49.

50.

51.

52,

analysis, The 15th Auditory Research

Forum, Kyoto, Japan, December 4-5
(2010)

)R BEBL, Fei Zhao, /N = : HIR
HFEEIZEDE ME - FEEAGET L
DI, BABFESR 2010 FEFKRK
SRS (2010.9)

W W, AR EH, N B NE
OIREZEFH I 2L —ar . ATRE
ERGEog@EL, F2R~Arm - F
/3BT 4 (2010.10)

BRI BREF, i BT, MIE o F
ALIEBE 21T D H/VE rIBY R EH I,
B oEwA IO F )RS A
(2010. 10)

R 7, R T, i - HE
RIENPER LS & OO B3 - R E A B & v
YO, & 23 B Az
v=T ) o T i#ES (2011, 1)

18

53.

54.

G.
1Y)

2)

3)

BT W, BRAEH, SEZ SEE
MO activity %[ L7-ihd OIRE
HEE I lb—Tgl, B 23 @SS
V=T VTS (2011, 1)

BEFH KA, Isaac Juarez Acosta, /)i
AN EERROBEEREY I 2 L
—vay, 2 EANSFTT=TY
¥ 7 REEE (2011, 1)
HAET A HE D BRI

FFRFER TS

3 EEER A

ERF R

2L

Z Ot

L



BAFBHFMER @S (BELBNRBEMAEEE (REREESD))
DR EE

MEMS/NEMS #5272 A TRE EE OB ICEE 3 55T

WEEE UL FAS
HrEeo e SeSil PN
i Rtk Y HE X
FEmaE HE &

MRES :

PNUONES S B  S
PN PNES- 2 IRt 2
KBRS 20 T2EAT5e
PNUDNE -2 B

AWTETIE, WFOBEZRBET O ATEE LRABEL, HILLWAL

AR AT ABREMTAZEH#BEME LTWA, KEFIT, “"NETICEREL-AT
BE LR REXE, BELICLAHHOBRKEZBIE L. F0ORE, 7ER00 20 =

DEBHEZ/D LN TE.

7z, AEEFMECEFEEE BE LT, EREO
B 2IREAET LA 2 REICEET 52HMMT 7 ot 2 Hili 2 B% Liz.

Z LT, K

BEEOMFEIZL Y, RIELIZIREET LA OFEEEENE 8 itk LTWwWa 2

ExHALBIT L.

A WFFEREY

AATIETIE, WF OB RET 2 N TETE LK
% MEMS/NEMS (Micro / Nanoelectromechanical
systems) BATIZ K DBRF L, HAMERSRZ T L2V A
THERE AT AWML A BIEL TV, SBELIT
THETIC, BEEFEERTAEE LY, T
bbb, A\ILEE EEOBESIUOEREAWEZE
VE y N TTOBMERMESFUSEERIZKR LTS, 2
NHDORREFEM L LT, R CIIEEN AR
HPHFTEAATEE LR 2RI+ 5.
FEEDL, INETICEELEATRE LEOR
EEME & OE R R R DA H b2 B R &
LEHLWMI e 2B %E Lz, LFicEh®
NOEBICEAT 2EOE RN 57

B.  MBLBEANIC & B AT LR o E 1M

ANLER LREEEM B 2 S8R EH L LT
BY, BEROADCI VTR ZAL, EEDHR
CEVERKEFEHATH. EEEOAFLMEW
B E Liz729, BRI MAENRE (Ehmo
HIREWE) NEHSICELT S, £/, AT

19

ERFRICE, MNERT VA DPEBEINTEY,
HEEN O OERH 2 ENITRMOREE MK
FT5. T77bb, ERESFEFZOMEICKRITSE
PR 7R R R I B VTR T D, Z o8Iz &
0, NILERE ERIZEEONERET 5B kD)
RREZALWICERTE A, —F, MEALAREND
ALRE EROBKOM A, BEEICREA+2 -
EDRHEBmANTREND. F T, RFETIE, EE
LTIz & 0 A TRE EROREREEAm EL, &
EHERENT A2 L2 BiELE.

ANLEE FROMI 7 ot A% U FIRT. 7,
ANy B Y FEIZEYS0T (Silicon On Insula-
tor) B HIZ/E &40 nmDTiEER X UVE £460 nm
DPLER A R &8, TEEMBE R Lz, KIZPt
FKEIZE X400 mORD 7 vk = F =7 vik
TF L UBELREPWVIF-TIFE) # A a—F 4
VIEIZE VB L. F0%, Rk
145 CTOHRFRIMEAL /-, 2L T, Yy Ryvw R
w FCTZBRE I L 0, P(VDF-TrFE) #m iz LEE
BRI L. FHEMRIIALERRE LEOER L
WKERELTHD. L, ERCEBNT, OTHRN



BRIZRAZERFIALT, BEBIRKERERME
HhuEH/D2EZDHTHD. X612, Deep RIE (Deep
Reactive Ion Etching) ZH T, SOIEMRDER|H>

BSizTyF U /MTIL, ARRORENRZ (ER L
7z, BEOFRIZEZEEMN0 mmTHY, 1&iX0.3 omH>
52.8 mm¥ THRIEMIZELT 5. &L, EHBL
O FEEMBIZEE A Z, P(VDF-TrFE) % 43 fii 4L
L.

BUEL - N TRCE R OB, BTN
LHHNEIEERFHTH I L TR £9, HIRE
JEA3100 dB~E DT, ANEORKEEE|S
NG ABEEZFHAI L. KRIZ, HOEEDIR
IBRRKRICARDEAEE L FOERMEIZEIT D8
MR L TEEL, TOREHICEE L& T,
HJBEXEFHB L. FIRHEE%Z60 dBA>5H100 dB
OHEFATESE TR LA E A, EERERETHE
FEEEHITEMmL, 100 dBIZBWTHRATE 0 mVD
EEAHATIZEN Do, 22 TCHRboNEE
E & HAEIEOBZIZONT, BEOFRIZEBNT
BUELI ALRRE ER L3 5 &, HR{LLz%
WTR20EDORENEEBTHZ EnGmroTl-. L
L7223 b, SREPENICHA Lo @M 2 It L 7RIl
%, TRLOLEROANTNE LRKEOFETE, 1V
BEOCEENLETHY, ZZTEHELNEZHNER
THAFICHEREMR AR TERVEEZOND. £
D=, 5%, WieHEEIEM, EEEEEOR
RBBLOEBOL BRI & DR OE 50 H
BEThHhHEEZDLND.

C. IEHFIEBANESAGEs EHTHA LT LK
LR
INFCRRELAEALRE LR TR, BiELHE

T5HZET, RETARRBEREOLELERE L.

