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SUMMARY :

Since inception of the study on Hovember 1, 1965, the following objectives
have been fulfilled:

Intracellular recording of electrical activity from vascular smooth muscle
(superior mesenteric vein of the Guinea pig) has been made a routlne experiment,
maintaining Impalement during spontaneous and drug Induced activity. Normal spon-
taneous activity and the effects of catecholamines, acetylcholine and ions have
been studied ir terms of electrical and mechanical activity,

Voltage clamp and constant current injection technigues have been used to
Investigate the membrane properties of vascular and other smooth muscle. Effects
of 2-L-dinitrophenol and Ci~ have been studled in terms of electrical actlvity.
Attempts have also been made to record electrical activity from the precapillary
sphincters of rat mesentry., The above studies indicate that althcugh the electrical
properties of the smooth muscle membrane may be somewhat similar to those of nerve
and striated muscle, the ionic mechanisms may differ essentially, e.qg., the exci-
tation of smooth muscle from the longitudinal layer of the superior mesenteric
velin and also taenia coli of the guinea pig is Ca™ dependent, Tetrodotoxin (TTX)
insensitive and Is blocked by transition metals,

The investigatlion of the so-called '‘autoregulatory escape' in isolated loops
of cat lleum essentially confirms earlier studies by Folkow et. al. and by using
TTX we have been able to exclude the Involvement of local reflexes (axon reflex)
participating In the phenomenon. An additional finding is that TTX treatment of ¢

vascular bed augments the constrictor effects of catecholamines.
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FOREVORD

Project '"Requiation of Smooth Muscle Responsiveness'' was started 6 years ago
under Contract No. DA 49-193-MD 2843 with the U.S. Army Medical Research and
Development Command at the “ew York Medical College, continued In 1967 at the Mew
Jersey College of Medicine and Dentistry under Contract No. DADA-!7-68-C8058, and
has for the past three years continued without funding from the Medical Research
and Development Command.

The project was initially a pilot study to investigate the feasibility of
obtaining electrokinetic data from the smooth muscle of blood vessels by intra-

cellular techniques In order to find out how ionic mechanisms contribute to

changes of responsiveness and to the reversal of the blood vessel responses to

neurotransmitter in the end stage of shock.

Soon after the project moved into the realm of a definite study, in vivo

investigation of the requlatlion of microcirculation and its derangement in shock

was included In the program,

The project demonstrated early the feasibllity of using intracellular poten-
tial recording techniques to assess changes in vascular response to neurotrans-
mitters., Despite the fact that these extremely dellcate techniques had never
before been used successfully to study induced changes in responsiveness of blood
vaessels, several primary objectives were fulfilled, as seen from our two pre-
liminary repcrts, and In addlition, the study yielded a wealth of basic information
indispensible for the flnal evaluation of vascular responses in shock (see
enclosures). This comprehensive and detalled final report to the U.S. Army
Medical Research and Development Command includec the first phase of a continulng
program on the regulation of micrnclirculation and its derangement in shcck, and
some interesting but independent aspects suggested by the above project. These
other studies have been supported by the llew Jersey Heart Association, NSF and o

U.S.-Japan International Coonperatinn grant.
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The ~ontinuation of our proje:t hns been funded partially by our Institution
with appropriations to cover some equipment, expendable material, technical help
and In part coverage of Salary for Dr. Kumamoto.

It is appropriate to thank the varlous granting agencies that have made this
project possible, and to acknowledge tre major contributions by Drs. Nakajima and
Kumamoto, to make It a success, Thanks are also due to Drs. Folkot, Vallentin

and Niu for valuable dlscusslons and suggestions.
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Prior to the present proje:t the electrical behawior of mammalian vascular
smooth muscie was virtuaslly unknown, except fer s few repcrts, notsbly by Funaki
and Bohr (1964), Su and Bevan (1954:), Guthbert et al. (1964%), Speden {1364) and 3
series of poor ang inconsistent recocds from our own laboratory. The main problem
in - -taining reliable data was to produce microelectrodes of proper dismeter
(~2.1 ), toleradly low resistance (<40 regohm; and minimal tip potentlial
(10 mV).

After about 3 months work, starting in November of 1965, testing different
types of glass caplllaries, studying diffraction patterns under |lght microscope
(tlp of electrode being beyond resolution), and, after filling electrodes with 3M &

KC!, testing the various categories of electrode sampies In Taenlz coli, we finally
erded up with useful micropipettes, s’ itable for recurding from vascular smooth
muscle.

Thus, we succeeded In making intracellular recording of electrical activity
of vascular smooth muscle a routine experiment, maintzining impalement during
spontaneous and induced electrical activity.

For fuli details of techniques see references 3 and 8. Ve have studied and
described changes in electrical and mechanical activity produced by norepinephrine,
epinephrine, iscproterenol, and a.etylcholine under normal conditions and under
conditions of changaed lonic composition of the external bathing sclution, The
equilibrium potential for acetyichcline was determined. A great deal of effort
has gone into the study of the effect of neurotransmitters on maximum rate of rise
and maximum rate of fall of the action potential.

Ali of the significant findings reagarding these aspects of our studies have
been published, and abstracts and papers are enclosed, see ref. 1-4 and 6-8.

Ue have also carried out experiments which aim to determine the =ffects of
metaboiic poisons {viz., CN- and DHP) on the contractile and electrical activity
of vascular smooth muscle. Preliminary results were reported at the International
Congress of Microcirculation in Gotenborg, Sweden, Irn 1968 (6) at the Federation
Mezting in 1969 (9) and full details were reported in a paper in 1970 (10), see

enclosures.,
-1-
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Cur latest experiments have resuited in a very significant observation.
Tetrodotoxin (TTX), vhich specifically blocks the voltage dependent changes in
sodium permeability in nerve and skeletal muscle has no effect on the action
potential or Impulse propagation cur preparation, whereas blocking of calcium
permeability with manganese abclishes the electrical activity completely and
renders the preparation inexcitable. The conclusion drawn from analogous exper-
iments on viscerz! muscle and on cardiac muscle has been that Ca++, and not Na‘,
ls the current-carrying ion durfng the upstrocke of the actlon potential, essentlial-
ly disqualifying the Hodgkin-Huxley hypothesis, (for which they received the Nobel
Priz> in 1963). \'e are currently carrying out mexperiments which involve voltage
clamping in effort to asssss whether Ca™ Is ‘irectiy involved in the exclitation
and the propagation of impulses in vascular smooth muscle.

