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Fig. 4. Schematic summary of correlations between intrinsic physiology and anatomy of rodent neocofticaJ neurons. RS
neurons (open symbols) are spiny cells, either pyramidal or stellate, distributed through layers II through VI. FS neurons
(filled symbols) are aspiny or sparsely spiny non-pyramidal cells, with presumed CABAergic inhibitory function, also
distributed through layers II through VI. IB neurons (shaded symbols) are restricted to layers IV and V, and are aiso spiny
cells of pyramidal or stellate morphology. Neurons of layer I have not been studied physiologically. Braces on the right
summarize the laminar distributions of the three neuron types, and illustrate a typical firing pattern of each. WM, white
matter.

shown that ceMs generating monosynaptic. GABA-
mediated IPSPs onto foiower neurons have signifi-
cantiy faster spikes than those ceils generating
monosynaptic EPSPs12 (Fig. 2). It is stifl quite
possible that there exist types of neococtkai
GABAeqpc neurons that are not FS cells, as sug-
gested for the hippocampus21. However, the data
strongjy suggest that every FS neuron encountered in
the neocortex is a GABAergic inhibitory ceil.

The data are too scant to ascertain whether
classification into three types of neurons on the basis
of intrinsic physiological properties is generally
applicable to all cortical areas and all species. Anal-
ogous neuronal classes have been described for the
dorsal cerebral cortex of turtles, where pyramidal-
shaped ceils generate RS-like or IB-like activity and
non-pyramidal interneurons generate FS-like ac-
tivity22. Thus it is likely that this separation arose
early in forebrain evolution, and may now be wide-
spread. All three classes have been repeatedly
observed in rodent neocortex (i.e. mice, rats and
guinea-pigs), as described above. Mountcastle's orig-
inal description of FS and RS neurons applied to
monkey neocortex, and human neocortex aiso has
both FS and RS cells (Ref. 23: McCormick, D. A.,
unpublished observations). The prevalence of IB cells
across species is less well described. They have not
been observed in extensive investigations of layer V
neurons in cat sensorimotor cortex in vitro1*:
however, these studies targeted only the largest
(presumed Betz) cells by using microelectrodes with
large tip diameters. An earlier study of cat pyramidal
tract cells in vivo described some features of the
rhythmic IB cells seen in rodents (see Fig. 6C in Ref.
6). There are at least two preliminary reports of IB

neurons in human neococtex23*24. Figure 4 schemat-
ically depicts the general distribution of neuron
classes in neococtex, based largely upon studies in
rodents.

There are several morphological classes of neocor-
tical neurons whose intrinsic*physio*ogical properties
have not yet been examined2. These indude the small
population of non-GABAergic, non-pyramidal neurons
(notably peptidergic bipolar cells) and the assorted
enigmatic neurons of layer I, many of which are
GABAergic. Also, neurons of layer VI have been only
sparsely studied. Finally, it would be of great interest
to know whether the diversity of anatomy and
biochemistry among GABAergic neurons2 is paral-
leled by a diversity of intrinsic firing patterns21.

Significance of diverse intrinsic firing patterns
in neocortex

The intrinsic physiological properties of a neuron's
membrane piay a central role in determining (1) how it
transforms the information it receives into an output
pattern. (2) how these transformations are modulated
by humoral or environmental factors, and (3) whether
(and with what pattern) the neuron generates spon-
taneous activity. Since these properties can vary
widely from neuron to neuron, knowledge of the
quirks of each cell type is an essential step in
unraveling the functions of a neural circuit25. In the
neocortex. it is evident that RS ceils wifl attenuate
prolonged excitatory stimuli white favoring the trans-
mission of phasic ones; by contrast. FS cells offer a
wide-band responsiveness and, if necessary, sus-
tained high-frequency output. The complexities of IB
cell behavior suggest more varied possibilities. Near
threshold for firing they have very high gams,
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a. Control (I totai)

nA
60

b. TTX: ^Current (I K )

C. TEA: Na+Current

Figure 7. £, Separation of ionic outturn by use of nerve poisons, a, Response in
nonnal seawater; different ampfondes of vokage steps are indicated on the right (in
mV). b, Response due to IK when IN. is Mocked by tetrodotoxin (TTX). c, Response
due to IN* when IK is blocked by tetraethybmmonium (TEA). ('From Hille, 1977).

mg into the cell) followed by an outward movement of positive current (see
Figure 9; solid line).