ThuE, SMEICAOLTO S H0IN THT A, EARN
2R THEE A BET 2 EMTH Y, ThE s
WITHEDEERRETH D = L IZERT . —F
T, BOEZB—ETHDH=0HIZ, NLEE LR
IEET B ERBHEEITL - 5 KH2ZRRETHY, AD
AL (20 Hz72 520 kHz) & 0 30 &0 ) 3R
bhoto. BEROEERBIRDI RO TIREADEINIC
E0, BEOCERESEA~OINEEZTARELE LTS Z
Enbh, ANLEE ELREZRET D L CRELAE(D
FEREETCHHEEZLND.

F T, ABETH, ATEE LR OB RIS

20

ERZEHME L, BB X VELEGEIZERT S
RENMEZ RELOBEICRET S HEEZEREL, &
TAIRENROE SR TR I NS ATEE R %
FELE. ALEE LEOBEAREHIET B0,
IITRIVAART =NV T T T 4 ERFTRT
F LTV RANERWEFEEER L. 3T+
ML R ME, AL BB I B BRI
T LUTHRBEETDHMEITHD. 74 LT R NREA
MOBREIToEE, WE, REMFEDT + kL
VA MBELS DZRAFEWIN L, NEBOMFRIZE
FOWINEZ DR RD, FOD, 74 FLTR
ORI L TR+ SR 3V X ETEL
THE, 74 FUYR PREPBERIZN L TRE
YLD —FHT, N, FIZEBREEOT + FLY
R bME, BBIRIZEMRTHRETES. 361, 7
LA R —)b, TiebbiFEREs0-100 %DM T
FlE SN RF = 2N L TCEHTRT 4 P LU R
FEBRLIGE, NEET574 MLV A NDRE
HEENARETHD. ZORBEFALT, »HE
T4 MLV RAMEEBNL, BB TLHIET, EkE
(ZIEH DR 5 IREN G & & O RS % [7)
CRMET D EREHETH H.
KIFEOHEIEEZRT DI, FBMES20 -
50 %D E THEFGEINCENT D7+ b~ A7 ZRUEL,
F AL A RSU-8 3050% AW THUNMEENR D
BUENCKAIRENET LA #RAE L. IREVMET L
A 1T2R20 omD SR Wi E E OREE 464 AH
L, FRORSIE, 1 m» 62 mE TRIZAICEL
T5. RIEOFKR, REBDOEAH%6.6 ~49 undD
SATARIEDZ LTk LI. &6z, BEL
EIRENZ O BEEEE S L—Y Ny T TIREEHC
LOFHAIL-. 22T, REBELLORMNE+
DO, IREBEIEIZ N - TIRBI R EREIC
950 nmDAVER Z R L. =771, RENZ L
B L CAIERENS 22D L HALEESIES)
FEIZ R TR EIIER TE2 L EZE26ND. FE
TALD 2 VIRENET L A DA, 13.8 kHz - 49.0
kHz D& O LIRE B AF T 2 —77, KEELO
HAWENKET LA DA, 16.7 kHz2 5502 kHz D
HAOKIRBEW A FT D Lhphofc. LD
FERMS, BEREIC XV HSEOIRE I
L7z Z &35 nd. Tek, AFHANIZERFICRITS
HIEFREEZRE LD THY, EEOERENSRMT
ThHsHY P T, BFRREORZEIC L0 LR



BT AT E I E TR T2 2 LR RRE
nNo. 5%, WEPCBT 2EBFEC OO TR
L, EHICHMREZREDIEVEZEZ TS,

(1)

)

(3)

(4)

()

(1)

rIEFE K

I ERIHER

Hirofumi SHINTAKU, Takashi TATENO, Nobuy-
oshi TSUCHIOKA, Harto TANUJAYA, Takayuki
NAKAGAWA, Juichi ITO, and Satoyuki KAWANO,
Culturing MEMS  Fabricated
P(VDF-TrFE) Films for Implantable Artificial
Cochlea, Journal of Biomechanical Science and
Engineering, Vol.5, No. 3 (2010), pp. 229-235.

T. Tateno, The hyperpolarization-activated current

Neurons on

regulates synchronization of gap-junction coupled
dopaminergic neurons in the midbrain, IEEJ Trans-
actions on Electrical and Electronic Engineering (in
press).

T. Tateno, Morphological properties in dopaminer-
gic neurons of the rat midbrain during early devel-
opmental stages and one numerical approach to
passive-membrane modeling, IEE Japan Transac-
tions on Electronics, Information and Systems, Vol.
131, No. 1, Sec. C, 50-55 (2011).

N.W. Gouwens, H. Zeberg, K. Tsumoto, T. Tateno,
K. Aihara, and H.P.C. Robinson, Synchronization of
firing in cortical fast-spiking interneurons at gamma
frequencies: a phase-resetting analysis, PLoS
Computational Biology, 6 (9): 1-13 (2010).

T. Tateno, A small-conductance Ca2+-dependent K+
current regulates dopamine neuron activity: a com-
bined approach of dynamic current clamping and
intracellular imaging of calcium signals, Neu-
roReport 21 (10): 667-674 (2010)

2. FoER

Hirofurmi SHINTAKU, Takatoshi INAOKA, Yohei
NAKAMOTO, Masahide HAYASHI, Yoichi KA-
GAYA, Takayuki NAKAGAYA, Juichi ITO, and
Satoyuki KAWANO, Measurement of Electrically
Evoked Auditory Brainstem Response Using Bionic
Auditory Membrane with Frequency Selectivity,
Technical Digest of the 5th Asia-Pacific Conference
on Transducers and Micro-Nano Technology, Perth,
Australia, July (2010), p.90.

21

@)

(3)

“)

)

(6)

9

(8)

Masahide HAYASHI, Hirofumi SHINTAKU and
Satoyuki KAWANO, Development of Bionic Audi-
tory Membrane Equipped with Electrical Circuits
for Stimulating Cochlear Ganglion Cells, Proceed-
ings of Seventh International Conference on Flow
Dynamics, Sendai, Japan, November (2010), pp.
654-655.

Hirofumi SHINTAKU, Satoyuki KAWANO, Taka-
yuki NAKAGAWA, and Juichi ITO, Vibration Dy-
namics of Bionic Auditory Membrane for a Novel
Artificial Cochlea, Proceedings of Sixth Interna-
tional Symposium on Meniere's Disease and Inner
Ear Disorders, Kyoto, Japan, November (2010), p.
207.