Jetails of techniques and sicnificant findings have been published in several
abstracts and a paper (ref. i1-15),

As an adjunct study to the nroject ''Regulation ot Smooth Muscle Responsive-
ness'', we carried out in vivo studles in relation to the so-called autoregulatory
escape in cats. Unfortunately financial cupnort ceased before the main experi-
ments were started. towever, valuabie improvements in instrumentation were
accompl ishea,

Thus, we have constructed and tested a new impulse flow meter of the drop
counting type (absolute volume) operating an oscillograph (Sanborn 5508 or
similar). This flow meter is a solld state version of the one used with smoke-
drum kymograph in Foikow's laboratory. It offers great stability over a wide
range of flows and has minimal drift. Technical reports wiih performance speci-
ficatlons have been published as the flow meter offers a number of advantages (see
ref. 5 and 16). A simple and accurzte volume iransducer has been constructed
utilizing an Inexpensive transformer transducer (Linearsyn, Sanborn Div. of
Hewlett Packard C9). This wolume transducer is used with the plethysmograph. ‘e
have alos constructed a new hydraulically operated table with tiltable cat-board

and attachment for the variety of equippent used in tha experiments. This table
“2e




serves as a sturdy base for the microscope and the camera. The assemblv Is shown
with camera-microscope In Fig. | and %,

Enclosed is a report (Ref. 19) by Mr. N.A. Mortillaro dellvered at the Federa-
tion Meeting this year on preliminary experiments on the autoregulatory escape In
ileal 'oops in the cat. This work (see Abstracts 17,18) Is part of his thesls work
for the degree of Doctor of Phlilosophy and was Inltleted during the last vear of

the contract (without funding) and has continued with funds granted by N.S.F.
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Reference 1

Reprinted from "THE PHYSIOLOGIST' - Vol. 10(3):205, 1967

ELECTRICAL ACTIVITY OF THE SUPERIOR MESENTERIC VEIN OF THE GUINEA PIG,
L. Horn and A. Nakajima*., New York Medical College, iew York.

Ve have previously reported on intracellular recording of spontaneous
and drug-induced electrical changes of smooth muscle from the longitudinal
layer of guinea pig superior mesenteric veln (Fed. Proc. 26:330, 1967,

Am, J. Physiol. 213:lJuly, 1967). Further data on changes in membrane
activity In response to catecholamines and acetylcholine will be reported.
Adrenallne and noradrenaline have an excltatory effect brought about by
depolarization or increase In sp'ke activity. Adrenaline has an additional
positive Inotropic effect not assoclated with detectable change In membrane
potential when the muscle has been extensively depnlarized by increased
external potassium. Isoproterenol abolishes spike activity and hyper-
polarizes the membrane. ‘e have previously reported that acetylcholine

may briefly hyperpolarize the membrane before the depolarization to about
L0 mV associated with the excitatory effects of the drug. The depolariz-
ing effects of acetylcholine reverses when the membrane has been depolarized
by KC1 to about 30 mV prior to drug application. [t is suggested that
acetylcholine has an equilibrium potential of about 4O mV in this muscle.
(Supported vy Contract DA~49-193-MN-2543 with the U.S. Army R & D

Command and a Grant from the Americarn Heart Association).
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Reference 2
Reprinted from ""FEDERATION PROCEEDINGS" V. 26(1):330, 1967

ELECTRICA. ACTIVITY OF VASCULAR SMCOTH MUSCLE. Aklira Makajima¥* and Lelf
Horri, New York Med. Col., New York, N.,Y,.

Intracellular recording in vitro frcm the longltudinal muscle layer
in quinea plg's superior mesenteric vein shcwed bursts of action potentials
associated witl. spontanesous contractions., The resting potential between
bursts ranged from 4] tc 62 mV. Action potentlals were accompanied by a
slow component with an average amolltude of 25 + 1.8 mV., The actlion
potent.lals ranged from 35 to 59 mV and had a fast repolarization phase
folloved by marked after-hyperpolarization. Overshoot was ubserved
occaslonaily, but then only a few m''. Adrenaline prolonged the bursts
of spike discharges or initlated repetitive firing. High concentrations
caused rap!d depolarization associated with increasing discharge frequency
of =ation potentials of progiessively smaller amplitudes. Acetylcholine
excited the muscle but depolarization was usually preceeded by a slight
hyperpolarizati- The hyper-polarizing action could not be dliscerned
when the membrane potential was higher than 60 mV at the time of drug
aprlication. Asynchronous or partial exclitatlion occurred independently
along the muscle. lonlc mecharisms are discussed. (Supported by Contract
DA-49-193-MD--2843 with the U.S. Army R & D Command and a grant from the

American Heart Association.)




Reference 3

Reprinted from "AMERICAN JOURNAL OF PHYSIOLOGY' Vol., 213, No. 1, July, 1967

""ELECTRICAL ACTIVITY OF SINGLE VASCULAR SMOOTH MUSCLE FIBERS'"
Akira Nakajima and Lelf Horn

(Reprints enclosed)
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Nakapina, ARRA, AND L Howrs. FEletral activity of gl
casiular mooth musele fiben. A ] Physiol. 100 25 o
1967, Fleetrical activity of the fongitdinal musele faver in
unines pie excised superior meseneric vein was recorded ina
ceflularty, Bursis of -action potentials were assoctated  with
spontancous comractions, The resting potentiad beuween burss
vanged from 31 to 62 mv. Action potentials were aceompaniced

Oy o show component with an average amplitade of 253 1 8

mv. The action potentials ranged from 45 10 50 108 and had o
izznion phase {ollowed by marked afterhy perpolari

i
ionally

st repol;
zation. Overstion of a few millivobhis wias observed oces

* Adrenatine prolonged the huras of spike discharges or initiated

repetitive tiring, High concemtrations produced rapid mem
brine  depola ton associated  with  inereasing  discharge
frequency of action potentials of progressively smaller ampli
wides Acewvleholine had an excitatory effeet bt the depolari
zittion was usually preceded by aslight hyperpobatization. "The
Iy perpobirizing action of aeetvlcholine was maore prominem
when the initial membrane potential was low. Hyperpolarviza
tton canld nat be discerned when i was higher than 6o mv i
the time of drug upplil';uimL Awnchironous or partial exeita
Hon vecorved independenthy alovg the masele, Tonie mecha

nivibs e disenssed,

superior mesenterie vein; vaseubin tscle, membrane poten:
tal: sow potential; adrenaline; avtion poential; conduction
of exeitation: scetvleholine: depolarization: contraction; ove:
vion; ¢ coupline

shoot: b perpol

I'l' I NECESSARY TO KNOW the hasie mechanisms influenc-
ing contractile activity of vasenlir smooth muscle to un-
derstand the physiological reenbition ol local Blood flow
in tissee and the compensitory regional shilts needed
fon fullitling the basic cconmuy requirements of o min-
imal blood yvolumne. Stadies of the behavior of vasealar
smouih mnscle proper by means of mechanical methods
in vitne and in terms of diveet observations through the
microscope in vivo, have contribated such knowledee