At this point, we need to define a bit of izrmmology chat will be usefeal.
in simple cornas, ionic current through exckable Bnenwbranes is conoroHed
by two bctjocs: (1) an ion-selective pore through which only certain ions
can flow, and (2) a gate or gates chat open($) and dosc(s) the pore to aHow
ionic flux. The turning on of a current is known as the actwatkm of the
current and the opposite of acwvackm is known as deactivation. These proc-
esses occur when an actwatkm gate opens or closes. If a current turns on
and then off despite a constant change in membrane potential, it is said to
inactivate. The reverse of inactivation is deinactivation. Inactivation and
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BISTABILITY OF i-MOTONEU RONES IN THE DECEREBRATE CAT AND

IN THE ACUTE SPINAL CAT AFTER INTRAVENOUS

5-HYDROXYTRYPTOPHAN

BY J0RN UOUNSGAAHD. HANS HULTBOLiN*. BO JESPICltSEN
ANI> OLE K1EI1N

From the Department of NeHrophyxioiogy, The Panum Imdtittr,. University of
Copenhagen, Bieqdamsve.j 3C, DK-22$il Copenhagen N, Denmark

J. HOUNSOAARD AND OTHERS
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£ig. 5. Response ofan-a-inotop.:Mirone to a triangular current pulse injection. A illustrates
an mtracellular recording (10) from a lateral gastrocnemius-soleus motoneurone (same
cell as in Fig. t) in upj>er trace and injected current in lower trace. The intraceHular signal
was passed through a 5 IIz filter for reproduction and the steady hias current was —6 nA.
B. the instantaneous frequency /(impulses/s) measured in the cell in A is plotted against
current / (the direction of unows indicate the ascending (# ) and descending (O) phase
of the triangular waveform). The frequency-current relation shows a counter-clockwise
hysteresis.





CX

\J



4,,-tfiW -"rJiJT"*



IT



T
-t

HH



0.4 r

v ( t )

- 0 . 6

20



6

V - -=> f

0.4

v ( t )

v

-0.6

0 160



Co i O

• * -

I OJL

U)

0 . 4 r osc

-0.6

- 0 . 1 0.4

O/\

0.2

cu

0.0

0.0

\«J :JQOJ

0.3



» . <• S 3

3.

4 .

H TAM - o

e-]ero o i l /Ti

S

4-

3 s;

k
IZT



&

5"
— HofT

0.4

v(t)

-0.6
0 100

0.2 r

-0.4
0.0

osc

0.15



[ZS'C

-10

•B

1.

-50-

1 M )

7
(ma)

30 '



/K-C m^XfX ii

*J Xy
J —

^1 W*^%#i^ m+*MJL«. H»C|

A

Rush ME, Rinzel J: The potassium A-current,. low firing rates, and
rebound excitation in Hodgkin-Huxley models. Bull Math Biol;
57:899-929, 1995.



*7?

tao -80
V(mV)

-30-1

V(mV) .50-

-70

Xsr

Jj

\

-20 0 20

9A»°

50 100

"T L
8 12 6 50 100

"T l

8 12 6 50 100

gA=60

8 12 0 50 100
(ms)



500

f(Hz)
300

200

100

-10 0 tO 20 3© 40 50 60

-30.0 -i

-50.0 A

sO

-70.0

-30.0n

-50.0-

-70.0

sro

-10.0 25.0

'app

60.0 -10.0

~Sc -



I

L -VSV



of rh
If //A HI l

BISTABCLITY OF x-MOTONEURONES IN THE DECEREBRATE CAT AND

IN THE ACUTE SPfNAL CAT AFTER INTRAVENOUS

5-HYDROXYTRYPTOPHAN

BY JOHN HOUNSGAAKD. HANS HULTBOKN*. BO .JESPICUHtiN
ANi* OLE KIEIIN

From (he D+fartment of Neurophy&ioloqy, The Pamtm Institute.. University of
en, BiegdatNjvej 3C, DK-220(9 Copenhagen N, Denmark