Yobuyosi TSUCHIOKA, Hirofumi SHINTAKU,
Takashi TATENO, Satoyuki KAWANO, Takayuki
NAKAGAWA, and Juichi ITO, Recording Evoked
Mul-
ti-Electrode-Array Substrates in Response to Output

Activity of Neocortical Neurons on
Signals from Bionic Auditory Membrane, Proceed-
ings of Sixth International Symposium on Meniere's
Disease and Inner Ear Disorders, Kyoto, Japan,
November (2010), p. 208.

Toshiya KANBE, Hirofumi SHINTAKU, Satoyuki
KAWANO, Takayuki Nakagawa, Juichi ITQ, De-
velopment of Bionic Auditory Membrane for Im-
plantation into Cochleae of Guinea Pigs, Proceed-
ings of Sixth International Symposium on Meniere's
Disease and Inner Ear Disorders, Kyoto, Japan,
November (2010), p. 208.

PER, JIEFRAS, ATHEA MEMS T8+
Y DOIRBEFE & FOET AL, B AT S
2010 FEEERKEFEERCE®), pp. 125-126,
ZHE, 201049 H.

MRt eI, IR, RREESTE
V722 & O MEMS A TR B ORAFHE, B
ABBFERE 3 BN Az v=7 ) v J#
TR U, p.247, FEAR, 2011451 AH.
LRz, BEEST, JISPIAAS, e R~
DREMEEAZ RS T 2N >~ b
UV—7, BAEBERE 23 B A=
T v T RS IUE, po 391084, 2011
F£1A.



WIERRRDTATICE T 2 —F%

HE

2L

22



B

FERE KA

i S Z A R VA

FEARHERS

HARE - &5 - H

Tateno T.

The

hyperpolarization—activate

d current regulates

synchronization of
gap—junction coupled

dopaminergic neurons in the

midbrain.

IEE] Transactions

on Electrical and
Electronic

Engineering

in press

Tateno, T.

Morphological properties in
dopaminergic neurons of the
rat midbrain during early
developmental stages and one
to

numerical approach

passive—membrane modeling.

1EE Japan

Transactions on
Electronics,
Information and

Systems

2011. 131, No.

C, 50-55.

1,

Sec.

N. W. Gouwens, H. Zeberg,
K. Tsumoto, T. Tateno, K.
H. P.C.

Aihara, and

Robinson.

Synchronization of firing in
cortical fast-spiking

interneurons at gamma

frequencies: a

phase-resetting analysis.

PLoS Computational

Biology

2011. 6 (9): 1-13.

Tateno T.

A small-conductance
Ca2+-dependent K+ current
regulates dopamine neuron

activity: a combined
approach of dynamic current
clamping and intracellular

imaging of calcium signals

NeuroReport

2010. 21 (10):

667-674.

Development of
Shintaku H, Nakagawa T, |piezoelectric acousticlSensors and
2010;158(2) :183-192
Kitagawa D, Tanujaya H, |sensor with frequencyl|Actuators, A:
Kawano S, Ito J.. selectivity for artificiallPhysical.
cochlea.
Shintaku H, Tateno T,|Culturing neurons on MEMS|Journal of

Tsuchioka N, Tanujava H,
Nakagawa T, Ito J, Kawano
S..

fabricated P (VDF-TrFE)

Tilms for implantable

artificial cochlea..

Biomechanical

Science and

Engineering

2010;5(3) :229-235.

23




Ogita H, Nakagawa T,

Transplantation of  bone

2010;120(3) :576-581

Sakamoto T, Inaoka T, Itolmarrow—derived neurospheresiLaryngoscope.
J.. into guinea pig cochlea..
Sakamoto T, Nakagawa T,

Inner ear drug delivery
Horie RT, Hiraumi H, Acta Otolaryngol

system from the clinical 2010(563) :101-104.
Yamamoto N, Kikkawa YS, Suppl.

point of view.
Ito J.

Cochlear implantation in
Hiraumi H, Yamamoto N, Acta Otolaryngol

patients with prelingual 2010(563) :4-10
Sakamoto T, Ito J. Suppl.

hearing loss.

Multivariate analysis of
Hiraumi H, Yamamoto N, hearing outcomes in patients|Acta Otolaryngol

2010(563) :24-28.

Sakamoto T, Ito J. with idiopathic sudden(Suppl.

sensorineural hearing loss.

Sekiya T, Matsumoto M,
Kojima K, Ono K, Kikkawa
YS, Kada S,
Horie RT, Viola A, Holley
MC, Tto J.

Ogita H,

Mechanical stress—induced

reactive gliosis 1in the

auditory nerve and cochlear

nucleus.

J Neurosurg.

2010.
DOT:10.3171/2010. 2.
JNS091817, Apr 2

Ishihara K, Okuyama S,

Kumano S, Iida K, Hamana

Salicylate restores
H, Murakoshi M,
transport function and anion
Kobayashi T, Usami §S, Hear Res. 2010, 270:110-118
exchanger activity of
Ikeda K, Haga Y, Tsumoto
missense pendrin mutations.
K, Nakamura H, Hirasawa
N, Wada H.
Atomic force microscopy
imaging of the structure of
Kumano S, Murakoshi M,
the motor protein prestin|FEBS Lett 2010. 584:2872-2876

Iida K, Hamana H, Wada H.

reconstituted into an

artificial lipid bilayer.

24




Kumano S, Iida K,
Ishihara K, Murakoshi M,
Tsumoto K, Ikeda K,
Kumagai I, Kobayashi T,
Wada H.

Salicylate—induced

sequence to the

membrane.

translocation of prestin

having mutation in the GTSRH

plasma

FEBS Lett

2010. 584:2327-2332

25




Paper

The hyperpolarization-activated current regulates synchronization of
gap-junction coupled dopaminergic neurons in the midbrain

—— A combined approach between computational modeling and electrophysiological recording ——

Takashi Tateno™ **, Member

To examine the functional role of hyperpolarization-activated and cyclic nucleotide-gated (HCN) current observed in
mesencephalic dopaminergic neurons, we constructed a conductance-based model that can mimic the electrical properties
obtained in electrophysiological recordings of rat brain slices. In the model, blocking the HCN current resulted in a reduction of
spontaneous firing rate and a change in the properties of autonomous pacemaking. In addition, reduced one-dimensional phase
equations and their coupled oscillators were analyzed. The analysis indicated that HCN channels can regulate the extent of
synchronization of coupled dopaminergic neurons through gap-junction connections. Thus, the HCN current can effectively
shape the autonomous and cooperative firing of dopaminergic neurons in the midbrain.