trr, 2o As o the electrophssiofogical behavior of the

Recer od e publication o Decembiner 1gbts,

b weth was suppen ted by contract [RASKTINETRTAN 1§ BICIE
wab the US Ariy Medieal Serviee Researeh Developroent Pro
s ate b by smant ron the Nnenean Hept Asociation

oot Bvestivcator on leave of abean e rom Kvoto Uiversin

e L

3

-

saoth wrsele wemibane, current siews e hased
ainly on data from nonviseubir musele tssues s the
vididity of transposing such data o visealar oasele
has been dispated. [t ois assinned that catecholinmines
and  cetyleholine play importntroles in the regalation
of vascular smooth nasele in o manner analoitous to
their action on “other contraetile tissaes. Excitatory
agents decrease the mendime potential of wnsele i
general 1o initiote -or fnerease spike fregquencs,
inhibitory agents inerease membrane polarization and
decrease or abolish action powentials, Lowering of the
membrane potential of visenlan muoscle ander standard
in vitro conditions brings abont initiation of o inerease
in spike activity, and this inereased fregueney s itsso-
cinted with an_inerease in masele wasion. Phere s
evidenee, however, that exeititary agents will inerease
further the tension of vasenbir stooth msele withiou
spike activity and changes in the wewbreane potential
when the fatter has been depobarized by high esteroal
potassinm coneentrations (1g), T is Iedieved that when
musele tension does not chanee relative 1o spihe fre
queney i electromechanical anconpling has ocenrved.
I has been necessarys therefore w invoke an additional,
ditect effeet of wransiniter agents on the contractile
activity. of nsele independent of action potentials
Nevertheless, the finding that high dreae or jon coneen
trations  may stimukate whereas low  concentrations
may inhibit smooth taseles or viee versa is dithealt
o exphiin. Finally, stooth minscle may change teverse)
its contractile responses o stmalation spontancomiy

or e induced 1o do so by sartons means th, 1)
Unfortmnately  the eleerrical events associasted with
the changes in responsiveness of vaseular simooth imsele
are for the most part unknown, presiwmably due 1o
inherent difliculties i the weehnigee of fmpaling the
relatively sinall fiberso N fow reports dndicate, howeves,
that viseular stooth nsele vy difler <somewhat i
its cleetrical propertios and bebinion from those of othes
tsele Vissue, Thins e fas been reponted that the mem
hrane potential is less than thar of other cuooth noseles
G te, s e andd ondy abwont bl of thiat of ske feral
neele. A vatiety of ditferenn pattcens of action potentials
funve been vecorded, posibly velated o the fanetionad

chanacteristios ol the partienbas oosele bhbers Danaka
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vee o Spomtancons buarsts ot spike discharges ceondueted ves
s Note that el tension capper tace sdeveloped abot

car obtained twa Civonety difierent tvpes of action
potetials froam sncode masele fibeys e difierent pares of
!

Ve ederonasonla hed i the froes The spike duaration™

of these action potetiuads were bo and 2o sec. Roddie
cronreported o o wide spectran ol action potentiads”
i Uasendine moedde rrone the trtle, One tope resembled
A coadiae action potentinl with an abnormally pro-
tacted platean Listing up to o see Farther, somewhin
ohecre findines e that acendeholine has a doal
clect on the membrane of vasenlar msele civing an
inttial hyperpobaoization followed by o depolarization,
Both associated withe contraction Cron Althongh stniikin
contasine resalts Tone been obtained oceastonalhy in
other sisooth nneele o 10 woudd be of interest to know
whicther these tesponses e characteristic of vasenlar
v tes andd 1 S0 hiow they relate to other parameters.
1o the followine expertments we have sudied the
oo brane acts i of single cells of the superior mesen-
trie sein of the ciinea pie Phis vessel eshibits spon-
tncors contractile activinn hoth in vitro and in Viv o,
NMogeoner, it s stigimbated by eatecholmines as well as
aoetdeholine and 1rowonld heoof partienlos interest to

Companne the clictrical responses o these aeentss—

s, oo AR

A M/ N AALA

e Bt o o casnentation of adienadine ccontinaons
TR Liters i hetween spihe discharees shorten s the Duarsts

50 sec after the onset of spike activite, "Uhis vecord has heen e
touched.

M THIODS

Lonuitndinal strips of the vessel, v swide a5
lone, were excised and incubated in a chamber con
tining warm modilied Krebs solution containing (in
) NaCl ey, NaHCO; 60 Nal PO 18, K1
1o CaCle 2y, MuCly vaos, and dextrose, -8, The
solution was saturated with gas mistiee of 9530 O and
50 COL L The strip was mounted so that the onta
aiface of the vessel wall was accessible. Conneetive
tisste covering the longitndinal smooth musele laver ot
the wall wars removed. One end of the strip was connected
to a lever transnstting the contractife tension to o
mechanocleetric transdneer. Mieroelectrodes, with re
sistinee of about so megohins, were inserted by the
floating method deseribed by Woodbry and Brady
trg). The tip potential of the clectrodes varies hetween
soand 1o avs Calenlated monnts of adrenasline o
acetsleholine dissolved in standard amonnts ol Kiebs
whttion were added direetly to the bath, 1t should be
noted that in reporting the mienrbrane or action poten
tials here, impalements giving initial valaes for the
yesting potential below o my have been otitted, he
camse sneh low values are most probably not te

ADRENALINE 3x10-8 .

ise into a pattern of repetitive tiving associated with rradual ok
polartzation I his record has heen petouched

T

st s




PEECTRTO N ACTIVIEY O

e g0 Repetitive fivioe and depolavization Tollowing 1078 w/v
advenaline applicd o e away from the steip. This procedare of
drage application, used o avoid distodeing the electrode, produoce

intracellulins potentials inastch o they can be casily
obtained  In clectrode,”  as deseribed by

Gillespie (1 2y

Tpressure

RESH LIS

The strips of superior mesenteric vein showed spon-
trneons contractile activity when inenbated in warm
modified  Krebs solution. Bursts of spike discharaes
associted  with contractions were vecorded  (Fig. 1y
The resting membrane potential C4 sk between hursts
tranve 41 G2 omy) Tty i 27 suecesstnl
expertinents. The spike frequency was alwavs higher in