J. HOUNSGAARD AND OTHERS
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£4g. 5. Response of ao-oc-motoneurone to a triangular current pulse injection. .4 illustrates
an intraceilular recording (IC) from a latoral gastrocnefnius-soleus motoneurono (same
cell as in Fig. 1) in up[>er trace and injected current in lower trace. The iutracellular signal
was passed through a 5 llz filter for reproduction and the steady bias current was — G nA.
B. the instantaneous frequency/(iinpuls<*«/s) measured ir» the cell in A is plotted against
current / (the direction of arrows indicate the ascending (#) and descending (O) phase
of the triangular waveform). The frequency-current relation shows a counter-clockwise
hvsteresis.
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50

• last 500 ms

• first 200 ms
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RG. I. Repetitive firing behavior of human ncocorticai neurons. A: repetitive firing was evoked by different stimulus
intensities(0.2,0.6, and I.I nA) at resting potential (RP « -61 mV). An increase in injected current resulted in a faster rate
offiring. Spike amplitudes were attenuated by digitization. B: plot oftheivcragc firing frequency vs. injectedcurrent(f-/)at
steady state (last 500 ms) and during the I st 200 ms of a 1 -s repetitive firing episode. C: plot of instantaneous firing frequency
(1/interspike interval (1SI)] vs. time during the I s offiring (f-t) with different intensity stimuli (0.3 nA, l9sptkcs;0.7nA.45
spikes; I.I nA, 66 spikes) at RP. Note the decrease in firing frequency with time (spike frequency adaptation). /(-Care taken
from the same cell.
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Relationship Between Repetitive Firing and Afterhyperpolarizations
in Human Neocortical Neurons

N. M. LORENZON AND R. C FOEHRING
Department of Anatomy and Neurobiology, The University of Tennessee, Memphis, Tennessee 38103-4901
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Calcium Coding and Adaptive Temporal Computation in Cortical
Pyramidal Neurons

XIAO-JING WANG
Center for Complex Systems and Department of Physics, Brandeis University, Waltham, Massachusetts 02254

Wang, Xiao-Jing. Calcium coding and adaptive temporal com-
putation in cortical pyramidal neurons. J. NeurophysioL 79:
1549-1566, 1998. In this work, we present a quantitative theory
of temporal spike-frequency adaptation in cortical pyramidal
cells. Our model pyramidal neuron has two-compartments (a
4*soma'J and a "dendnte") with a voltage-gated Caz"" conduc-
tance (gc*) and a Ca2* -dependent K * conductance (#AHP) located
at the dendrite or at both compartments. Its frequency-current
relations are comparable with data from cortical pyramidal cells,
and the properties of spike-evoked intracellular (Ca2* ] transients
are matched with recent dendritic [Ca2*] imaging measurements.
Spike-frequency adaptation in response to a current pulse is char-
acterized by an adaptation time constant r ^ and percentage
adaptation of spikctrequency F^ [% (peak - steady state)/
peak 1. We show how r ^ and F^ can be derived in terms of
the biophysical parameters of the neural membrane and [Ca2""]
dynamics. TWO Simply, firpftrim^ntnUy f*«rah»«» n»1nrinn<: h<»-
tween r^.H and F^ are prcdigicjUThe dependence of r^p and
Fxuo on current pulse intensity, electrotonic coupling between
the two compartments, gAHF as wclfthc [Ca^] decay time con-
stant Tr.. is assessed Quantitatively. In addition, we demonstrate
that the intracellular [Ca2*] signal can encode the instantaneous
neuronal firing rate and that the conductance-based model can
be reduced to a simple calcium-model of neuronal activity that
faithfully predicts the neuronal firing output even when the input
varies relatively rapidly in time (tens to hundreds of millisec-
onds). Extensive simulations have been carried out for the model
neuron with random excitatory synaptic inputs mimicked by a
Poisson process. Our findings include lul the instantaneous firing
frequency (averaged over trials) shows strong adaptation similar
to the case with current pulses; ^ when the gAHr is blockecLihe
dendritic gc* could produce a hysteresis phenomenon where the
neuron is driven to switch randomly between a quiescent state
and a repetitive firing state. The firing pattern is very irregular
vyjttLjJaige coefficient of variation of the intcrspike intervals
(jSI C V > n . TheJSI distribution shows a lon? tail but is not
blmpdal. 3) By contrast, in an intrinsically bursting regime (with
different parameter values), the model neuron displays a random
temporal mixture of single action potentials and brief bursts of
spikes, its 1S1 distribution is often bimodal and its power spec-
trum has a peak.^Thc spike-adapting current /A HP, as delayed
iqhibjtJQn through intracellular Ca2* accumulation, generatesa
"forward masking" effect, where a masking input dramatically"
reduces or completely suppresses the neuronal response to a
subsequent test input. Wticnjwo inputs are presented repetitively
in time, this mechanismgreatly enhances the ratio of the re-
sponse?to"the stronger aM weaker lnflutsTTuIfilhng a celluFaf
form otTateral inhibition in time. Jj.The [Ca2*]-dependent /AHp
provides a mechanism by which" the neuron unceasingly adapts
to the stochastic synaptic inputs, even in the stationary state
following the input onset. This creates strong n^gativa ^TCla-
tions between output ISIs in a frequency-dependent manner,