Keywords : conductance-bascd model, coupled oscillators, clectrophysiological recording, phasc equation, stability analysis

1. Introduction

Mesencephalic dopaminergic (DA) neurons play a key role in
the functions of the basal ganglia including reward-based learning
[1], cognition [2], and motor control [3]. Although recent studies
have provided significant insights into the properties of many ion
channels expressed in DA neurons [4], little attention has been
paid to hyperpolarization-activated and cyclic nucleotide-gated
(HCN) channels and their roles in neural information processing.
Among vertebrate voltage-gated ion channels, HCN channels have
two unique properties: (i) they have a reverse voltage dependence
that leads to activation upon hyperpolarization; and (ii)
voltage-dependent opening of these channels is directly regulated
by the binding of cyclic adenosine monophosphate (cAMP) [5].
However, a direct link between HCN channels and superthreshold
membrane-voltage phenomena such as firing rate modulation and
the synchronization of action potentials among DA cells has not
been systematically investigated.

In this study, to understand the functional role of HCN channels
systematically, we first constructed a conductance-based
Hodgkin-Huxley type DA cell model on the basis of reported
results in the literature and data recoded from DA cells in rat
midbrain slices. Second, to gain some insight into synchronized
phenomena in gap junction-coupled DA neurons, a weak
coupled-oscillator phase-equation model of two identical DA
neuron pairs was derived after numerically computing the phase
resetting curves of regular firing using the conductance-based
model. Third, to examine synchronized phenomena among DA
cells, a stability analysis of synchronization between coupled
oscillators was applied to the model. The results indicated that
HCN channels can regulate not only the frequency of firing and
subthreshold oscillations in membrane voltage but also the extent
of synchronization and desynchronization among DA cells. Hence,
the study presented here shed light on to a new functional role in

* PRESTO, Japan Science and Technology Agency,
4-1-8 Honcho, Kawaguchi, Saitama, Japan
** Graduate School of Engincering Science, Osaka University,
1-3, Machikancyama, Toyonaka, Osaka, 560-8531 Japan
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DA cells of the midbrain,
electrophysiological approaches.

using computational and

2. Materials and methods

2.1 Electrophysiological recording

At a temperature of 34°C, we recorded membrane voltage from
DA neurons in slices of rat midbrain from animals aged 14-16
days. For details of the preparation, solutions, and whole-cell
recording technique, see Ref. [6]. All procedures in this study
were approved by Osaka University and complied with the NIH
Guidelines for Animal Use.

2.2 A conductance-based model

First, the somatic and single-compartment
represented by the following equations according to the
Hodgkin—Huxley type conductance-based scheme [7]. The model
includes ion channel currents that are known to exist in the somata
of DA cells. The model is based on those reported by Amini et al.
[8] and Kuznetsov et al. [9]. However, some terms in the current
balance equation such as ATP-pump and Na'/Ca**-exchanger
mechanisms were omitted for simplicity. Instead, several ion
channel current terms were added on the basis of some recent
electrophysiological studies described below. In addition, some
parameters in the models were modified from data in the recent
literature and from the recording carried out in the present study.
The current balance equation in a soma is described by

av

Cm?=*(1m R RE Y S S P +1L)+13pp

model was

where C,, is the somatic membrane capacitance and V is the
somatic membrane potential. The above model includes the
transient Na* current (Jy,), delayed rectifier K™ current (fx), A-type
K" current (I,), muscarinic-sensitive K' current (),
hyper-polarization activation current (J), leakage current (/p),
Ca®" current (Jc,), Ca’*-activated K* or SK current (Jsx), and an
externally applied current (7). Furthermore, the Ca®" current has
the following four subtypes:



]Ca = ]CaL + ICaN + I('aP + ]("aT

where Jcar, Jeans Icap and Je,r represent L-type, N-type, P-type, and
T-type Ca®* currents, respectively, and they are different in their
voltage dependency.

Excluding /5, for an ion channel type j, the current description
(/) can be written by

CCH
I,=gmn;(V-E)

where g;, m; n and E; are a maximum conductance, the

Hodgkin-Huxley type activation and inactivation gating variables,

and the reversal potential of the ion, respectively. Here, ¢; and b;

are some non-negative integers. The gating variables are solutions

of the following first-order differential equation described by
dz_z (V)-:z

dt OOTZ (V) ....................................................... (4)

where z is one of the gate variables (i.e, m; or n). In Eq.

4), z,(V) and 1,(V) are the voltage-dependent steady-state

value and time-constant of the gating variable z at membrane
voltage V, respectively.

For simplicity, we characterized the steady-state variable by a
sigmoid or Boltzmann-type relationship, and the time constant (in

ms) by a Gaussian relationship; they are described in the Appendix.

Individual ionic membrane currents were characterized by their fit
to published voltage-clamp experimental data, which are available

in the literature, or to unpublished data recorded in our experiment.

In addition, we used some ion-channel kinetics models from
published DA neuron models [8,9]. However, data fitting obtained
from voltage-clamp recording is not the only criteria for
formulating ionic current descriptions. These descriptions may
have to be modified to fit whole-cell membrane potential data in
our experiments. These adjustments are justified considering that
the voltage-clamp experiments were performed on a particular DA
cell of a particular mouse, for example, and there is considerable
variation in the waveform of the ionic current response from cell
to cell. Therefore, we adjusted the model parameters (specifically,
several maximum conductance values of ion channels) to fit the
data in our experiment,
Calcium dynamics of the soma is described as

diCa™), _ 2p -

I —z FP. CaZ*t] J oo
dt rsz Ca Ca Cd[ ]1)

where [Ca2+]i is the intracellular Ca** concentration of the soma
and /¢, is the sum of all the calcium currents. Intracellular Ca*
was removed from the cell by an unsaturable pump with
maximum rate density Pca, and the pump was treated as
nonelectrogenic. § is the ratio of free to total calcium, 1 is the time
constant of [Ca2+]i changes, z¢, is the valence of calcium, and F is
Faraday’s constant.

2.3 Model parameter selection

In the following section, we describe the kinetics of the ion
channels in the above model and parameters in detail. The
voltage-dependent activation and/or inactivation curves and time
constant used in the model are given in Appendix.
Transient Na* current (Iy,) and delayed rectifier K* current
(Ik). The Iy, and I gating kinetics are the same as those written in
Kuznetsov et al. [9). For The Iy, and Ik gating kinetics in the
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model, the order pairs (a;, b;) of the activation and inactivation
variables in Eq. (3) are (3, 1) and (4, 0), respectively. However,
the voltage-dependency functions of the gate variables and time
constants are mimicked by using a sigmoid relationship and by a
Gaussian relationship, respectively, as stated previously. The
maximum conductance values gy,=120 mS/ecm’ and gg=0.2
mS/cm? and the reversal potential values Ey,=55 mV and Ex=90
mV were used.