WS

the mital part ol the individual trains, The pattern ol

tiring of action potentials varied bhut the aetivity conld
e ehassified as follorws: 1) Tong trains of spike discharges,
simikar o those seen i taenia coliand innterine musele
(150 o0 <hort trains consisting ol several spikesT )
sngle spikes or irreeutar discharges. Oceasionally double
spikes appreared during the huarst ol ~'|)iki' cischaraes,
AMam o the action potentiads vose from slow depolin-
izations suguesting that the conduction of excitation in
thae the individual cells hine
eshibit pacemaking  activiy

this vessel is so
marked  tendeney o
Farthermore, the action potentials were nsnally ae-
companied by slow potentials of vavions <hapes: This
“Jow  component™ associated with aetion potentinds

rom

had an amplinade considerably lrger (mean 25 &
1.2 o) than that of other smooth nnnsele cells o)
and mest freguentdy, Bt not adwavs, action poteatials
appeared o be triggered by these slow potentials. Fhe
action potential aswadly i o fast repolavization phase
followed by o wirked afterhy perpolarization. Simila
results have alreads heen reported by Speden o7y and
Tl 18y

he amplicnde of the action potential varied, tancing
foms 5 1o 50 my Gnean 45 4 22 v and app ared to
yelate 1o the inttial membiane porentiad, Oyecasionally
action poteatials showed overshoot, bint onty ol several
nillivolts Gnax

It wt e enadine

cllect on the saperior mesenteric ver e conventnatons

advonal i Il o excitatins

paneine from to S o w0 N ol of Gy espens

nents wers corried o Nomenance of napalenient

thronehont and continnomis records were obtaaned o

nwere et
olwery ed within When ol

lower concentiation o adienalise was apphods pro

onc tomnth of  these Tuhihitory responises

this conceatiation anee

NASCULAR SNTOO T NIUSNCLLE,

W TRERAST B tenagon

beeased

longed  brursts of spike discharges appeared witho
detectable chanve in the membrine potential. When
of adrenaline
longed  repetitive firing of spike dischinges oceun ed
(Iie. 23, and the membrane gradoally depolarized. In

the ('l)ll('('llll'il\il)ll WS ill(’l"il\'i'(l, o

the highest concentrations of the drug, the mendwane
ed rapidly associated with an inereasing dis-
charge fregqueney of  spikes of progressively  smaller
amplitnde. The slow potentinl initially accotpanying
action potentials disappeared. Fignre 5 shows the offect
of 10w v oconcentration of adrenaline, The
brane potential fell rapidly o a level of about 2oy s
the freguency of spike discharaes increased. The anipli-
tde of the spikes decreased and the membrane activin
deteriorated  into oseilations. After the spikes had
disappeared depolarization was naintained. Tt is note-
worthy that the muscle continned 1o develop 1ension
throughont the process, also after the cessation of spike

depolar

Thietn-

discharees.

it of wetvlidandin. Acetvlcholine ciased contraction
ol the superior mesenteric vein. Atarlogous 1o the excit-
ation I adrenaline, the offeet is produced by initiation
o increase i spike activiey of the nesele membrane.

Sixtvesiy experiments were carried ont Maimenanee of

impalement thronghout and comtinnons records were
obtained in one-fourth
trations of acetsleholine inereased the spibe frequencs
and the duration of buarsts withont detectable chanee
in the membrane potential, T contast o advenaline,
acenleholine inidally: hvperpolavized die mendwane,
Phic etlect was most consistent with high coneentrations

abont of these, Low concen-

of acensleholine and appeared o be closely i imversely
velated o e mitial membane potential. When the
initinl membrane potential
cabont go v Liveer degiee of hivpey pul.ni/;uiun W
acenleholine

win comparatively low
obtained Inoapphving 1o 7 and 1o 0wy
e also Discr sston)

Pioure Jows the etlect of aeetvdcholine 1u o con
centration of 1o 7w TThe repentive time ol spakes
appeared soon atter the dyie venched the s b as the
temhane is beine ransientdy lvperpolasized abane
Mrer s initial staee Lo spikes were elicied
"l.u’ll.:”\

[RRR

repetitinely o the remdn g potentst

voervged tovns il Tev el W hen 1w paehe sabnt e
iy e dfeted table Chanee v e N ;uuln'nll.t‘ coithl

[ fe

ARTRY

P wbiserved o the ] e o the dhroes aetios

L prrpolatizine cliccr ol acethoholine hrovwever,

ot bastroe even st hiel conoent o, e altes o

e L e




e Effeer ertyicHot
spontaneon< bas - peeiieding the

brict peried the mersdnane potential shitted 1o depolar-
ot assenfated with repetitive Giring of spike discharges
aned decreased to o tnal el of abont jomiy, as illns-
trated in Vie 5 Dienre 6 shoms an caeeptiosial case of
prenutrent hyvpetpolarization prodoced by aeetvdeholine,
Here the instiad pesting potentiol wos in the ranee of 42
v e B el aovery thed Inprerpolatization to 6
s g et Sone legree of spihe fubitbition ocenpond
prior o depoisrization and recoular Wi of spike dis-
charees T conphosized Tencever, thar dee topival
tesportises are thene Histrotedd b Pies, 3 oand 0 Noge
thou twerthireds of o revoreds show that acenddehindine
proeden el bvperpsbacization of the membirane
Bafore peatiarion of reperitinne e of action potentials

cverm tatedd st depolarization

[T IR IRINTRLN

Pra coerper oo byee pote ntiads of coase el toasdde
thot sve encersot el wete of patercaedpare sabie thes
verte doneer thosns theme aaf vpster b stommothy e b £
oot weeadit Lot those bosnad beo ol s e

oo el wwbe e b ot e severad prmsthile

cob e v e o b eaeede s e vasendon

ewot T S Y L R T T BN TR A IR 7Y ST T L 11
e e e whe b s reede b
be o oot s i whee e revendod e
[ Nt ) T P P N A INT TR L IR BT
N REICEEE Coode aoc H “~[uu1|n!iu ,lh’l‘t’,{l"‘\""

M

A

VONAKAJINGY AND 1, HHORN

[eememm———
" 10 SEC

talont e hetone the last

that when tmpalement is maintained over long periods
of time tabont 5 min no change in the resting potenti of
is recorde

Orvershoots were occastonally recorded B usaalh
of only several millivolts tmax 5 ). A it is dithenl
to determine whether the more vsed failure 1o over -
shoot s an essential featme ot this nmecle diber o

whether itis diwe to injory cansed by the ijeroelectrode

I b been peported that the spontancons contractions
of Viseeral smooth masele are cansed by epetitine firine
of action potentials. Fach spike discharge is well comdi
wated with the mechanical event stmuaing up o phasic
contraction. Therefore, teanic contraction is o o
sential feavne of visceral ool snsele 1y Bothe poees
et esperisents o shailar pattenn ol aetion potestials
was obrenved dn association with spontancons con
tenftions of the saperior iesenteric sein ob the 2riiaea
pie. Fhe contraction of this vessel vy the efore appean
to be maiotained by essentadhy shealin e ctanisms o
those ol sisceral stgooth msele. Flowever, the anset of
v bt ot spike discharges amd nerease ol ension were
not alwans sunchromized, and o extene cases there
was sl reat disparinn diar cach pleonoraenon ap
peared 1o oo edependentiy To e s miech e
iecormted for s bpredecBions e the ersaon ves o b
Sostere bt e the g this <hoses e asvec bonons on
froctal exoranon con otom depeadeny oo e

arse e stap

e

< el Adbhnitats
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4 ACETYLCHOLINE 10-6

e e N e et ot

%"hﬂ‘%ﬂw’m‘(} s

.