while the Pqi^on input is totally uncorrclnred in rimp Possible
functional implications of these results are discussed.

INTRODUCTION

Cortical neurons display a large repertoire of voltage- and
calcium-gated potassium ion channels with kinetic time con-
stants ranging from milliseconds to seconds (Llinas 1988;
Rudy 1988; Storm 1990). The diversity and richness of K*
conductances indicate that they likely contribute to neuronal
input-output computation in ways more complex than sculp-
turing the waveform of action potentials or regulating the
overall membrane excitability. For example, slow K"1" cur-
rents, in interplay with Ca2"*" and/or Na* currents, can gener-
ate rhythmic firing patterns intrinsic to single neurons (Lli-
nas 1988; Wang and Rinzel 1995). Or a slowly inactivating
K* current can integrate synaptic inputs in a temporal-his-
tory-dependent manner (Storm 1988; Turrigiano et ai. 1996;
Wang 1993). Moreover, K* channels at dendritic sites are
capable of modifying cable properties and may regulate syn-
aptic transmission (Hoffman et ai. 1997) and prevent input
saturation (Bernander et al. 1994; Wilson 1995).

Spike-frequency adaptation that depends on a Ca2* -gated
K* conductance is a conspicuous neuronal firing characteris-
tic exhibited by a majority of (* 'regular spiking") pyramidal
neurons in neocortex and hippocampus (Avoli et al. 1994;
bonnors et al. 1982; Foehring et al. 1991; Gustafsson and
Wigstrdm 1981; Lanthorn et al. 1984; Lorenzon and Foehr-
ing 1992; Mason and Larkman 1990; McCormick et ai.
1985). In response to a constant current pulse, the firing
frequency of an adapting neuron is initially high then de-
creases to a lower steady-state plateau level within hundreds
of milliseconds. This phenomenon has been studied inten-
sively in in vitro slice experiments (as is the case for all
afore-cited references). Recently, Ahmed et al. (1993; B.
Ahmed, C. Anderson, R. J. Douglas; K.A.C. Martin, unpub-
lished results) observed and quantified spike-frequency ad-
aptation of in vivo cortical neurons with intracellular re-
cordings from the primary visual cortex of the anesthetized
cat. They found that when subjected to a injected current
pulse, the adaptation time course of cortical cells can be
fitted empirically by an exponential time course (Ahmed et
al. 1993; unpublished results), i.e., the instantaneous firing
rate/(r) = /„ + (/0 - / „ ) exp(~r/radap), where f0 is the
initial firing rate,/M is the steady-state firing rate, and r^p

is an adaptation time constant. Thus this time course is
characterized by two quantities: r^p and the percentage
adaptation of firing frequency F^ = (f0 - fu)/fo. Ahmed

0022-3077/98 S5.00 Copyright © 1998 The American Physiological Society 1549
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FIG. 1. Spike-frequency adaptation A: an example ofp
spike-frequency adaptation in response to a current pulse. Adaptation is
accompanied by a gradual increase of &e fast spike afterhyperpoiahzation
(AHP; top, inset). Each action potential generates a [Ca2*] influx of - 2 0 0
nM (bittom, inset), and the adaptation tin* course follows that of [Ca:*]
(hence I^p) accumulation. Slow AHP after the spike firinf mirron the
[Ca2*] decay process. B: 1st, 3rd, and 5th instantaneous firing rates and
the steady-state firinf rate vs. the applied current intensity {left). Initial/-
/ curves are nonlinear, but the steady-state/-/ relation is essentially linear.
Plateau [Ca2 >] level is a linear function of the steady-state firing rate, with
a slope of -13 nM/Hz (right).

subroutine Spctrm.c from Numerical Recipes (Press et al. 1989),
modified by Yinghui Liu.