Transient outward A-type potassium current (/,). The
4-aminopyridine (4-AP)-sensitive, or A-type potassium current
({5), has been observed in DA neurons [10,11]. The A-type
potassium current in DA neurons can contribute to spontaneous
firing and plays a role in the regulation of action-potential
frequency by slowing the recovery of the membrane potential to
baseline levels [10,12]. The steady state activation and
inactivation characteristics of J, were determined by fitting
published voltage-clamp data [11]. The order pair of the activation
and inactivation variables is (3, 1). The maximum conductance
value g,=0.5 mS/cm? was used.

Muscarinic-sensitive K current (J,,). The muscarinic-sensitive
K" current or M-current (Jy) is a voltage-dependent slow delayed
rectifier K™ current and is activated at the subthreshold range of
the membrane potential. This current is also known to be
Tetraethylammonium chloride (TEA) sensitive and contributes to
the regulation of action potential generation and excitability [13].
I has been shown to be present in midbrain DA neurons with
intracellular voltage-clamp recording in brain slices [14,15]. The
order pair of the activation and inactivation variables is (1, 0). The
maximum conductance value gy,=15.0 uS/cm’ was used.
Hyperpolarization-activated cation current (/). Doperminergic
neurons have a hyperpolarization-activated cation current (J)
[16,17]. The voltage dependency of steady state activation of f,
was determined by fitting our unpublished data, which was
recorded from rat midbrain slices in our voltage-clamp recording
experiments. In the J; model, the voltage dependency of
conductance and time constant are similar to the model] in Amini
et al, [8], although the parameters were different on the basis of
the data [16,17] (see also Appendix A). The order pair of the
activation and inactivation variables is (1, 0). The reversal
potential £/,=—39.0 mV was used. In this analysis, the maximum
conductance value g,=0.135 mS/cm® was used as the default
value; however, the value was changed in some analyses described
in Results to examine the effects of HCN channel expression.
Calcium currents (/,). As described previously, the model
includes L-, N-, P-, and T-type voltage-dependent calcium currents.
For L-, N-, and P-type calcium currents, the voltage dependency
of a steady-state of the gate variables and the time constant
functions obtained after fitting the parameters to
conductance-voltage (g—V) relationships reported in Durante et al.
[18]. Similarly, for the low-threshold T-type Ca®* current, the
voltage dependency of a steady state of the gate variables and time
constant functions was obtained from results in Kang and Kitai
[19]). Our parameters are modifications of those used by Amini et
al. [8] because of our g-¥ function selection. The reversal potential
for the calcium currents has been set to a constant 100 mV as used
in Kuznetsov et al. [9] (i.e., Ec;=—100 mV). For the L-, N-, P-, and
T-types of calcium current, the order pairs of the activation and
inactivation variables were (1, 0) (1, 1), (I, 1), and (1, 1),
respectively, and the maximum conductance values ge,;=0.15,
2can=0.0375, gc.p=0.0375, and gc,+—=0.02 in mS/cm® were used.

was
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Calcium-activated small-conductance potassium current (/sg).
DA neurons are known to contain at least two types of
calcium-activated potassium currents [20]. The apamin-sensitive,
small-conductance (SK) Ca’-activated K' current or slow
afterhyperpolarization (AHP) current is included in the model.
The SK channel conductance (gsx) was represented as

[Ca]}
[Call + K

gsk([Cal) = gy

The conductance model was the same as that reported in Kohler et
al. [21]. The conductance depends on the forth power of
intracellular calcium concentration ([Ca®"];) 1o best represent the
known characteristic of the SK channel {21]. The calcium
half-activation concentration value K, has been set to 250 nM
[9,22]. The other Ca’-dependent K* current is the
big-conductance (BK) or maxi-type channel, which is known to be
apamin-insensitive and blocked by TEA. Although the BK
channel current is associated with the modulation of excitability
because of its role in producing a fast AHP [20], it is less essential
for slow underlying oscillations and super-threshold spiking
behaviors than the SK channel current. In the present study,
therefore, we have excluded the BK current from our model. The
maximum conductance value gsx=50.0 uS/cm2 was used.

Leak current (J;). The present model includes a nonspecific
linear background current without gate variables. This current is
the main component of the input resistance of the model. In
current-clamp recording, we measured the input resistance of DA
neurons using 600-ms hyperpolarizing current pulses with
amplitude —10 to ~20 pA by holding the potential at —60 mV, and
the average input resistance of DA cells was 630 M. The result
showed that the conductance value g was 12.0 uS/cm? by
assuming the soma was a cylinder whose diameter and length
were 14 pm and 30 pm, respectively. The reversal potential value
was set to Ex=—90 mV as used in Kuznetsov et al. [9]. In the
current balance Eq. (1), the somatic membrane capacitance C,=1
wF/em’ was used.

Calcium dynamics. The parameters in Eq. (5) were the same
those used in the Kuznetsov et al. model [9]: £=0.050, t=4.0 ms,
2¢,=2.0, and P,=2,500 pm/s.

Computer simulations were performed using XPPAUT [23]
with the stiff method and Matlab Ver. 7.5 (Mathworks, Natick,
Massachusetts, U.S.A.) with a nonstiff solver (a build-in function
of the Runge-Kutta 4th/Sth-order method, ode45). A time step of
50 ps was used in all computer simulations.

2.4 Phase-resetting curves.

DA neurons in vivo and ir vitro show spontaneous periodic
activity at the rate of 0.5-4.0 Hz. Generally speaking, the
mechanisms underlying such periodic activity of a system can be
complex with many hidden variables, and all dynamical variables
in such a system thus cannot be directly observed. However,
useful information about the dynamics of the system can be gained
by studying phase-resetting curves (PRCs) [24], which describe
the phase shift of the oscillation in response to a perturbing pulse
of variable amplitude at each phase of the oscillation. A
perturbation is weak if its effect on the amplitude and intrinsic
period is negligible. This approximation is often valid in firing
neurons, where a small current pulse delays or advances the next
spike (action potential) without changing its shape or average
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firing frequency. However, to construct precise PRCs, we need to
apply short pulse-like stimulation to neurons repetitively at many
phase points during one cycle for a long time [25]. As the
experimental method usually damages neurons, it is hard to obtain
true PRCs in electrophysiological experiments. In contrast, if we
have a complete description of periodic oscillations, and if it is
written by a set of ordinary differential equations, the PRC is
directly calculated using the adjoint method proposed by Williams
and Bowtell [26]. Because such a complete description of
dynamical variables is impossible in real neurons, therefore, PRCs
obtained from the present model can give a reasonable counterpart
in DA neurons.

