 1s possible}to diaw compérisons between their response
propertles in vivo ii in vitro. Bastlian recorded E and 1
cell activitles from immobilized f£ish while manipulating the
intensiky of theilr electroreceptive Iinput (Bastian '8lb,
'8§6b}. By examlning ‘the éontrasting patterns of spike
responses evoked in vitro vs in vivo, it 1s clear that
removal of the ELLL from its normal ascending+«and descending
connectlons dramatically alters pyramidal cell -excitability
and electroresponsiveness. —

Several possible explanatlons could account for the
discrepancies in firing behaviour under the two conditions. As
shown by Bastlan's extracellular recordings (and 1llustrated
in fig.25), pyramldgl cells in situ (E cells) respond ¢to
exciltatory electrosensory Input with two distinct phases: an
early, very brief high freguency bdrst of splkes (up to 600Hz
for a period of 20-50 msec), followed by a second phase of low
frequency filring (splke adaptation) In vivo, therefore,

pyramidal cells are both highly excitable and phasic in thelr

response to perlipheral input.
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'Both of these properties are, to a larxge extent,' lost
after slice preparation. Pyramidal cells in vitro have an
early phase of low responéi&éness {(100-200Hz), 1lasting for
about 100-250 msec; this phase appears to result from a strong |
IA;like conductance. ffhe second phige of response Is usually
non-accommodative, due to the combined influences of gNaP
actlvation and a weak gK(ca).

At least some of these characteristics can be explalined
strictly in terms of neuroclircultry. 1In the intatt brain,
basilar pyramidal cells receive monosynaptic excitation from
P-type primary‘afferent terminals. 1In addition to this direct
afferent input, a disynaptic, Iinhibitory pathway via granule
cell lInterneurons is also activated (Maler et al. 81},
Therefore, during an increase in afferent stimulation, BPs
experience a rapld excltatlion (monosynaptic pathway) followed
by a delayed@ inhibition (dlsynaptic pathway). 1In the sllice
preparation, however, pyramldal cells were stimulated by
direct current 1injection, which bypassed the synaptically
mediated excltation-inhibition sequence probably present in in
vivo processing. Thus the adaptation of ELLL basilar pyramids
to sustained input is probably due to disynaptic inhibition
rather than to accommodation based on outward K currents such
as IK(ca). This conclusion is made intuitively plausible by
the temporal response characteristics of the E-cells (?asilar
pyramids). Bastian ('81b} has shown that E-cells respond
optimally to amplitude modulations (AMs) of about 60 Hz. A

long lasting outward current such as IK(ca) would presumably
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act as S low pass‘filter and block the response to such high
frequency modulations. INaP, by summating with synaptic
ﬂepolarizatlon,' would lncrease the slope of an EPSP and
therefore allow an E-cell to follow higher frequency AMs.
Thus, It may be that the presence of a strong, persistent INa
and a weak IK(ca) is a cellular speciallzation which optimizes
E-cells for respondling to raplidly modulated primary afferent
input. 1In nature these modulations might be produced by rapld
movement of objects with respect to the electroreceptors.

A certaln number of cells {approx. 1/3) did show spike
frequency accommodation which was primarily due to IK{ca). It
will Dbe 1mportant to determine if these accommodating cells
are a different morphological cell type, or whether pyramidal
cells can, under cértain circumstances, display a more
powerful IK(ca).

I-cells (non-basilar pyramids) also adapt In vivo to
sustained electroﬁeceptlve input {Bastlan '81b). The input to
non-basilar pyramids 1s quite complex (Maler et al. '8la) and
1t 18 not evident how the clrcultry could accouﬁt for the
adaptlve properties of these cells. Bastian ('81b) reported
that 1I-cells respond best to AMs with lower frequency (about
16 Hz)} and it wgll be interesting to determline whether this is=s
a clrcuiltry property or due to a greater IK(ca) 1in these
cells,

Spike-frequency lag:
It is not yet possible to understand why pyramidal cells

in vivo can produce a rapid, high frequency response to
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prlmary afferent input whlle in vitro the same cell type will

respond to lntense dépolarlzatlon with oniy a low frequency
firing (lag phase). There are at least three possible
explanations to this dlscrepancy:

1) IA inactivation: The normal lnput to pyramldal cells 1in
vivo (from primary afferents and descending input) may keep
these neurons in a state of tonic depdlarlzation . Since 1IA
inactivates when the cell 1s depolarized (Connor and Stevens
*71b; Neher '71) this would mean that ig vivo , IA would not
normally counteract the depolarizing effect of primary
afferent inpuﬁ; with all extrinsic input severed in vitro,
pyramidal cells would be hyperpolarized and IA I1nactivatlion
would be removed. Subsequent depolarization would therefore be
strongly counteracted by the activation of IA.

There are two serlous difficulties with thls scenarlo:
-—-a) When Bastian ('86a,b} eliminated & descendling projectlion to
the ELLL pyramidal cells, he recorded a decrease in thelr rate
of spontanecus activity; this 1is presumably because the
pyramidal cells hyperpolarize after thils tonlec excltatory
input 1is renmoved. The hfpothesis presented above would
predict that, under these circumstances, IA should be unmasked
and cause a lag in the cells' response to lncreased input. 1In
fact, the-;pposite was observed since the cells then respond
even more vigorously to increased primary afferent Iinput
(Bastian '86a). b}. When descending input is blocked, ELLL
pyramidal cells display an enhanced ‘'surround' \inhilbition

(Bastian '86a) presumably assoclated with a hyperpolarization
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of the cells. It would therefore be expected that an object
moving across the receptlve fleld of a pyramidal cell will
first hyperpolarize it (due to surround inhlbition) and then
depclarxize it (center response). ‘The inactlvation of IA will
be removed while the ceil is hypefpolarized and IA should then
be strongly activated durling the subsequent stimulation of the
cente£ of the receptive field. The hypothesls above predicts
that the center ;;sponse should be weaker due to the braking
actlon of TA. Agailn Bastlan's results ('86a) demonstrate that
even when thefe_is a potent inhibltory surround, the center
response s rapld and vigorous.