RESULTS

Time course of spike-frequency adaptation

In response to a depolarizing current pulse, the model
neuron initially fires at a high frequency, then adapts to
a lo\*cr steady-state frequency (Fig. \A). Spike-frequency
adaptation is accompanied by a gradual increase of the fast
spike AHP (from - 5 3 to - 5 7 mV, see Fig. 1A, inset). This

Random Input I(t)

>
E

40 n

0-

> -40 H

-80

•N" 200

c
100-

0 J

2 -

0 500
time (ms)

1000

FIG. 4. Calcium coding of ncuronal electrical activity. In response to a
temporally varying input l(t) (bottom), the cell's firing (blue dots, middle
top) and [Ca2*] time course (blue curve, middle bottom) are well predicted
by the reduced calcium model Eqs. 14 and 15 (red curves).

Relations between and

In addition to the neuronal electrotonic structure, spike-
frequency adaptation depends also on the channel conduc-
tances £ca and #AHP, as well as the [Ca2*] kinetic parameters
a and rCa. These dependences were explored within the
framework of our calcium-model. First, the initial firing rate
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Fig. 5—14. Effect of graded increments of glucose
concentration on membrane electrical activity. The
figure shows steady state portions of a continuous
record obtained at each glucose concentration from a
single B-cell. Membrane potential during active
phase (and during silent phase) is constant as glucose
increases from 11 to 21 mM. The time spent in the
active phase increases with glucose concentration.
Note that the burst frequency first increases, then
decreases as glucose concentration increases. (From
Santos RM, unpublished data.)
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Fig. 5-30. Simultaneous measurements of glucose-
evoked membrane potential fluctuations ar d cation-
sensitive microclectrode potential. Ar showr the
membrane potential record from a cell about 20 p.m
from the surface of the islet. VK* represents the
[K^J-scnsitive microelectrode potential record made
with the tip at a depth of about 65 jxm. The
microclectrode tips were separated by about 110 \im.
Islet perifused with Krebs solution plus 11 mM
glucose at 37°C. B: represents the membrane poten-
tial record from a B-cell in another islet. VCa

2"**
represents the Ca2+-sensitive electrode responses at
approximately the center of islet. Islet in the presence
of 11 mM glucose at 37°C. (Redrawn from Perez-
Armendariz and Atwater, In Biophysics of (he Pan-
creatic B-cell, 1986.)
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V E present a biophysical model of a slowly inactivating
potassium ion current 1^ based on recent voltage-clamp
data from layer V pyramidal neurons in the cat icnjori-
motor cortex and jhow that the interplay between a per-
sistent sodium current IN4j, and Ia is able to produce
intrinsic membrane potential oscillations in the 10- to 50-
frequency range. A most notable characteristic of such
rhythmicity is what may be termed mixed-mode bunting, X iaO-J ing W a n g
where clusters of action potentials alternate IA time with
epochs of small subthreshold oscillations.

Ionic basis for intrinsic
40 Hz neuronal
oscillations

Key words: 40 Hz brain rhythm; Biophysical model;
Hodekin-Huxlcy formalism; Persistent sodium channel;
Slowly inactivating potassium channel; Subthreshold oscilla-
tion; Clustering orNa* spikes; Mixed-mode bursting

Department of Mathematics and the James
Franck Institute, University of Chicago
5734 S. University Ave.
Chicago, Illinois 60637, USA

0.5 S 40mV

- 8 0 J
 f

0.3! 0.34 0.37

FIG. 2. (A) Membrane potential time courses at various / ^ values (in pA
cm-*), showing transitions from tht resting state, to subthreshold oscil-
lation, then to bursting with Na- jpike clusters interspersed with sub-
threshold oscillatory epochs. (B) The oscillation frequency (circle} is in
a narrow range (35-55 Hz for 1^ < 4). The bursting frequency (square)
remains remarkably constant ( - 3 Hz), while th« spike firing rate (tri-
angle) (equal to the bursting frequency times the numbtr o( spikes per
burst) increases gradually. The subthreshold oscillatory pfatse
(respective^ the burst) is associated with the gradual decrease {rtsq.
increase) of h, and h: hence of lKS, as can be seen in the time traces (C)
and the V-versus-n, plot (O) (with / w » 3). {rm « 6 ms, a « 0 mV).
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Evidence for a Novel Bursting in Rodent Trigeminal Neurons