2.5 A coupled oscillator model and its stability analysis

To gain some insight into synchronized phenomena in gap
Jjunction-coupled DA neurons, a weakly coupled one-dimensional
phase-cquation model of two identical DA neurons was
constructed. If the neural oscillators have robust limit cycles, the
full equations reduce to ones whose interactions are through the
differences in the phases of their periodic cycles. Much has been
written about such coupled phase-oscillators (see Koppel and
Ermentrout [27] and Hoppensteadt and Izhikevich [28] for review).
Here, we assume that two identical neural oscillators are reduced
to two phase equations as following: for /, /=1 or 2,

dg, /di=w,+eH(6,-6,) (i#)),

where &, and &, are phases in the two limit cycles, w, is the
frequency of the uncoupled oscillators, and ¢ is a small parameter.
The interaction function H is 7-periodic in the argument and it can
be explicitly computed from the original set of Egs. (1)—(5).

Let¢ =6, —6,. Then,

H@) =g/ T+ [ PO+ )= Vo0, e 8)

where g is the conductance of gap-junction coupling between the
cells, T is the period of the original limit cycles, P(7) is the PRC,
and ¥; (1) is the membrane voltage of the original limit cycles. In
Eq. (8), the conductance g only contributes the function H as a
scale factor. In the following, therefore, we consider g=1.0 p.S/cmz.
The function of P(¢) is the normalized T-periodic solution to the
adjoint equation of the present model and numerically computed
by the method proposed by Williams and Bowtell [26]. One of the
goals of the analysis in this study is to determine the stability of
the synchronous, phase-locked, and antiphase-locked solutions,
and how it depends on the paramecters (specifically, the HCN
channel conductance) the model. Tt that a

¢ s if

is known

if

in

phase-locked  solution stable and only

dH(#)/ dg>01[29]. In particular, the synchronous phase-locked

solution is stable if and only if dH(0)/d¢>0.In many neural

systems, there exists the possibility of delays at many levels. In
particular, there are delays due to axonal and dendritic propagation,
and delays encountered when gap-junction coupling was far from
the source of the oscillation or the spike initiation zone and must
be communicated through dendrites. In the simplest case, a delay
effect is described by a phase transition of the interaction function
with delay ©



H (¢)=H(p-1).

This relationship is appropriate when there is a delay between P(z)
and V(1) in Eq. (8) [29].

3. Results

3.1 Spontaneous firing The model presented in this
study shows many features observed in whole-cell patch-clamp
recording for DA cells in rat midbrain slices. A typical waveform
of membrane voltage in spontaneous firing of DA cells of the
substantia nigra pars compacta (SNc) is illustrated in Fig. 1A.
Membrane voltage of spontaneous firing in the model is shown in
Fig. 1B (/=0 nA/ecm®). It is known that the voltage
hyperpolarization immediately after spikes is deeper in DA cells
than pyramidal cells in the neocortex; this is represented by the
model. In addition, the characteristic slow oscillations were
observed in subthreshold membrane voltage after blocking of
sodium currents by treatment of DA cells in brain slices with
tetrodotoxin (TTX). This observation was also mimicked by
reducing the conductance of the voltage-dependent sodium
channel in the model (e.g., gn=0 S/cm?). The action-potential
waveforms from the experiment and the model showed similar
spike amplitude and width. Furthermore, the first and second
derivatives of the two waveforms also showed similar time
courses, which indicated that the model successfully mimicked the
shape of action potentials.

3.2 To examine oscillatory
phenomena of the model in more detail, a one-parameter (Zapp)
bifurcation diagram was computed (Fig. 2). The oscillation
emerges through a supercritical Hopf bifurcation when the
externally injected current went beyond a point at /,. The
threshold of the firing cannot be theoretically defined in the
supercritical Hopf bifurcation case. However, in this analysis,
oscillations where the membrane voltage went beyond +40 mV

Bifurcation diagram
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Fig. 1. Comparison of membrane voltage traces. Membrane voltage
recorded from a spontancously active dopaminergic ncuron in a rat
midbrain slice is shown in A. Membrane voltage of the model can
mimic spontancous firing of rat dopaminergic neurons in whole-cell
patch-clamp recording in B.

29

Stable|
fixed
20~ point
-40 =
-60 ™
-80 ™
-100

Membrane voltage (mV)

[TV A a1
2.0 0 20 40 6.0
Injected current (nA/cm?)

Fig. 2. Onc-parameter (/,y,) bifurcation diagram. Solid and dotted

8.0

lines show stable and unstable fixed points, respectively. Open and
filled circles show maximum or minimum voltages in superthreshold
and subthreshold oscillations, respectively. The oscillation emerges
through a Hopf bifurcation point at /, and ends at /=6.51; 1,=—0.716,
1, =—-0.173, 1;=1.56, and 1,=4.69.

were considered as action potentials. In addition to superthreshold
oscillations (i.e., action potentials), subthreshold oscillations were
observed in two regimes of the intervals [/,, /] and [/, 1,]. In the
interval between /, and 7, superthreshold oscillations were only
observed, and the oscillations corresponded to the spontaneous
regular firing shown in Fig. 1B.

3.3 Hyperpolarization-activated  current regulates
firing frequency In DA neurons in the midbrain, HCN
channels are expressed from early postnatal development stages
(data not shown here). The HCN channels are activated in
hyperpolarized membrane voltage, and the current /;, was actually
observed under =70 mV in the voltage-clamp recording. In
current-clamp recording, the current component constructs a
characteristic membrane-voltage response of so called “sag” (Fig.
3A(a)), and the present model can mimic the voltage response (Fig.
3A(b)). A computational simulation of the model revealed that the
conductance (g,) of HCN channels regulated the firing frequency
of spontaneous activity in DA neurons, as illustrated in Fig. 3B.
As the conductance increased, the firing rate was monotonically
increased until g,=0.12 and over that value, the rate was decreased.
Moreover, the rate was thereafter disrupted discontinuously
around gy=0.15. Over that value, the firing frequency slowed
down, because regular firing of action potentials was changed into
the mixture of action potentials and subthreshold oscillations. The
result indicated that HCN channels regulate not only firing
frequency but also the types of oscillations (i.e., regular action
potentials or the mixture of sub- and superthreshold oscillations).

3.4 Phase-resetting curves Next, to understand
the relationship between the amount of HCN channel expression
and phase changes in periodic cycles of regular spiking,
phase-resetting curves (PRCs) were investigated. In Fig. 4A,
PRCs with four different gy, values are illustrated. If there was no
HCN channel expression (i.e., g,=0), the PRC was monophasic,
and there was no delayed phase regions in the curve. In contrast,
as the conductance was increased, a delayed phase appeared and
PRCs were biphasic (e.g., g,=0.15). In addition, with increasing
conductance, the amplitude in the advanced phase was decreased,
and the amplitude in the delayed phase and the portion to the
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Fig. 3. Elcctrical propertics in the computational model of
dopaminergic neurons.

whole phase was increased. In Fig. 4B, the relationships between
advanced and delayed phases with g, are illustrated. The results
indicated that the shape of PRCs was regulated by the HCN
channel conductance.