Therefofe, this f£irst hypothesls-that IA is inactivated
by tonlc depolarization in vivo- appears to be 1inconslistent
with the data from Bastlian's ("81lb; '86a) experiments.

2). The activation kinetlcs‘for.IA may also explain why ELLL
cells in vivo respond more gquickly tec afferent 1input. As
suggested by the occurrence of EESt prepotentlals recorded at
the soma, EPSPs in the basl!lar dendriﬁes of basilar pyramids
may be capable of initiating all or none, dendritlic splkes at
localized ‘'hot spots'. If these splkes depolarize the soma
membrane faster than IA actlivation takes placeé, they .would
evoke an intense burst of splkes immedlately followed by IA
repolarization; the fast prepotentials do, in fact, often
trigger action potentials in vitro . In this hypothesis, IA
would add to the lnhibitlon of pyramidal neurons by gqranule
cells, and hence; increase the phaslic response to peripheral

stimulation. This possibility is weakened, however, because
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IA actlvation ls rapld (<1Omsec, Zblcz and Welight '85) whefeas
a typical burst response from Bastian's recordings may last up
to 20msec (personal communicattion).

It should also be considered that the fast prepotentials
would have to come from dlfferent sources for basilar and non-
baslilar pyrémidal cells. For a basilar pyramid, the basilar
dendrite is an attractive candidagé,“ because dendritic splkes
at this location would boost primary afferent input. For non-
basilar pyramids;  excitatory drive. is derived from the

ascending dendrites of granular interneurons (via electrotonic

synapses, Maler et al. '8la). In non-basilar pyramids,
therefore, fast prepotentials presumably originate from
granule cell-NBP gap Jjunctlon synapses. Clearly, this

interesting hypothesis will require a great deal of furthex

. study.

3) IA modulation: A third hypothesis is that synaptic input,
present in vivo but lost in vitro, 1is capable of suppressing
IA. There are, in fact, severél éxamples in the literature of
IA belng modulated by synaptic activity. Recent studies in
Hermissenda giant neuron; indicate that 5-HT can suppress IA
by 1increasing its lnactivation rate constant. Furthermore,
this neurotransmitter effect 1s mediated indlirectly by a
second messenger system; forskollin, a cAMP substrate, mimics
the effeét of serotonin treatment (Acosta-Urquidil .‘86). In
other studies, 1IA was shown to be lInhibited by cAMP-dependent
phosphorylation 1in Bag cells of Aplysia (Strong '84), but

activated.by the neuropeptlide, ,FMRF-amlide in burstling neurons
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L4 and L6 (Ruben et al. '86). In vertebrate Raphe neurons,
noradrenaline acts via «l receptors tolinhibit IA and cause
burst \firiﬁg (Aghajaﬁian '85). More recently, 1In cultured
hlppocampall—heuroné, IA was ';Eported te be Dblocked by
acetylcholine, even in conditions where an M-current was not
detectable (Nakajlma et al. '86). This latest finding 15 of
partlicular interest for ELLL . functioning,  since pyramidal
neurons probably receive a descenéing, cholinergic input fr;m
Eurydenaroid célis of the caudal lobe (Maler et al. '815; Phan
and Maler '83). This input could accéunt for the Intense,
early response of pyramldal cells in vivo , by tonically
suppressing A-channel activlt;gg Although this hy%othesis is
elegantly simple, itllacks expérimentai support. The ELLL
slice preparation is, however, wel? suited to testing 1its
validity since it is possible to stimulate descéndlng fiber-
systems In the slice; or to apply putative neurotransmitters
or modulators. It will be especially important to test whether
the descending chollinerglic input can, 1in fact, medify IA.
gK(ca) modulation:

By analogy with membrane conductances |in othe; cell
Eypes, the calcium-dependent potassium conductance 1In ELLL
pyramidal cells 1is also a strong‘ potential target for
neuromedulation. Numerous 'studies indicate that— gK{ca) 1Is
modified in a wvariety of tissues. In sensory neurons of
Aplysla, .one type of facilitatlon is mediated by serotonin,
which acts presyﬁaptically via cAMP to close the so-called 8-

channels- {Siegelbaurn et al. '82). Noradrenaline Induces
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e

gK(ca) in guinea pig hepatocytes (Burgess et al. '79), but

1hh1bits the same conductance 1n ;at syﬁpathetic neurons {Horn

and McAffee '80}, and bippocamcal CAl cells (Madison and

Nicoll '82;‘-Haas and Konnerth '83; Adams and Lancaster '85).

Dopamine 1nduces gK(ca) in CAl cells (Bernardq .and Prince

'82c), while histamine has the opposite effect (Haas and

Konnerth '83}. FHRF-amlde' repo;cedly has a dual action,
capable of both potentiating and inhibiting gK(ca) in Helix

neurcns‘(Cotrell '82).. -

Muscarinic agonists, in additlion to blocking conductance
of the M-channel, are reported to b&ock gK(ca) in hippocampal
CAl cells (Bernardo and Prince '82a,b; Cole and Nicoll '83,
'84), myenteric neurons (Horth and Tokimasa '83) and Bullfrog
sympathetic neuions (Tokimasa. '85). Interestingly, block ot
gk{(ca}), elther by the action of Acc (Cole and Nicoll '83), NA
{Madlson and Nicoll 'éé) or calcium sequestration (Madison and
Nicoll '84), 1s accompanied by a reduction in spike frequency
accommodation during repetitive firing‘similar to apamin and
EGTA blockade of.accommodatibn recorded in ELLL pyramidal

"cells (RESULTS, Ivd,).