Christopher A. Dd Negro,* Oie-Fang Hsiao,* Scott H. Chandler,* and Alan Garfinkel**
*O€partmtnt of Physiological Science and "Department of Medicine (Cardiology), University of California at Los Angeles,
U M Angttat, Carton** 90095-1566 USA

ABSTRACT We investigated bursting behavior in rodent trigeminal neurons. "fine essential mechanisms operating in the
biological systems wert determined based on testable predictions of mathematical models. Bursting activity in trigeminal
motoneurons is consistent wffln a traditional mechanism employing a region of negative slope resistance in the steady-state
current-voltage relationship (Smith, T. G. 1075. Nature. 253:460-452). However, tihe bursting dynamics of trigeminal
tnfiemeurons is inconsistent with the traditional mechanisms, and is far more effectively explained by a new model of bursting
that exploits the unique stability properties associated wiflfo spike threshold (Baer, S. M., T. Emeux, and J. Rinzel. 1989. SIAM
J. Appi. Math. 49:55-71i).

INTRODUCTION

Ncufocul bursting is produced as slow membnnc processes
dynamically noduilate Che activity of faster membrane pro-
cesses responsiibte for action potentials. Specific mecha-
wsftts for bursting have been studied mathematically and
cm be differentiated baaed on imcfanisin and phenomenol-
ogy (Bertram et al.f 1995).

Traditional bursting systems require inactivation-resistant
kward currents that create a region of negative slope resis-
tance (NSR) in the steady-state (or quasi-steady-state) cur-
rent-voltage (I'V) relationship (Canavier et ai., 1991; Li et
al.. 1996; Schwindt and Criil, 1980; Smith, 1975). The
N-shaped I-V relationship provides the potential for two
stable voltage states, one on each side of spike threshold
(one state is quiescent and the other oscillatory). The cell
then alternates between the two states during bursting (al-
though it need not be bistable). The regenerative region of
inward current separating the stable states predicts phenom-
enotogicai features that can be used to identify traditional
bursting in the laboratory, where membrane potential is
frequently the only measurable variable: I) cells can be
locked into quiescent or active states by sufficient current
bias; 2) bursts initiate rapidly, in contrast .to the slow tra-
jectory of the quiescent phase, with a marked upswing in
membrane potential; 3) spikes in the active phase emerge at
full amplitude from the steady-state membrane potential of
the quiescent phase; and 4) burst termination is accompa-
nied by a decline in spike frequency. Traditional bursting
has been observed in many experimental preparations. Ca-
nonical examples include the pancreatic /3 ceil (Ashcroft
and Rorsman, 1989; Atwater et al., 1980) for bistable (or
type I; Bertram et al., 1995) bursting and Aplysia's R15
neuron for parabolic (or type 2; Bertram et al., 1995) burst-

Recewtd for publication 20 February 1998 and in final form 15 April
1998.
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ing (Benson and Adams, 1989; Canavicr et al., 1991; Rinzel
and Lee, 1987).

Another maecfoajadsm for bufs&ng has been proposed the-
oretically (Av-Ro* ec ad., 1993; Bertram et al., 1995; Honer-
kamp et al., 19S5; Riwad, 1<987, Fig, 4; Wan*, 1993b) but
has not yet been identified exiperannea«atty. This novel
mechanism, which we wilM catli cy?pe 3 bursting, based on
Bertram's classification scfeenae (SBortrcam et al., 1995), docs
not require a region of NSR La (toe steady-state /- V relation-
ship, but rather exploits unique stafotilnry properties near
spike threshold. The mechanistic framework also predicts
phenomenology that can be used empirically to identify
type 3 bursting: 1) bursting evolves from intermittent dis-
charge as cells are depolarized by current bias, 2) bursts
initiate with a slow linear voltage trajectory (as opposed to
a rapid voltage upswing in traditional bursting), 3) full-
amplitude spikes emerge from sufcxhreshoid oscillations (as
opposed to a steady-state potential as m traditional burst-
ing), and 4) spike frequency may not decline at burst
termination.