3.5 Stability of the coupled phase-equation model
Finally, to understand the relationship between the amount of
HCN channel expression and the stability of the model in gap
junction-coupled DA neurons, H functions in Eq. (8) and their
derivatives were numerically investigated. For four different
values of gy, the H functions and their derivatives are shown in
Figs. 5A and B. In all of the H functions, stable fixed points are

located at ¢ = 0 (Fig. 5A), which means that the phase difference

¢ =6,-6, between the two phase-oscillators can eventually

converge to zero after a transient period. Therefore, over a
transient period, two oscillators phase-locked  and
synchronized. However, if there exists a relatively longer time

are

delay t to the period in the oscillation cycle, a different case
happens. This corresponds to a case where, for example, there was
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Fig. 4. HCN channel conductance (g,) dependency in phase resetting
curves. Phase resetting curves with four different values of HCN
maximum conductance g arc shown; g,=0.1, 0.05, 0.135, and 0.15 in
A. The curves arc normalized by the sum of maximum phasc advance
and minimum phase delay. The relationships of phasc advance (0) and
delay (o) vs. g arc illustrated in B.

a time delay between a spike initiation zone and a gap-junction
site. In such a case, each stable fixed point cannot be always

located at ¢ = 0 because of Eq. (9) (Fig. 5B). Moreover, if the time

delay is over 10% of the period of unperturbed oscillators, the
oscillation can be unstabilized (i.e., dH(0)/d<0 in Fig. 5B).

Furthermore, for each ¢ , the area at which

dH (0) / d¢ <0 against g, is shown and illustrated by gray color

in Fig. 5C. As explained above, the time delay shifted the gray
area downward. In addition, the result shown in Fig. 5C indicated

that, as g;, was increased, the region at which dH(0)/ d¢ <0 was

reduced, so that the time delay © induced less instability.

In summary, the HCN channel conductance regulated the
extent of stability of the coupled oscillators of the model. In
addition, if the HCN channels were expressed and the time delay ©
was equal to zero or less than 10% of the unperturbed oscillation,
the two oscillators were always synchronized and phase-locked.

4. Discussion

DA cells are spontaneously active in both in vivo and in vitro
recordings [1,4]. It is known that adult DA neurons are
Ca*-dependent autonomous pacemakers; that is, their basal
activity is intrinsically driven by voltage-dependent L-type Ca®*
channels [4]. Voltage-dependent Ca®" channels are multimeric
proteins in which the pore-forming o-subunit is the principal
determinant of gating and pharmacology. L-type Ca®" channels in
brain neurons have one of two a-subunits: Ca,1.2 or Ca,l.3.
However, genetic deletion of Ca,1.2 and Ca,1.3 Ca** channels did
not stop pacemaking in DA neurons. In contrast, HCN channels
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In four different values of g, (i.c., g,=0.1, 0.05, 0.135, and 0.15), H(¢)

functions arc shown in A. Here, 7 = Ty¢p / (2z) in the H functions,

where 7y is the period of the uncoupled oscillators. For convenience,
H(r) was normalized by the maximum value of cach function.
Similarly, in the four different values of gy, the derivatives of H(r) arc
illustrated in B. Borderlines between positive and negative
derivatives of H(r) are illustrated against each g, in C.

widely partner voltage-dependent Na* channels in pacemaking
[30]. Recently, Chan et al. reported that, in DA neurons from
Ca,1.3 knockout mice, HCN channels were absolutely critical,
because an antagonist for these channels completely stopped
pacemaking [31]. It is also known that, in DA neurons taken from
younger mice (less than three weeks old), HCN channels were
also very important in maintaining normal spiking rates [31].
However, as the switch to Ca, 1.3-channel-dependent pacemaking
evolved, these channels became less important. Therefore, little is
known about the functional role of HCN channels in adult DA
neurons.

In this study, the conductance-based Hodgkin—Huxley type DA
cell model was first constructed on the basis of reported results
and data recorded from DA cells in rat midbrain slices. The model
mimicked membrane-voltage waveforms in spontaneous firing
(Fig. 1B) and responses to hyperpolarizing current injection (Fig.
3Ab). Next, we focused, in particular, on the functional role of
HCN channels. As shown in the Results section, if the HCN
channel conductance (gy) was increased, the firing rate was
monotonically increased until some value, and over the value, the
rate was decreased (Fig. 3B). The result indicated that there can be
an optimal value of g, for maximizing spontaneous firing rate in
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DA neurons.

Second, we numerically analyzed the stability of oscillations in
response to direct current injection and obtained the bifurcation
diagram (Fig. 2B). The bifurcation analysis of the model revealed
that there was a complex structure for spontaneous firing and for
evoked firing even in response to a simple direct current injection.
In some parameter ranges, a mixture of action potentials and
subthreshold oscillations was observed. A variety in the amount of
HCN channel expression could provide more complexity in the
bifurcation structure owing the discontinuity of the
relationships between firing rate and HCN channel conductance
(Fig. 3B).

Third, to gain some insight into synchronized phenomena in
gap junction-coupled DA weakly  coupled
phase-equation model of two identical DA neurons was derived
after numerically computing PRCs of regular firing using the
conductance-based model. The analysis revealed that the shape of
PRCs tightly depended on HCN channel conductance, and a
HCN-channel conductance-dependent transition from monophasic
to biphasic PRCs was found. The transition was critical for the
maintenance of synchronization and phase-locking of the coupled
oscillators. In addition, to examine synchronized phenomena
among DA cells, a stability analysis of synchronization between
coupled oscillators was applied to the model. The results indicated
that HCN channels can regulate not only the frequency of firing
and subthreshold oscillations in membrane voltage but also the
extent of synchronization and desynchronization among DA cells.
Thus, in regards to the main autonomous-pacemaking role of adult
DA neurons, HCN channels in younger aged animals are similar to
L-type Ca’" channels [31]. However, we show here that HCN
channels can also contribute to the maintenance of
synchronization in coupled oscillations and stability of
synchronization regions in gap-junction coupling between DA

to

neurons, a

neurons.