The potentlal for neuromodulation of IA or gK(ca) may be
an important feature of electrosensory processing In nature.
Modifying these. channel properties may extend the range of
responses of ELLL neurons as required during a- varlety of
behavioural situations and seasonal fluctuations in the 1life
of the fish. For example, during the night/ day cycle, as the

behaviour of gymnotid fish wvarles, so too, are the
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requlrements placed upon the electrosensory system. In
daylight hburs, - flsh ‘are generally stationary amnd gregarious;
theilr electrosensory acti&ity méy be primarily involved |in
soclal interactions (lie. the JAR). At night, they actively
engage ln solitary hunting excurslons (le. electrolocatlon of
objects) (Bastian '86a). While hunting for fooa, fish can
often be seen swimming rapidly back gnd forth alongside an
object. This moves the object in and out of the receptive
Elelgs oE'pyramldal cells, a manoeuvre hypothesized to Bharpen
eleétrosenéory acuity (Bastian '81b). The temporal
responsiveness of pyramidal cells during this process must
somehow be matched™ to the frequency of the amplitude
modulations if 'sees' as the object passes across its
receptive fleld. Stated another way, the faster the object
appears to move, the more phasic the pyramidal cells' response
must be. Clearly, under these clircumstances, the lonic
currents {and surround 1inhiblition) which medlate apike
frequency accommodation need to be maximall& activated In
order to provide the appropriate response.

In contrast, social behaviour requires far less temporal
and spatial acuity from the P-system of afferents. When in a
group, £f£ish are highly responsive to the 1low frequency
amplitude modulations resulting from the summatlon of 6ne or
more fishs' EOD slgnal (Matsubara and Hellligenberg '783. In
this setting, the requirements for pyramidal neurons may
include large {g;pptlve filelds, with little need for splke
adaptation. (ﬂ- |
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South American knife flish nérmally live In large tropical
rivers which expertence huge seasonal fluéfuatlons in water
reslativity. Since the electroreceptors in the fishs' skin
detect changes in electrical conddctivlty, thelr sensitivity
also varies with the seasons (K;udsen '74). It is probable that
pyramidal neurons must somehow adjust their owr excztabillty
to compenaate for the changling electrorecepglve lnput

Two recent reports by Bastlan (iBBGa,b) describe one
mechanism which could be wused for this purpose 1in ELLL
processing of electrosensory signalé. Descending filbers
orlginating In the nucleus praeeminentialls of ire midbrain
are a part of a feedback loop which acts as a gain control for
pyramidal cell _resﬁonslveness. Normally, descendlng input
activates polymorphic cells which, 1q\ turn, 1inhibit the
granule cell interneurons. This léssens the surround
inhibltory response of E cgltS‘to increased receptor flring.
In additlon, polymorphlc cells make axo-axonic, Iinhibitory
synapses with primary afferent axons (Halét et al. '81), and
hence, Increased polymorphlilc cell activity will parblélly
shunt out receptor input. Therefore, thls.descending influence
maintaina a low level of responsiveness ard a weak surround
inhibltion (eqg. 1less phasic). Wwhen Bastlan 1ntezrupted these
descending fiber tracts, pyramidal cell excltabll?ﬁx and
surround inhibition increased.

Descendlng Input could also impose long-lasting control

on pyramidal cell excitability by modulating one or more of

.-its lonlc conduct nces. For example, modifylng the gating
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properties of IA would slgnlflcantly change the early respénse
tor pyramidal cells, while modifying gK(ca) or gNaP would
alter the late response.

There is growling evidence that muscarlinic receptors are
coupled to gK(ca) channels, and possibly to M-channels,
through the breakdown of phOSphatldyiinositol‘and activ§&;on
of C kinase (so called PI effect) {Nlshlzuka '84). Thls view

is supported by the observations that muscarinic agonists

induce PI degradation (Labarca et al! '84), and phorbol
esters, which actlvate C kinase, mimic Ach block of
accommodation as well as the PI effect (Malenka et al. '86) .

These findings may help explain some of the more
puzzling results presented here _regarding the role of calclum-
dependent conductances in pyramidal cell rhythmic
osclllations. As Indlcated by the experiments depicted in fig
35 and 36, injection gf EGTA blocked splke frequency '
accommodatlon (fig 35), as expected with reduced qK(ca)'
actlvit;, yet had no effect on the post-burst repolarization'
phase of the slow potentials (flg 36). Thls suggests
that a different conductance besides gK(ca) s reasponsible
for SsPp repo}arlzation. 'One such possibllity 1s the wvoltage-
dependent ag;}vation of an M-current. This 1dea seemed
attractlive in 1light of the hlstochemlcah evidence for a
muscarinic 1input to the ELLL {Maler et al. L'Blb), Phan and
Maler '83.). However, although application of muscarinic
qnfagonists to ELLL slices had vartable, and sometimes dramatic

.
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effects on pyramidal cell rhythmiclity.(not 1llustrated), no
évidence of M-current was measured electrophysiologically. The
possibility still exlsts, however, that in vitro , tonlc
influence of Ach (or other undefined transmitters) inhlibit
both gK(ca) and gM. If Ach transduction 1is Via alclum-
dependent C kinase and the PI effect in ELLL pyramidal
cells, -(as occurs In hippocampus), EGTA removal of calcium may
J'unmagk the'M—current and Increase its contributlion to membrané'
hyperpolaglzation. This would explaln ;hy burst repolarization
Is 80 strong following BEGTA {njection. Unfortunately, the
inability to measure M-current, even in the bresence of
atropine, is difficult to reconcile with this hypothesis.
General lmplications for in vitro model systems

In vitro model systems such as - the ELLL slice
preparation are powerful research tools, making possible
1nvestigat£on of many regulatory mechanisms which are too
difficult to approach with conventional methods in Intact
animals. The ability to achieve stable electrode recordings
’for relatively long periods, while controlling the compositlon
of the bathing medium, has been instrumental in characterizing
the growlng inventory of lon channels and how they function
within the membrane to gegulate the ‘behaviour of a given cell.