Bursting mechanisms in rodent trigemamai neurons con-
trolling jaw movements can be assigned based on due che-
oredcal predictions above. Using experimental data, we
identify, for the first tinme, type 3 burstang dynamics in a
biological system: che neonatal rat trigeminai interneuron
(TI). We contrast this new mechanism with the traditional
bursting that occurs in trigeminal motoneurons (TMNs)
(Hsiao et al., 1998).

MATERIALS AND METHODS

Electrophysiological experiments were performed on TIs obtained from
300-pun-thick transverse slices of neonatal rat brain stem (0-7 days).
Slices were perfused (4 ml/min) at room temperature by oxygenated
solution containing (in mM) 124 NaCl, 3 KC1, 1.25 NaH2PO4, 26
NaHC03, 10 D-gtucose. 2 CaCU and 2 MgCU. Whole-cell patch-clamp
recordings were made with an Axopatch-ID amplifier (Axon Instruments.
Burlingame, CA). Patch electrodes (3-7 M£2) were filled with the follow-
ing solution (in mM): 9 NaCl, 140 KCl. 1 MgCl2, 10 HEPES buffer, 0.2
EGTA. 10 phosphocreatinc. 0.1 leupeptin, 5 K2-ATP, and 1 Na3-GTP
(pH s 7.25).



Therefore, during the active phase when SLOW moves the
oscillatory solution back through the Hopf point (- is in-
creasing beyond -0 .5; Fig. I C), the system continues in its

(Hsiao et al., 1998) (Fig. 2 A). Conversely, TIs never
exhibited a region of NSR, regardless of protocols used to
generate the /-V relationship (Fig. 2 B). The I-V curve of a

|20mV

- 6 0 - 7 0 - 8 0 - 5 0 - 4 0 - 1 0 0 - 6 0 - 6 0 - 4 0 -20

membrane potential (mV)

FIGURE 2 The steady-state current-voltage relationship of trifemmal neurons. (A) the steady-state I-V curve of a TMN in the presence of 10 fiM
irnonewi obtained by a slow voltage ramp protocol (7.5 mV/s). Regenerative inward currents underlying the region of NSR activate at - 5 2 mV. The curve
is oixcmtd at potential* more positive than - 4 0 nnV <fee to spite oscillations in undamped regions of the soma-dendhtic membrane. More complete

/-V curves for TMNs. obtained in the presence of 10 pM serotonin and 0.5 jxM tetrodotoxin. are available (Hsiao et al.. 1998). Bursts initiated
y m tbu TMN. because the region of NSR was kxatcd m (he region of net inward current (below the zero current axis, dotted line). Burning

in tins TMN is shown in the inset (+0.1 nA holding c o m * ) . (B) Steady-sate /-Vcurve in a Tl in the presence of 20 yM bKucuttitte and 5 i*M strychnine
to block spontaneous inhibitory synaptic noise. Three protocols were used: long-duration voltage step commands (5 s, open squares), slow voltage nmps
(10 mV/s, soOd Ime), and fast voltage ramps (in (he presence of 0.5 /*M tetrodotoxin to block Na* spikes) (100 mV/$, dots). The inset shows bursting in
this Tl (+65 pA holding current) (same cell as in Fig. 3).

FIGURE 3 The behavior of trigeminal neurons i«
response to current bias and trajectories of burst
initiation. (A) 10 ptM serotonin-induced bursting in
this TMN {middle trace, - 0 . 2 nA ho&dinf current)
could be converted to stable quiescent behavior (at
- 7 0 mV) by increasing the hypcrpoJarizing cunwtc
injection to - 0 . 8 nA {lower trace), or to tonic spik-
ing activity by sufficient depolarizing current injec-
tion (+0.1 nA, upper trace). {B) An example of burst
initiation in TMNs expanded from A {box). Note (he
rapid upswing in voicage trajectory. ( O Bursting
activity in TIs emerged as the cells were progres-
sively depolarized to potentials near and above spike
threshold ( - 4 5 mV). This TI's resting potential was
- 6 5 mV (not shown). At the quiescent potentials
- 5 0 and - 4 7 mV, the bias current was +20 and
+25 pA, respectively {lower traces). These quies-
cent states were more depolarized than quiescent
potentials in TMNs: - 4 7 ( Q versus - 7 0 mV {A).
Intermittent discharge occurred near threshold; bias
currents were +30 and +45 pA at near-threshold
potentials - 4 5 and - 4 3 mV, respectively {middle
traces). Bursting occurred when TIs were biased to
suprathreshold potentials ( - 3 9 mV, + 6 5 p A holding
current, top trace). This Tl was recorded in the
presence of 20 /xM bicuculline and 5 /xM strychnine
to block spontaneous inhibitory synaptic noise. (D)
An example of burst initiation in TIs expanded from
C {box). Note the linear voltage trajectory and grow-
ing subthreshold oscillations. Voltage calibration ap-
plies to all traces. Time calibrations are separate for
A and C.
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FIG. 1.
Ca2+-induced shift of the activation function of Ih- A. Schematic diagram illustrating the currents in the model.