Acetvleholine 117w 1 inereased firing frequeney and

PG, .
a briet,

depolarized the membrane fvom 53 1y o 15 iy adter

As mentioned above, the action potentials IENTRIIN
had o slow rising phase ol the pacenisher type. Fhis
also indicated multiple pacemaker activities in this
muscle and, by interence, poor conduction.

[t is not possible o assess definite role to the prom-
inent slow component assoeiated  with spike activity,
Usually, bat not always, 1t appeared o provide for a
generator potential and it way be assuned that it phavs
a role in the pacemaking activities and thusa part ol
the mechanism for maintaining some dearee of con-
traction (ttone”1 in this presnnahly poorly conducting

tIsse.

i
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AN DA NN N

Che, b Btlecr of acetddehaline g X ot w I v, £
i cosecclter geevicholine o0 and Do continnans peconds e

wion transdico apper traces s et

barely detectable hvperpolarization cg s Ahsespd apper trace
ot roadfunetioning mechanorectic taansditee

Adrenadine has o stnodating elleer onthe saperion
esenieric aein that s characterized In
depolivization and initiation ol, ot increase, o spike
activing, B contiast o this vasendin s IEANTITEN BN
inhibited tn adrenahne

vaemby e

cern' smooth minseles oe
Anclson and cosworkers (0 Tave snggested that adien
Alne his two effeers on the memdirane ol tienia coh
T he one ~diresc” depolivizing eflectis mashed, however,
In another more: prominent metabolic eflect ol the dine
which resnlts in hyperpolirvization and inhibition 1
this is the wodis opeimdi of adrenatine in vosendon
nisele, the diveet effect of the mesdnane donnnates i
the saperion nesentesic veine at b diag concentiations
nsed in these experiments,

With hieh coneentrations ol advenaline, the e b one
drpolarived rapidhy, the action potentials detenorated
into oscillations, and dmally sistained - depoliizaion
there i ther nerease b
msele tension maccotpanied . by spile disclanee
Whether or not the o ther Inerease e tension o b
cllect of adhenadine

ovcnrred, Towever, Wiy

attrthned o some “metabolic”
mitintined alter excitation contration unconpine can
tot be assessed with certainiy . N nore plansible enprlana
ticn would be that the (Il'\l'l(il)!lll‘lll b controetre s
cradin! and that activity many teain in other cells ton
e e atter the cessation of the acnvits of e inpualed
cell,

| |ll' N il.iltn\ 4'”(‘l'l~ ol ‘u‘-'l\l! |I<n|l‘:t* h.nl (B IR NCRRRAL I B
eral A enadioe

Nevertheleos, the | IRSEP

thoueh the ivperpolatizine oot s sl cod St

featines in connnon with those ot

Aiicrenoes e hore sinfoiee

Lastine, the il eficcr of acndcbndine an tas vl




i contrast to that o sdresadine and o that epen eed
ton soetnloboline on visceral smooth minscles o well,
ease in spihe
vcholine ethct ditfeted from the
eticct abo in that icdid not producea con-
tactire, even at hivh drag concenteations. Fhis s
b slise 1o busiv ditfetences of jonic mechamisms b which

which ~how only depolarization and
.u'li\il‘\l cThe ace
adrenalin

the two aeents avl, s bas already been demonstrated
ire taenia coli (60, 1 shonkd e noted that althonsh the
Typerpolizing  cliects of acetvdcholine usaally are
susall, assreported by Puiki ceod ad contirmed byous,

they are guite wnigue, and may be very stri
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Reference L

Reprinted from ''FEDERATED PROCEEDINGS" Vol., 27(2):704, 1968

INTRACELLULAR RECCRDING OF ELECTRICAL ACTIVITY CF VASCULAR SMOOTH MUSCLE,
L. Horn and M. Kumamoto¥, N.J. Col. Med. & Dent., Jersey City, N.J., and
A. NakajIma*, Kyoto Univ., Japan.

Spontaneous and druc induced electrical activity of vascular smooth
muscle from the longitudinal layer of the superlor mesenteric vein of the
guinea pig has been recorded with Intracellular microelectrode techniques.
Adrenalline or noradrenaline caused increase in spike activity: 10'6 g/ml
adrenalIng caused eventually sustalned depolarlzation whereas this con-
centration of noradrenaline only increased the frequency of action potentlals.
In contrast Isoproterenol first abolished spike activity ard ther hyper-
polarized the muscle membrane. This inhibltory response was followed by
repolarization associated with bursts of spike discharges. Solutions
containing excessive amounts of potassium depolarized the membrane to
about 10 mV. Adrenaline caused further increase in tension, Thus,
adrenaline has a direct effect on this muscle not associated with spike
aciivity or changes in the meribrane potential. ihe excitatory cffect of
Ach.was:brought about by initiation of or increase of spike actlvity
and depolerization of the membrane. However, the effect on the membrane
potential was reversed in the presence of 23.5 mM potassium solutlons,
hyperpolarization resulted to a steady state of about 40 my. (Supported
by Contract DA-L9-193-MD-2843 with the U.S. Army R 5 D Command ard a

grant from the American Heart Assoclat!lon.)
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Reprinted from THE MICROC IRCULATORY SOCIETY - XVI Annual Conference - 1968

A SOLID STATE IMPULSE FLOW METER. L, Horn and A. Rose. Dept. Physlol.
and Electr, Shop, N.Y, Med. Coll., New York, N.Y.