In splte of the many advantages to the in vitro appreach
to electrophyslology, it is clear from the data presented 1in
this study that the interpretation of such work must be made
with great care. Many reports on the in vitro properties of

central neurons are taken as an accurate representation of
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thelr in vivo counterparts, 1in spite of not having a solld
basis for comparison. As with ELLL pyramidal cells,
1nte§ruptlon of the normal synaptic drive may be sufflclient to
radically alter such basic physliologic parameters as the
input-output relatlonships‘of a cell, or the functlional state
of the. ion channels that make up the composite membrane,
conductance. Technical advances in tissue maintenance will
continue to extend the life of neural preparations, and these '
concerns will become evén greater as long~term changes |in
membrane properties express themselves.

The data to emerge from this and future studies of FLLL
neurons are unligue in these respects. Unllke slmflar data
reported in more complex  model sysﬁems, the cellﬁlar
properties of ELLL neurons examined in _vit;o can be
interpreted within a growlng framework-of neugocircuitry and
behavioural physiology.’ In this way, .the physiolegical
‘consequences of tlssue preparation.,and maintenéncg can - be
recognlized, and even utillzéd, fO' formulate. and test

predictions about the methanisms that govern electrosensory

. Cj\- .

processing.
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Figure 1. A simplified schematlc diagram of the ELLL
circultry. 'Pr;mary afferent Iinput from tuberous and
ampullary receptors at the fish's body gurféce form the deep
fiber layer (DFL) on the ventral surface af the ELLL. The
pyramidal cell layer (PYR L) contains cell bodies of 3
dlfferent classes of neurons: basilar pyfamidals {BP), non-
basilar pyramidals (NBP) and polymorphic cells (POL). Basllar
pyramidals possess a 1long basllar dendrlite whlch extends
ventrally ‘1nto the deep neuropll (DNL) where it recelves
excitatory synaptic lnput (filled clrcles) from the primary
afferent terminals. Non-basilar pyramidals lack a basilar
dendrite and therefore do not recelve direct péimary afferent
. Input. Pyramidal cell axohs {not shown) leave the ELLL wvia the
plexiform layer (PL).

Three classes of interneurons make 1Inhlibitory synaptlc
contact (open clrcles) wlth basilar and non-basilar
pyramldals: neurons of the Qeﬁtral molecular layer (V),
grénule cells, which occupy the granule cell layer (GR), and
polymoxrphic cells. BPs, NBPS, polymorphlc éeils, neurons
of the ventral molecular layer, and a subset of granule cells
have 1large aplical dendiltes which extend dorsally 1into the
molecular laygrs. Here they recelve descending, excltator}
contact: parallel fibers (PF) from neurons in the nucleus.
praeemlnentlalls enter the ELLL wvia the tractus stratus
fibrosum (TSF} and ramify in the ventral molecular Ilayer
(VML). PFs orlginating in the lobus caudalls of the cerebellum

ramlify in the dorsal molecular layer (DML).\



FIGURE 1.

S1UaJ34 e

Joldaoaed

BL2-PRED

19sH0d

144

Nd

)

1d

— 4§l

WA

AH4



o

Figure 2. Blocking dlagram for ELLL slice preparation.

The orientation of a typical 600mm slice as cut from the
brain of A. leptorhynchus is shown from dorsal (left panel)
and éaudal {right panel) views. The slice is transverse to the
ELLL {(le 45" from the brain stem axis). The knlfe cut is
tilted 10° as indicated to preserve the apical dendrites of
pyramidal cells which bend rostrally as they course toward the
dorsal molecular layer of the ELLL. SP= cut end of spinal
cord; LC= lobus caudalis of the cerebellum; Cb= <corpus

cerebelll; TeO= optic tectum; FB= forebrain.
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~Figure 3. Slice chamber apparatus. _

The slice chamber consists of 2 plekialass baths: the
smaller upper well contains the tissue‘slice which rests on a
nylon mesh. Oxygenated ACSF enters the well from Dbelow and
flows over and around the tissue and 1s withdrawn by suction
to -a waste bottle. The depth of the ACSF in the well Iis
requlated by paper wicks that draw the fluid into the waste
outflow port. |

In the 'interface' technigue, the ACSF layer flowing over
the tissue is restricted to a capillary £film which acts as the

interfaceé between the tissue and a humidified, oxygen-xrich

atmo%phere created by bubbling 02 into the water-filled outer

chamber.
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“Figure 4. Transverse ELLL sllces photographed in place in.the
slice chramber apparatus.

These two consécutive slices were resting on a nylon mesh
stretched across the slice chamber well. Small pleces of
platinum wire were placed acrosé the tissue to énchor the
‘slices thle recording with the 'submerged slice technigue'.
The ELLL lies bgtween the brain stem (BS) ventrally and the
lobus caudalis (LC) dorsally. The alternating gray and white
bands of the ELLL are clearly visible through the dissecting

: e
microscope. P= pyramidal cell layer; df= deep fiber layer.






|
_F;gure 5. Light micfogzaph of ELLL slice following 8 Hr
recording period. .

The Siice was fixed and embedded, and sec&ioned to the
depth of tissue that was‘recorded electrophysiologicall;. All
ELLL laminae, including their major neuronal constituents are
intact and show mlnima; evidence of cytological damage.
Boxed~ In areas are shown at higher magnification in figures
6-8. For all light micrographs, sections were stained. with
toluidine blue. Large arrow indicates a polymorphic neuron
typlcally located at the ventral edge of the pyramidal cell
layer. Single small arrow in the molecular layer indicates a
stellate cell; small double arrows indicate a neuron of the
ventral molecular layer. Bar marker= 40wmm.