In many neurons of the central nervous system, hormones and
neurotransmitters that elevate cyclic adenosine monophosphate
(cAMP) levels facilitate activation of 7, by shifting the voltage
values for half-maximal activation (¥} s) to more positive values
and by accelerating the opening kinetics. It has been shown that,
in DA neurons, the acceleration of the opening kinetics with
CAMP can be attributed to the shift in voltage dependence of
activation [32]. Thus, in the presence of high cAMP
concentrations, , channel opening is faster and more complete
than at low cAMP levels. As it is also known that HCN channels
are expressed by SNc and VTA DA neurons, they are exquisitely
sensitive to allosteric regulation by cAMP [32]. Because SN¢ DA
neurons expressed Ca’'-inhibited isoforms of the enzyme that
produces ¢cAMP, it is plausible that rising intracellular Ca’"
concentrations dampen cAMP synthesis, leading to a shift in HCN
gating in a relatively longer time scale. Hence, the activation of
HCN channels can be regulated by the cAMP level and the Ca®*
concentration [31].

5. Conclusion

To understand the functional role of HCN channels, we
constructed a conductance-based model of DA cells. To test the
validity of the model, spontaneous firing and membrane voltage
responses evoked by hyperpolarizing current injection were
compared with those from actual DA cells of midbrain slices in
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in-vitro recordings. The model analysis revealed that HCN
channels can regulate not only the frequency of firing and
subthreshold oscillations in membrane voltage but also the extent
of synchronization and desynchronization among DA cells. Hence,
HCN channels not only in premature DA cells but also in adult
DA cells have special functional roles in the regulation and
maintenance of cooperative firing through gap-junction coupling
between DA cells.

Appendix A

A1 The transient Na' current (Iy,) is described by

Iy, = gNa”7;:a”Nl:(V -Ey)

and the voltage-dependent activation and deactivation functions
and time-constant functions are as follows:

m,(V)=1.0/[exp(~(V +18.0)/7.41)+1.0]
(V) =0.0369 + 0.079lexp(—(V +21.2)"/ 1403.8)

m

n,(V)=1.0/[exp((V +47.8)/3.96)+1.0]
T (V)=2.02+ 50.9exp(—(V +56.5)" / 296.8)

A2 The delayed rectifier K* current (/) is described by

Iy =g}<m14<(V_EK)

and the voltage-dependent activation and time-constant functions
are as follows:

m (V) =1.0/[exp(~(V +34.4)/8.99)+1.0]
, (V)= 0.201 + 14.4exp(~(V ~17.2)" /1084)

m

A3 The A-type potassium current (/) is described by

1.'\ = gAm;nA(V _EK)

and the voltage-dependent activation and deactivation functions
and time-constant functions are as follows:

m, (V) =1.0/[1.0+exp(-(V +624)/16.0)]

7, (1) =1.62+7.99exp(~(V +102.2)" /3952)

n,(V)=1.0/[1.0+exp(~(V +83.9)/5.66)]
7,=268

A4 The M-type potassium current (/) is described by

1y =gumy(V - Ey)

and the voltage-dependent activation and time-constant functions
are as follows:

m,(V)=1.0/[exp(-(V +41.5)/5.47)+1.0]
r (V)=875+ 172exp(—(V +25.4)" 735.0)

m

A.5 The h-type cation current (/) is described by

I, =gm,(V - E,)

and the voltage-dependent activation and time-constant functions
are as follows:
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m, (V) =1.0/[1.0+exp((V +69.9)/10.5)]
7, (V) =320 +1850exp(~(V +81.0)' /18.1)

A6 In the model, four different types of calcium currents
are included. The L-type calcium current (/¢ ) is described by

Iy =8eame, V —E¢,) }

and the voltage-dependent activation and time-constant functions
are as follows:

m,(V)=1.0/[1.0+exp(~(V +31.4)/5.34)]
7, (V)=4.7+1 1.7exp(—(V +542)°/ 1034) _

The N-type calcium current (/c,n) is described by
Lo = MooV = E¢,)

and the voltage-dependent activation and time-constant functions
are as follows:

m,(V)=1.0/[exp(~(V +24.4)/5.47)+1.0]

7, (V) =0.0306 +1 8.0exp(—(V +34.5) / 720.0)
n,(V)=1.0/[exp((V +54.5)/5.34)+1.0]
,(1)=49.8+450exp(~(V +705)' /501 4

The P-type calcium current (/c,p) is described by
Lew = 8ewMewhicaw (V —E¢,) »

and the voltage-dependent activation and time-constant functions
are as follows:

m,(V)=1.0/[exp(~(V +25.9)/5.38)+1.0]
7,(V)=0.569+ 10.4exp(—(V +38.1)}/ 765.6)
n,(V)=1.0/[exp((V +64.9)/1.87)+1.0]

7, (V)=145 +389exp(—(V +75.5) /21 .5)

The T-type calcium current (/c,7) is described by
ler = caMeahca (V — E¢,)

and the voltage-dependent activation and time-constant functions
are as follows:

m,(V)=1.0/[exp(~(V +62.4)/1.19)+1.0]

m

7,(V)=12.0+65.0exp(~(V +68.0)" /36.0)
n,(V)=1.0/[exp((V +75.3)/2.77)+1.0]
7,(7)=10.0+50.0exp(~(V + 72.0)" /100)

A7 The Calcium-activated potassium SK current (Isg) 1S
described by

Iy = g5 ([Ca™ 1)V — Ey)
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Morphological Properties in Dopaminergic Neurons of the Rat Midbrain
during Early Developmental Stages and One Numerical Approach to Passive-Membrane Modeling
Takashi Tateno™®**, Member

In this study, I aim to understand morphological changes in dopaminergic neurons of the rat midbrain during early

developmental stages and their computational properties in the dendrites. To this end, firstly, [ measured morphological details of

dopaminergic neurons using an immunochemical double-staining technique. In the viewpoint of the Rall’s equivalent-cylinder

model, secondly, I tested if the data satisfied one of conditions (3/2 power law) of the Rall’s model. On the basis of the

experimental data, | next investigated if some branches in the individual dendrites had special selectivity in efficient passive

propagation of membrane potentials between the branches of individual cells and different cells. The results show that the Rall’s

3/2 power law was not satisfied in many branch points and that among branches of each dendrite, specific selectivity in efficient

propagation was not found. In addition, I note an implementation method in which the finite element method is applied to

one-dimensional cable model of dendrites and give some numerical examples.
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Fig. 1. A, morphology of a dopaminergic neuron from a
postnatal day 15 rat. B, schematical representation of dendrites
for the eell show in A, C. Rall's equivaleni-cylinder
representation carresponding one shown in B. A small bar in A
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Fig. 2.

parent branch and daughter branches in dendrites of

Histograms for geometric ratio (GR) between a

dopaminergic neurons. A, postnatal 15-day cells. B, postnatal
3-day cells. Dotted lines represent mean and mean +2SD,
respectively. Each curve in the plots shows a normal

distribution with the mean and SD.
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