Few methods for recording blood flow utilize direct measurement of
volume per unit time. \'e have constructed an impulse flow meter which
in baslc principle is a solid stete, electronic version of the mechanical
ordinate drop flow recorder developed and extensively used by Folkow and
assoclates since 1949, Blood drops, falling through a silicone filled
chamber and breaking a light beam focused or a miniature photocell,
generate Input impulses recorded seguentially by an electromechanica!l
register, Another register, preset to any number from 1 to 999, counts
the drops In a backward feshlon. When this counter reaches zero it sends
out a signal and resets itself. The signal in turn resets a ramp signal
that Is generated In synchronism with the preset counter. The ramp signal
is used to drive an electronic recorder or oscillograph. Self-checking
circuits are provided to test the performance of the instrument and for
making Initlal calibrations. COverall accuracy is better than one per cent, .
Performance data and advantages as used in microcirculatory studies c¢f
th. ca! intestine wiit be d’scussed. (Supported by Contract Da-49-193-MD-

2843 with the U.S. Army R & D Command.)
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Reference 6
Reprinted from "INTEKNAT IOnOL CO:IGRESS OF MICROCIRCULATION' - 1968

ELECTRICAL AND MECHANICAL ACT: 'ITY OF BLOGD VESSELS IN RELATION TO METABOLISM. L.
Horn and M. Kumamoto. Dept. "hyslology, New Jersey College of Medicine and
Pentistry, Jersey City, New Jersey, U.S.A.

Local blood flow is controlled through graded chances in the diameter of the
peripheral blood vessels and a more or less complete opening or closure of the
precaplllary sphincters., Little is known about how metabolism affects and requ-
lates the responsiveness of vascular smooth muscle. Utilizlng intracellular
techniques In vitro we have siudied spcntaneous and drug induced electrical and
mechanical activity and some effects thereon of metabolic poisons, In the
longitudinal smooth muscle of the guinea pig's superior mesenteric vein. Unllike
other smooth muscle, this vascular muscle exhiblts no prominent excitatory phase
following exposure to 2-l-dinitrophenn! (DiP) in concentrations of 10°° to 5
X lO'hM. Only a slight increase In electrical activity was observed and this
was not accompanied by Increase in tension. Vithin 40 to 60 seconds the muscle
relaxed rapldiy to a level of low tenslon and showed irregular waves of falnt
co..iractlile activity, These effects of DiP were assoclated with a chaage ln .
electrical actlvity from the characteristic bursts of action potentials to a
repetitive firing of single, pacemaker type, action potentials of low, but remark-
ably constant, frequency. Typical for these action potentials Is a large negative
after potential or ''slow component''. This kind of electrical activity continued
uninterrupted as long as the preparation was exposed to the drug. Direct micro-
scopic observation re¥ealed considergble, but asynchronous contractile activity,

which may account for the low tension and further indicate failing of conduction

-11=-
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under these conditions. Catecholamines (10-6M) ellcited their usual, however
diminished responses in the presence of DNP in the above concentrations. It

is noteworthy that Isoproterenol in concentratlions of 105 to |0'6M, which
Initially abolishes the slow repetitive firlng assoclated with DNP actlion, sub-
sequently counteracts the effects of the polson and Increases tension substantizlly.
The hyperpolarizing effects of DNP, typical In taenla coli and also after pro-
longed exposure in uterine smooth muscle did not appear In the smooth muscle of
the superior mesenteric vein within 30 minutes of observation. These and
essentlally similar studies with cyanide will be discussed in relation to the
responses of vascular smooth muscle to chemical mediators. (Supported by Contract
DADA-17-68-C-8058 with the U.S. Army Research and Development Command and a

grant from the Amerlcan Hea#t Assoclation.)
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Reference 7

Reprinted from PROC, OF THE INTERHATIONAL UMION OF PHYSIOLOGICAL SCIENCES - V. VII
200, 1968,
ELECTRICAL PROPERTIES OF VASCULAR SMOOTH MUSCLE. L. Horn and M. Kumamotc*, N.J,
Coll. Med. & Dent., Jersey City, N,J. and A. Nakajima®, Kyoto Univ., Kycto, Japan.

\Ye have Investigated the electrical properties of vascular smooth muscle with
intracellular techniques. The normal, spontaneous actlivity of longitudinal
fibers of the superfor mesenteric vein of the guinea pig Is essentially similar
to the actlvity of visceral smooth muscle. Action potentials assoclated with
spontaneous contractions range from 35 to 63 mV and rise abruptly or are generated
by slow depolarizaticns from resting levels of L1 to 67 mV, The marked tendency
of pacemaker activity in this muscle may Indicate a poor conduction. The splkes
appear singly, in palrs, and in bursts of considerable duration. Accompanying
action potentiais with a half duration of ik + 2,9 msec slow voltage changes of
cone Iderable amplitude occurred. This slow component Is qulite characteristic
of this relatively small smooth muscle fiber and will be discussed in terms of
conductance changes. Experiments with graded changes in Ko show that the restling
potential depends on the Ki/Ko gradient with a maximal slope of 35 mV per ten-
fold change in Ky. It is remarkable that linearity extends beyond the range
found in other muscle and in nerve. Non-linearity appears in the range of normal
Ko, i.e., the apparent decrease in gK occurs at the normal resting potential of
this muscle. It was also shown that the membrane Is less permeable to SO}~ tnan
to C1”. The slow potential was more prominent In preparations exhibiting low
activity and poor conductivity as judged from the preponderance of generated
spikes. The results of our studies will be discussed In terms of lon permeabili-
ties and a possible potassium Inactivation. (Supported by Contract DADA-17-68-C-

8058 with the U.S. Army R & D Command.)
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Reference 8
ABSTRACT

Horn, L., M. Kumamoto and A. Makajima: Electrical Activity Induced by Catecholam!nes

and Acetylcholine in Vascular Smooth Muscle. Am. J. Physiol, ~=m~-=-- .

Electrical activity of the longltudinal muscle flbers from the superior
mesenteric vein of the guniea pig was studled in vitro using intracellular techniques.
Adrenaline or noradrenaline Increased spike activity and caused a sustained depolar-
ization. {Isoproterenol abolished splke activity and subsequently hyperpolarized
the membrane. Adrenaline increased tension without causing electrical changes of
preparations depolarized to about 10 mY by high concentrations of potassium.
Acetylcholine Initiated or increased spike activity and depolarized the membrane,
but repolarized the membrane when it had been depolarized to about 32 mV by 23.5 mM
potassium solution pricr to drug appiication, suggesting that acetylcholine produces

zn equilibrium potential of about LO mV in this vascular smooth muscle.