Dotted lines at right of figure indicate approximate boundaries of the var-
ious laminae: mol= moleculat ; pol= pyramidal layer; st.f.= stratum fib-
rosum; pi= plexiform layer: gr= granule cell layer; n= neuropil; d.f.= deep

i

fiber layer. Directional markers are drawn relative to the longitudinal

axis of the ELLL.
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Flgure 6. Light mlicrographs of ‘the deep fiber and neuropil
laminae. - ’

a. The deep fiber layer contains primary affereng axons. and
very rare multipolar cells &potﬁshgwn in thié photﬁgraph). In
healthy s8llces, the majd;ity\éf primary afferents appeared
' uﬁdamaged, although some tissue swelling was evident in the
extacellular compartment, esLecially‘near the plal surface of
the ELLL. ,;‘ | =5

b. The deep neuxopil (DN)_lies§E;tween the deep fiber and
granule cell {Gr) laminge. A large spherical cell (Sph) 1lles
in theﬁ%europll and is surroundad by a characteristic ‘'halo’
of gllal processes. Within the neurdpll, numerous primary
" afferent ter;;nals make synaptlc contact with dendrites of
basllar pyramidal, granule and polymorphic cells, as well as
spherical «cell bodles (see electron mlicrograph In Fig.12).
Closely packed g:@nule cells form a dense cellular band dorsal

to the neuropil. |

Bar marker= B8am. \
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Figure 7. Light micrographs c¢f the pyramidal cell layer.

a. A myelinated axon (probably a graﬁule cell axon) appears to
make an en passant terminal (arrow) before contacting the soma
of a pyramldal cell (pyr}). Axons from the pyramidél neurons
-collect into an efferent kiber traét,'the plexiform layer (PL)
which forms the ventral border of the pyramldal cell layer.
Marker= 8um.

b.. A large pyramidal cell (pyrj, possibiy an NBP is wvisible-
with 1its large aplcal dendrite by-passing a blood wvessel to
extend dorsally through the stratum fibrdsum (8T) into the
molecular layer. Glial cells (arrows) often crowd the
pyramldal‘cell somata. A polymorphicgﬁeuron occuplies a typical
location , at the ventral aspect of the pyramidal cell 1layer.

Note the more -densely-staining cytoplasm of the polymorphic

- -

neuron.

Bar markexr= 8um.



s
. - “ g
T T 2 O T M LY LT T A P~ T e T S - Ly e reomy A e — . y -
T T T T T T T T i e T e e T T L T S O T TSI B e~ R v,
- i ) ST

\
= ST




Figure 8. Left: A non-basilar pyramidal cell (NBP) with its
large aplical dendrite (afrow) appears completely normal in its
cytological presefvationa Gr=granule cell. Right: A basilarx
pyramidal cell (BP}) is visible with the proximal portlon of
its basilar dendrite (open arrow). The darkened profile of a
dead neuron is jindicated at the.top by a £llled ;rrow. Note
that the BP is also somewhat pycnotic, and waé probaﬁly
damaged pé:tially by the slice-procedure. A

Bar markers= 8Spum.
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Flgure 9. Lighﬁ micrograph qf ELLL im vitro showling moderate
tissue damage. 1In comparlison witﬁ the condition of the slice
photographed in Fig.5, this " slice contains several
degenerating cells associated with 1osle§q£{ssue viability.
In the pyramidal cell layer (P) viable pyramidal cells ({(open
arrow) are intermingled with darkened pyramidal cells in the
early stages of cell death (clesed arrow). Numerous  examples
of highly vacuolated axon 'ghosté' are visible in the stratum
fibrosum {(ST), granule cell (Gr) and plexiform rlayers. This
slice had been maintalned for approximately 7 Hr‘ prior' to
fixation and was exhibiéing pﬁyslolégical characteristics of a

'tired slice'. -

—

DF= deep fiber layer
MOL= molecular layer
V= neuron of the ventral molecilar layer

Bar marker= 40wmm.
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Figure 10. EM micrographs of deep fiber and neuropil layers.
a. Several ékon terminals are making chemical synapses with
dendrltes fr;m gfanule cells (gr), basilar pyramidal cells
(pyr) and polymorphic cells (npt present in this photograph) in
the déep neuropil. -

b. Primary afferent axons in the deep fiber layer show some
disruption of myelin lameliée and swelling in the
extracellular space. The axoplasmn, mitochondria and

neurofilaments of the majority of the fibers were preserved.

Bar Markers: a= 0.5mm

b= 0.7mm
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Figure- 11. -EM micrograph of granule cells. Examples of 5
granule cells‘arg shown. Granule cells are closely packed,
with dense cytoplasm. Their somata receive occasional chemical
and electrotonlc synapses wlth ' primary afferent and
polymorphlc‘ axon terminals (not wvisible in this photograph).
The majorlty of these conﬁacts were Jlntact In the sllice
preparation although degenerating terminals were sbmetimes

apparent {arrow-tn B).

Bar markers: A= 1.1um.
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Figure 12. EM ﬁlcrograph of a basil pyramldal'dendrite (PYR)

tn the deep neuropll with s ses frém 2 primary afferent

axon terminals. The terminal boutons have rounded synaptic
veslicles clustered around asymmetric‘ chemical synapses
{arrows), typical of primary afferent-pyramidal cell
juncticns, Pyramidai cell dendrites are differentiated from
gfanule cell dendrites by their relatively large size and
electron luscent dendroplasm.

Bar marker= 0.5uwm.
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Figure 13. EM micrographs of a ramidal cel

initlal segment (a). Axon terminals m granule aﬁd

polymorphic cell interneurons form numerous symmetrlc}!hemlcal

synapses éarrows) with prramidal cell somata. The

concentration of these inhibltory synapsés is especlally high

around the pyramidal cell axon's initlal segment, which s
a .

identified in part by neurofilament bundles (*).

Bar: markers= lam.

./
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Figure 14. BM micrographs of the stratum fibrosum and
molecular layeré. ) -

Top. An apical dendrite, probablf from a pyramidal neuron, can
be seeg making numerous asymmetric chemwmical synapses wlth
parallel fibers ;n the mdlechlar layexr. The synaéses usually
occur on 'denQritic splines (arrowsa}, and are very well
preserved after several Hr in vitro. Bottom. The flbers of
the stratum.fibrosum are nearly all cut transversely 1in the
slice orientation us®d-.in this study. Consequently, many axons
{particularly the larger ones) dle during the course of the

experiment.

Bar markexs: Top= 0.5umm.