The low-threshold Car* current (IT) lets Ca2Jr ions enter the cell; these ions bind to the mixed Na+ /A'+ channel
Ih and modify its voltage-dependent properties. B. Direct binding of intracellular Ca2+ to Ih channels shifts the
voltage-dependence of the current towards positive membrane potentials. i/Oo(Vr, [Cat-]) is represented as a function
of the membrane potential V for different values of [Ca)i. The activation function at resting level of [Ca]i (solid line
- C=0) was estimated from voltage-clamp experiments [31] on TC cells (+ symbols). For increasing concentrations
of intracellular Ca2Jr, the activation function shows progressively larger shift? towards positive membrane potential
(dashed lines, C = 1 and C = 10). C= {[Ca]{/Cac)
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FIG. 3.
Resting states and slow oscillations in the presence of IT and Ca2+-dependent /j, obtained at four values of the

maximal conductance of Ih- A. Hyperpolarized resting state close to -84 mV for <7h=0. B. Slow oscillations of about
3.5 Hz for 3^=0.01 mS/cm2. C. Spindle-like oscillations of about 4-8 Hz for j/,=0.04 mS/cm2. D. Depolarized resting
state around -58 mV for §h=Q-ll mS/cm2. The maximum conductance of IT was kept fixed at <?ca = l-"5 mS/cm2.
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FIG. 10.
Singular approximation applied to the Ca2+-dependent model of spindle-like oscillations. A. For extreme values

of the slow variable 52 treated as a parameter, the system exhibits either slow oscillations (52=0.09) or a stable
stationary state (5o=0.65). Other parameters are the same as in Fig. 3C. B. Bifurcation diagram of the system as a
function of 5o. During the slow oscillations of 5o, the system alternates between a slow oscillatory state and a resting
state, tracing a hysteresis loop as shown in the diagram. The order of events underlying the spindle-like sequence are
indicated by dotted arrows. Dashed lines represent unstable states {USS: unstable stationary state, ULC: unstable
limit cycle), and continuous lines represent stable states (SSS: stable stationary state, SLC: stable limit cycle).
C. Corresponding sequence of events in a single cycle of the spindle-like oscillations. D. Trajectories of spindle-like
oscillations in the Vr/5o diagram. Dashed lines represent the presumed position of oscillatory and stationary branches
and dotted arrows depict the same sequence of events as in B.
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RG. 5. Simulation of different modes
of activity as a function of applied cunent.
A: membrane potential. B: calcium con-
centration. With hyperpolarizing current
(- 2.66 nA) the cell is silent, but as the hy-
perpolarization is reduced, the model gener-
ates a bursting rhythm with the frequency,
interburst interval, and magnitude of the
interburst trough being a function of the
applied current. As the depolarizing
current increases (3.16 nA), the simulated
activity switches from a bursting to a beat-
ing mode. Note that a stimulus current of
3.16 nA exactly cancels the current gener-
ated by the Na * K * pump (fN ,K)
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FIG. 8. Membrane currents contributing to the electrical activity. A: (oppanel illustrates a burst generated with the same
parameters as Fig. 5 (fsnM =•= 0) but shown on an expanded time scale. The large-amplitude currents contributing to the
spikes during a burst are plotted below the membrane potential on the same time scale. B: corresponding levels of [Ca]j are
shown in the (op panel, and the low-amplitude currents contributing to the slow oscillations of potential are illustrated
below.
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