(This work was supported by contiact DA-49-193-MD-2843 with the U.S. Army Medical
Service Research Development Program 3nd by a grant from the American Heart

Assoclation.)
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Reference 8

ELECTRICAL ACTIVITY INDUCED BY CATECHOLAMIMES AND ACETYLCHOL IME It VASCULAR MUSCLE.
I.. Horn, M. Kumamoto and A. Nakajlma. Depts. Physiology, N.Y. Med. College, N.Y,
and College of Med. & Dent, of N.J. at Newark, MNewark, N.J. (Submitted for publi-
catlon, 1970.) Supported by Contract DA-49-193-MD-28L3 with the U.S, Army

Medical Service Research Development Program and a grant from the American Heart

Association,

introduction: e effects of catechelamines and acetylcholine on vascular smooth
muscle have been studied in considerable detail utilizing a variety of methods
(Furchgott, 1955). Electrophysiological recording techniques, i.e., Intracellular
recording and the sucrose gap method, have only recently been applied to vascular
smooth muscle to study the changes In membrune activity produced by transmitter
agents, Reports show that the exclitatory effects of adrenaline and noradrenaline
on blood vessels are brought about by depolarization of the membrane and inltiation
or increase in splke activity (Roddie, 1962; Funaki, 1964; Keatinge, 1964; Steed-
mand, 1966; Nakajima and Horn, 1967a,b; Horn and Nakajlima, 1967). Inhibitory ™
effects of isoproterenol, although short-lasting even at high concentration, were
assuclated with suppression of spike activity on the portal veln of the rat (Sutter,
18965; Axelssen, Johanson, Jonsen, anc Vahlstrom, 1967).

In our present experiments we investigsted further the behavior of single
cells of the superior mesenteric vein of the guinea pig in response to catechola-
mines and obtained some additional information including continuous records of
the 'dlirect' action of adrenaline on the contractile elements of the muscle.

Sutter, 1965, reported that in the gulnea pig, acetylcholline caused con-
traction at any dose up to 1075 g/ml of the superior mesenteric veln. The increase
In tension was brought about by depolarization of the membrane and Increase In
spike activity. An initial hyperpolarization preceding the depolarization has

also been reported (Funak!l and Bohr, 19bk; Nakajima and Horn, 1967 a,b).
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It Is well known that acetylcholine produces an equlllibrium potential at the
motor end plate, presumably assoclated with an increase in membrane permeabillty
to all lons (Fatt and Katz, 1951; del Castillo and Katz, 195k, 1955), Acetylcholine
also produces an equilibrium potentlal in taenia coll (Burnstock, 1958b; BUlbring
and Kuriyama, 1963). In present experiments we have studied the effects of acetyl-
choline on the superior mesenteric veln and the results suggest that an equilibrium
potential also exists for acetylcholine In this vessel, although the level of this
potential was considerably higher than that for taenia coll. ’
Methods: The superior mesenteric vein of the guinea pig was used for all experi-
ments. Longitudinal strips, 1 x 7 mm, were mounted in a small chamber with modifiec
Krebs solution at 37C, such that the outer surface of the vessel wall was accessi-
ble. The standard solution contalned: (mM) NaCl 133, NaH(03 16.3; NaH2POy 1.38;
KC1 L.7; CaClz 2.5; MgCly 0.105 and dextrose 7.8 (Keatinge, 196L), and was equilli-
brated with a mixture of 5% CO2 and 95% 07. After removing the connective tissue,
microelectrodes with a resistance of 20 to 50 meguhm were Inserted into the
longitudinal smooth muscle layer by the floating method (Woodbury and Brady, 1956).
The isometric tension of the strip was monitored via a m:chanoelectric transducer
(RGA 5734) and together with the membrane potential displayed on the oscllloscope.
A Grass kymograph camera was used to obtain permanent records suitable for illus-
trations {slow speed) and for measurement of rates of rice and fall and the duration
of the acticn potentials (high speed). Modified krebs solutlions with high potassium
chloride concentrations were prepared by replacing sodium ciloride by equimolar
amounts of potassium chloride. Vhen excess potassium was raquired, solid potassium
chloride was added to the standard solution. It was techni:ally difficult tc main-
tain impalement during rapid change of the bath medlum. Thurefore, the micro-
electrode usually had to be reinserted after the solution hid been replaced.
Calculated amounts of drugs dissolved In the standard scliution were added directly

to the bath, 1.5 cm from the recordirg site.
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Results:

Normal Activity: The superisr mesenteric velin was spontaneously active. Bursts

of spike discharges were usually associated with the contractions, although the
two phenomena did not always have the same time course. The burst usually arose
abruptly from resting membrane potential, l.e., the burst was triggered by a con-
ducted impulse, also when the membrane appeared to be in a highly excitable condi-
tion as determined by degree of spontaneous actlvity and subsequent responses to
drugs. Generated spikes, as judged by a slow depolarizaing phase, appeared sporad-
ically and more frequently when the preparation had a low membrane potentlal (Fig.
1E). The conflguration of the action potentials during a burst varied considerably.
For all actlion potentials the average value (+ SE) cf the maximum rate of rise was
4.8 + 1.7 V/sec., rate of fall was 3.6 + 0.8 V/sec., and half duratlon was 14 + 2.9
msec. Fig. 1A shows a Lurst consisting of fast actlon potentials with rapid rates
of rise and followed by marked positive after potentials. However, the most common
patctern of the burst Is shown in Fig. 1B. There can be seen Irreqular spikes with
varying amplitudes intermingled with fast splkes. The maximum rates of rise and
fall of the irregular spiles were lower than those of the fast spikes. For example,
the averages from three different such bursts were 6.1 V/sec. and 3.6 V/sec. for
the fast spikes as compared to 4,7 V/sec. and 3.2 V/sec. for :he irregular spikes,

The prominent slow wave during the burst wac ¢ characteristic feature of the
electrical activity of thls vessel, In preparatior with lew membrane potentials
the duration of the burst was short-lastiig and the splkes arcse with the slow
waves (Flg. 1C). After the first splke was triggered by a conducted Impuise, the
praminent slow wave followed from which a second and thlrd spike generated success-
ively. Not only generated splkes but also conducted ones may be superimposed or
the slow wave.

More simplified combinatlions of spikes and slowv wavcs can ba seen In Fig, 10.
After Initlal complex spike discharges, single splkes foilowed by prominent slow
waves appeared. The slow wave, basically as represented here, but often somcwhat

modified by abortive spikes, appear tc be charucteristlic for this muscle.
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0::-asionaily cingle spikes ere Generated intermittent'y without slow waves as
illystrated in Fig, VE.

Llonger bursts cf spike dlscharges are usually superimposed on a more or less
sustained depolarizstion of the merSrane. The amplitude of this depolarization
varied, rangina from G to 15 mV. No relation could be fourd between amplitude and

initia! membrane potential or amplitude and duratlon of the burst.