Bottom= 0.91um
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Fiqure 15. Lucifer Yellow-injected noﬁibasilar pyramidal céll.
Intracellular recordings were made with pipettes filled with
LY to charactérize their spontaneous énd stimulus-evoked spike
activity. After identifying the cé%}s phySiolo%ically, they
were Injected with LY by passing. hyperpolarizing current
pulses (1 Hz, -2ndA) for up to 1 Hr prior to fixation and
visuallzatlon- of the Iinjected cell with florescence
inlcroscopy. This, cell was 1idenktified as a non-basilar
pyramiaal cell by 1tslmorph010gy and position in the ELLL. A
large apical dendrite extends dorsally into the ventral and
dorsal molecular layers where it bifurcatés and divides into
an extensive apical dendritic tree. Numerous somatlic dendrites
are visible extending a short distance into the surrounding
pyramidal cell layeg. Conspicuously absent 1is a baslilar
rdendrite, present only in basilar pyramidal cells.

Bar marker= 70mm.
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Fféure 16. Luclfer Yellow-injected basilar pyramidal neuron.
‘Similar to the cell in Fig. 15, this neuron was injected yi;h
LY and processed for florescence microscopy. It is identified
as & basllar pyramidal cell due to the presence of its 1long,
basilar éendrite, which extends ventrally 1into the deep
neuropll layer where' it receives direct primary afferent
input. The baslilar dendrite is smooth and unbranched as it
descends through the plexiform and granule cell layers, ~ then
divides into an extensive basilar bush within the neuropil.
Note that the BP has fewer somatic dendrites than the NBP, but
possesseslthe long aplcal dendrite. . ——

Bar marker= 100mm.
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Figure 17. Excitatory postsynaptic potentlials. gélhulafion of
granule cells in the Jobus caudalis actlvates descending input.
from parallel fibers which, In turn, contact pyramidal cell
aplcal dendrites. Fo{;ovlng a 3-6 msec delay, suprathreshold
stimulation evoked all-or-nothlng spikes or{bursts of splkes.

£

Hyperpolarizing the cell with steady-state current 1lnjectlon
prevented the cell from reachlné threshold _ for splke
Initlation, reveallng an EPSP.

Flgure 18. Spontaneous, hyperpolarlizing IPSPS were
occaslonally encountered. In thls trecording, a depolarlzin@

slow potential wlth a burst of splkes is visible at the start

of the trace, followed by rhythmic, hyperpolarizlng IPSPs.
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Figure 19. Calculatlon of membrane tlme constant, Tm.

A. A 60 msec, hypecrpolarizlng current puléé (current monltor,
lower trace) was applled and the resultling voltage deflectlan
was photoqgraphed. The chatqgling of the membrane with respect to
time was calculated as the E:actlon-of maxlmum voltage change
(expressed as 1-V/Vmax) and plotted aqainst time on semllag

paper (B). Inter polating l/e ylelds a Tm of 9.6 moec for thils

neurcon.




Flgure 20. Extracellular recording of spontaneous, rhythmic
activity 1in pyramidal cells. Two forms of rhythmic bursting

are shown: in a) small bursts of splkes, typicaily =20

second, le3s frequent form of 'glant' bursting is sho in b):

large bursts of several‘hundred-spikes/bu;st occurred at v b'e

regular intervals (eq. 20 sec burst cyclé). 5 ,

Flgure 21. Spontaneous, intracelluiarly récorded actionn

potentlal. The splke is preceded by a 3-5 mv hump. and shows a
fast rising phase, fepolarizing phase and after-
hyperpolafizatlpn " typical most neurons. Arrow marks the

inflection point at threshold voltage for spi}e initiation.
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o .Flgure 22, -Spontaneous slow and fast pre-potentials.
a.!l-i11l. Oscilloscope traces at slow speed frpm 3 cells with .
large SPs at.resting membrane potentlal. The rhythm typically
consisted of a slow rising phase followed by a steeper
repolérizatién. Fast pre—pbteﬁtials {arrows) freéuently were
superimposed on the depolarized portion of the SPs. b). ' Two
weakly rhythmic cells; depoiarlzing Vm between resting and
rheobase levels increases the frequency and amplitude of SPs.
c). A non—rhythmié cell transfotmed into a rhythmic cell when
Vvm was depolarized to rheobase. d). A strongly rhythmif cell
becomes nearly quiescent when hyperpolarized by negafive D.C.l
injection. e). FPPs recorded spontaneously from the cell in

all at different points along the 3F. As Vm depolarizes, the

FPPs increase in frequency and amplitude.

-~

éar markers= fal,atii) 1 sec, 5 mv
(ail) 0.5 sec, 5 mv
bl 0.5 sec, 10 mv
(bil) 0.5 sec, 5 mv ,
(c) ) 0.5 sec, 5 mv
(d) 0.5 sec, 3 mv

(e} 5 msec, 2 mv
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Flgurq'23.‘8p1ke frequency/ current stimulus curves. The Spiké

-

£reg3¢qu, calculated from the first interspike interval was
plotted agaiﬁst the magnltude of 80 $;ec, depolarizing current
pulses. Since the measurements were made while the cells were
current-clamped at various Vms, the absissa was calculated as-
total curreﬁt by adding the stimulus pulse to the steady-state
R current values.

Tﬁe left panel shows an exemplagy neuron's response: at low
stimulus intenslties, splke frequgncy increases gradually. The
slope of the F/i curvé is maximal at Iintermedeate . stimulus
intensity, and reaches a plateau at higher levels.

The right 'banel shows F/I curves for 3 other neurons to

{llustrate the range in electroresponsiveness.

NN
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Figure 24. F/I curves from a neuron calculaked from the 1st,

2nd, and 3rd Intersplke Intervals. The sigmoldal shape

of

splke frequency Increases ls obvious In all 3 curves. The l1lrst

fnterval, representlng 'linstantaneous' frequency values
conslstently 1lower than both 2nd (intermediate) or

{steady-state) intersplke lnterval values.
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Figure 25. Repetitive firing characteristics of pyramidal
cells in vivo and in vitro. _

TdP ROW: Cells recorded in vivo (compllmenté of J. Bastlian).
While a flsh was presented with a simulated EOD modulatlion
{lower trace), pyramidal cell response was measured
extracellularly f{(upper trace). Left panel: at the onset of
increased electrical stlmulation, the cell responds with an
abrupt burst of splkes (BOO'Hz maximum, arrow) which rapldly
adapts. Right panel: expanded view of inltial burst response.
Marker= 20msec {(left panel); Smsec (right panel).

SECOND ROW: Pyramidal cells recorded in vitro stimulated
directly by intracellular current injectlon. The ranqe/ of
stimulus responses are shown from 4 different cells. The cells

responded to the stimulatlon with a slowly developlng traliln of

spike potentlals (250 Hz maximum) which dl=splayed no evidence
of splke frequency accommodation. The 4 r:&g

Onses lllustrate
the range in magnitude of the 'lag' in spilke frequency.
Markers= 50 msec, 20mv.

THIRD ROW: Another non-accommodating cell which responded with

& lag in splike firing followed by repetitive bursts of splkes.

BOTTOM ROW: Accommodating cells' response. Approximately 1/3

of all rells tested responded with varying degreés of spilke

frequency accommodation. Marker= 50msec, 20mv.
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Flgure 27. TTX bleock of Slow Potentlals.

. The sErip chart record shows at slow speed a strengly rhythmlc
cell wfth regular, 0.4 Hz SPS. TTX (0,2uM) added to the bath
abollshed the veoltage osclllatlons, demonstrating a Na-
dependent component of the rhythm. During the early stages of
the TTX block, the slope of the depolarlzing ramp of the 8P

gradually diminished untlll the SP was eliminated.
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Flgure 28. Sodium-sensitivlity of spontaneous slow potentials,
Spontaneously rhythmic neurons were treated with 1.4mM
lidocaine (a) or sodlum-free ACSF (b) to test the effect of

blocking Na Influx on the propagation of membrane

oscillatlons. Both treatments reduced the dmpllitude of SPs,

finally abolishlng all rhythmlic activity.
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Figure 29. TTX sensltivity of gNa(P).

When pyramidal cells were glven brief, depgigfigigg
current pulses, they responded with a subthreshold
depolarizing zramp in Vm. As the ramp traversed the voltage
threshold for splke initiatlon, a slingle splke or burst of
splkes resulted (a).- The depolarizing ramp was abolished by
TTX-treatment (b), providing additlional evidence Edr the

presence of a perslistent, subthreshold sodium conductance.
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Flgure 30. Rectlflcétlon patterns in 4 different pyramidal
cells;\Each cell was stim?ifﬁgﬁ/ﬁTEh\QSiii;amplltude, posttive
and ﬁegative current pulses as lndicated 1 the lower current
monitor traces in a). The resulting voltage deflectlons
indicate non-linear I/V relationships. The cells in a) and b)
display an appacent anomalous rectlficatton; thelr
depolarizing response 15 larger than the hype{polarlzlng

response. The «cells in ¢) and d) show rectification in the

negative dlirection.
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Figure 31. Effect of blockling calclum 1nfiux on spontangous,
extracellular burst-firling. |

Top trace: A.cell firing spontaneous, bursts of spiﬁgs
was recorded on a rate meter before and after removal of
calclium ;:;;\Ehn ACSF solution. At T=18 min, the cell passed
through a brief perlod of Increased excitabllity as the Ca was
washed from the tissue, followed by'a graduagu decreasg&.in
burst firing. Return of normal ACSF at T=23 min restored gﬁé

»Spontanecus bursting activity.

Bottom® trace: A different cell was treated wlth 100Mm
verapamll to block Ca-channels. The drug treatment caused a

reversible loss of spontaneous burst flring.




—

L il ﬁ’

mn?' ‘f 12 23

T

120 CSF wash

\“\4

Figure 32. Effect of manganese block of calclum 1nflux on
Spontaneous slow potentlals.

A stip chart recording of a strongly rhythmlc cell before
and after addition of 2mM Mn=*/ OmM Ca=* to the bath solution.
During the block of cCa-channels, the Interburst tnterval
gradually decreased (eg at 12' and 23') untll the‘rhythm had
degraded into very rapld, .small amplitude oscillatlons In
membrane potential (eg 120'). washout wlth normal ACSF

wt

completely restored the pre-manganese rhythm..

-
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quurer33. Caz2+-splkes. Slices were-perfused with 0.2 UM TTX
to block Na-channels, "mm.:k\@ and 10-15mM TEA to
blockﬁremainlng K-channels. In the TOP ROW, two types of Ca-
splkes are illustrated when these cells were stimulated with

‘

current pulses of varylng amplitude. (a): low threshold cCa--

splkes. Several splkes are superlmposed to show thelr
characteristic, broad shape. Stimulus current= 0.7nA,
marker=10msec, 20mv. (b}: high threshold Ca-splkes

superimposed -illustrate an early spilke followed by a broad,
slow ramp occasionélly outlasting the duration of the stimulus
current. Stimulus amplltude= 6nA, marker= S5Smsec, 10mv. {(c}: 1In
a different experiment (starting at the 1left) TTX, 4-AP
<
treated cell shows low and hlgh threshold Ca—éplkes (Stim.
amplitude= 1.6nA). (d) is at slower sweep speed to show the
late Ca-splke outlasting the stimulus. (e): 'TEA (1l0mM) was
added to the bath, which unmasked more of the Ca-current,
especially the late components., (f£f): Ba2+ was substitutea for
calclium, feﬂultiné in the appearence of sﬁontaneous Ca-
potentials resembling the late, astimulus-evoked ca-splkes.

Markers= 20msec, 10mv (lrst panel); 10msec, 1O0mv (2nd);

50msec, 1O0mv (3rd); 500 msec, 20mv (4th panel);

-



FIGURE 33.
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Sigdre 3?.’ Effect of EGTA dd accommoddtionﬁ -Splke freddency
accommodatlon was recorded ;n'cells before {left column) and
after (right éolumn) intracellular injectlion of K~ rE,‘GTA. The .
mlcroplpette was filled with 0.2M EGTAtaﬁg K acetate and
injected into the soma by delivering 1 Hz, =2nA current pulses
for 'hp to 1 Hr. Two experlments are depicted In the top and
bdttomdﬁows, ;espectlvelxi: n both cases’ accommodatlon, which
was é@ldent in the pre—injection photographs {a and c) was

abollqhed within 10 min of EGTA lnjection (b and 4). in each-

'experlment Vm was manually clamped to a constant value and the

stlmulation,amplltqde was kept constant. While EGTA elimlnated

accommodation, 1t had no effect on %the 'lag' in spike
R S : ‘ ' )
irequency. = ' _ . /
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Figure 35., Effect of EGTA on spontaneous rhyéhmic_ activity.
The strip chart record shows a bursting cell at various tlmes
during the Injection of EGTA to chelate frge Intracellular
.calcium. At T=5 mln EGTA lnjectlion, rapld bursts (75 Hz) of 13-
10 splkes/burst began to increase in duratian and -interburst
Interval. The pattern developed untll'by T=45 min the rhythm
conéisted_ of large bursts lasting 1-2 sec with wvery long
lnterbégsﬁ intervals. Note that at T=45 mln the bursts

terminated abruptly and were,followed by a prominent, slow-

AHY .
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Figure 36.  Rffect of apamin on spike frequency accommodation
‘and AHP ﬁmplitude.

A - cell which displays accommodation (a) wés superfused
with 400nM apamin. ..10 min.after bath application of the drug,
accommoéation was eliminated (b). Washout of the drug with
normal ACSF partlaily restored the accommodating response (c).

Apamin also affected the duration of the AHP. In d), an
untreated c¢ell has a typical 8-10 mv AHP followlng an anode-
Dreak §vokad spike potential. 2Application of 400nM apamin

fﬂreduced the AHP melitude to'approiimate1y~50% of the pre-drug

3
)jvalue (e).
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Figure 37. Bffect of Cs+ injection and 4-AP treatment on
electroresponsiveness. d@. Stimulus~response following +0.4nA

Lo

stimulus pulse, after 30 min 1njec§10n of Cs+ (i ﬂz, +b.éﬁA
depolafﬁzing \lese;) AHé amplitude is reduced from pre-
injection 1levels of 8 mv to approximately 1-2 mv. The
remaining AHP corresponds to an early component of splke
repolarization not blocked by Cs+-injection. b). After 40°
Cs+, splke duratlon Increased and a depolarizing after-
potential (DAP) appeared in the interspike interval. c). DAP
was abolishﬁd by ;Edition.of 0.2nM4 TTX. d}. Normal stimulus
response.,‘e). Response following 4-AP treatment; early AHP is

blocked, 1leaving a sloﬁ, iaﬁer component of AHP intact. Note

increase in splike duration. .

<
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Fléure 38. Eéféct of IA-1ike current on stimulus—géépoﬁse 'laqg’'.
| A. The cell was stimulated with depolarizing current pulses
(400msec duration) at depolarized Vm to inactivate IA, and
hyperpolarized Vm to remove IA inactivation. Inlloéer panel, Vm
was‘ hyperpolarized by steady-state current of ~0.2nA; a
prominent lag in spiké Eiring‘ls evident. In top panel Vm Iis
depolarized by +0.3naA ‘D.C, iﬁjection; the stimulus pulse
{adjusted to give the same total current injected) evoked-a much
smaller lag. B. .Anothér_ cell Stimulated as in A; during
~~—"hyperpolarization (lower panel, —O.BnA D.C.), at rest (middle
p'%el), and depolarization (top panel, +0.4nA D.C.}.

C. Lower panel: duringl -0.3nA D.C. hyperpolarlization, = the
stimulus evokes a spike tréin with a moderate lag. Middle panel:

at the same Vm and stimulus pulse,l 58 min after the addition of

15& 4-AP; lag/fg greatly reduced and spike frequency increased.

% Top panel: 80 min after 4-AP addition; lag is eliminated.
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Flgure 39. éyranldal cells were tested for ;hé presence of an
M-current., Atropine (1lmM) was added to the bath to block the
actlon of endogenous Ach and the cell was depolarlzed wlth
steady current itnjection to activate M-channels, ifl present.
The gEell was given'brlef hyperpolarlélng pulses (current
monltor, upper trace) that would 1Inactlvate M-current. RNo
indlcatlon of M-current relaxatlion was evlident lﬁ the form of
elther a ’ség' in the hyperpolarizing vdléage deflectlon, or a

'hump' followlng the termlnation of the current pulse.
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Flgure 40. 4-AP induced membrane oscillations are illustrated

at fast and slow sweep _speed of the oscllloscope.
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Filgure 41. Voltage and calcium dependency of 4-AP induced
waves.

The strip chart recordings in a}) and ‘b} 1llustrate the
valtage—sensltlvlty of the waves. Two forms of osclllatlon are
vislble: slow waves (0.2 Hz} with higher frequency waves (2
Hz) superlmposed on them. Hyperpolarization of the Vm
increased the ﬁagnitude of both slow and fast wave forms. In
trace c) a different 4-AP treated cell was superfused with 2mM
manganese to blqck calelum influx. Both slow and fast wave

forms were abolished by the block ln Ca-channels



Flgure 42. TTX block of 4-AP Induced burstling.

Bath appllcation of 1ImM 4-AP induced £he formation of
‘large membrane oscillatlons and burst firing (top trace). This
form of rhythmlclty was blocked by addition of 0.2UmM TTX; 16
min atter drug appllication, the interburst Interval I1s
conslderably lerigthened (mliddle trace), and the rhythm Is

elimlnated at T=22 mln (bottom trace).
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