Effects of Adrenallne and Noradrenaline: The action of adrenallne on this spon-
tanecus active preparation has been described previously {Nakajlima and Horn, 1967a,
b). A typical pattern of the drug action Is shawn In Fig. 2. The changes In mem-
brane potential and splke frequency produced by adrenaline in different concentra-
tions were plotted agalnst time (Flg. 3). Adrenallne in high concentratlon (10'5
or 1076 g/ml) chused rapid depolarization of the membrane associated with increase
tn spike frequency. The artion potentials eventually changed Into mere oscilla-
tions of declinlng frequency unt!! finally, 2 sustained depolarization remained.
In lover concentration (13'7 g/mi) the sequence cf events progressed more siowly.
In very 1 zoncentrations (10‘3 or 10'9 g/ml), the only effect was a prolongation
of the burets and shortening ¢f the intervals batween bursts wlithout detectable
depolarization of the restinn mesbranc potentizi. The final level of the depolar-
ization induced by hich corcertration of adrenaline was around 22 oV,

Noradrenaline had qualitativeiy the same, but quantitatively lesser effect
than adrznaline. ~ig. 4 shows the effect of woradrenaline In a concentration of
10'6 g/ml. Spike anctivity stil! continued at high frequency four winutes after

adminiscration of the drug.

Effects cf Adrenaline at High Potassium Concentrations: The effect of adreraline

was examined in muscles completely depolarized by acdition of solid potasslum
chloride, directly to the incubation chamber in order to cbserve the dissoclation
between electrical and mechanical activity., The Increase In external pc.assium
concentration caused repld depolarization of the membrane of the superior mesenteric
vein accompanied by repetitive discharges cf action potentials of high frequency

(Fig. 5). After 10 to 20 sec., the splke activity ceased and sustained
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depolarization of about 10 mV was obtained., Tension developed rapidly assoclated
with thls accelerated membrane activity and depolarization. Adrenallne, when
applied after the depolarization, caused a further increase In tension, but without
by itself causing detectable change In the membrane potential. It is noteworthy
that the onset of this increasing tension usually occurred after some degree of
repolarization (!n Fig. 5 at a membrane potential of about 20 mV), however, the
s}ight repolarization cannot be attributed to the adrenaline as it usually occurred
alsc In the absence of the drug.

Effects of Isoproterencl: Isoproterenol had an Inhibitory effect on the superior
mesenteric velin. The effect was brought about by suppression or abclition of spike
activity, usually followed by hyperpolarization or repolarization of the membrane.
Fig. 6 shows the effect of 10—6 g/mt isoproterenol. Two minutes thirty seconds
after application of the drug the last train of splke discharges appeared with irreg-
ular and abortive spikes. No further splkes were observed even though the impalement
was malntained for five minutes.

The membrane hyperpolarized gradually. The maximal degree of the hyperpolari-
2zation was only about 6 mV in the case illustrated. The abciition of spike
discharges preceded the hyperpolarizaticn.

After the Inhibitory effect subslided the membrane returned to its initial
rasting level or lower and bursts of spike discharges appeared with short intervals.

Similar responses have also been described by Axelsson, 1966 et al., for rat's
portal veln. However, the inhibitory perlod lasted flve minutes or more In the
guinea plg whereas it was very short-lasting in the rat for the same concentration

of the drug.

Effects of Acetvigholine: Acetylcholine depolarized the membrane and initiated

or gradually Increased the spike actlvity of the preparation. A typical record is
shown in Fig. 7. The maximum rate cf rise and rate of fall cf the actlon is shown
in Fig. 7. The maxlmum rate of rlse and rate of fall of the action potentials
increased after appllcation of acetylcholine, Four series of such measuvements

were performed. One of these which had the unusually low initial values of 2.5 V/sec
-18-




and 2.4 V/sec increased to 4.1 V/sec and 3.4 V/sec five minutes after the application
of the drug in a concentration of 10-6 g/ml,

Changes in membrane potential prcduced by acetylcholine have been i1lustrated
graphically in Fig, 8. After a brlef time, during which a slight hyperpolarization
somet imes occurred as described previously (Nakajima and Horn, 1967b), the membrane
potential decreased gradually to the level of 40 to 45 mV. The splke frequency
initially Increased and firing became repetitive and then returned to control rates
before any detectable repolarization cccurred. It should be noted that the Initial
frequency of spike discharge given in Fig. 8 is the frequency within intermittent
bursts In the control period and subsequent values for frequency are sfter firing
has become repetitive. The actlion potentfals d!d not deteriorate into oscillation
with drug concentrations ranging from 10°8 to 10 g/ml.

Effects of Acetylcholine with High Potassium Concentrations: The effect of acetyl-

choline was also tested at high potasslium concentrations., Vhen the preparatlion was
exposed to a solution containing 2.5 times normal concentration of potassium, the
membrane potential either did not change or It decreased slightly; the spike activity
increascd and the intervals between the burst shortened or occasionally the firing
became repetitive. Under these conditions acetylcholine in concentrations of 10'6

to 1072 g/ml depolarized the membrane to 40-45 mV and increased firing frequency
further as it didin normal Krebs solution. When exposed to 5 times normal concen-
tration of potassium the preparation depolarized to 28-38 mV and fired repe.itive
actlion potentials. Under such conditions acetylchollne would repolarize the membrane
slightly (average 6 mV) but nevertheless accelerate the spike activity (Fig. 9).
Representative records of these changes in mambrane potential have been plotted In
Fig. 10 and indicate that the drug action on membrane potential was reversed when

the membrane was already depolarized to 40 mV or less. Therefore, acetylcholline

shifted the membrane towards a definite potential level.




Discusslon:

Intermlttent spontaneous bursts of splke discharges are a common feature of
the electrical activity of the superlor mesenteric vein. The bursts are usually
evoked by conducted Impulses from active noighbourlng ce!ls. However, In prepara-
tions with low resting potentials, single spikes with a siow rising phase appear,
Indicating that the Impaied cell Is also capable of generating the splkes, Apparent-
ly, a usually prominent slow wave (Nakajima and Horn, 1967 a,b) is a most important
factor for productlon of subsequent spikes during a burst. The slow wave or local
potential of smooth muscle has been attributed to electrotanlic spread from active
nefghbouring cells (BUlbrlng, Burnstock and Holman, 1958). It has also been suggest~
ed that It may originate at speclal loci of the cell membrane (Kuriyama and Tomita,
1965; Tomita, 1966). The slow wave observed In our preparation may not be easily
attributed to electronic spread because of Its long duration. The characteristic
(undistorted) pattern of the slow wave Is, furthermore, that of a marked negative
after-potential as shown in Fig. 1D. Vhen It reaches threshold level, second or
third splkes are triggered. Since the amplitude of the slow wave In other smooth
muscle has been shown to be strongly influenced by the external sodium concentration
(BUlbrlng et al. 1963; Tama! and Prosser, 1966), changes in the sodium permeability
may be Important for the production of slow waves, It has been nbserved, however,
that a characteristic feature of the action potential Is a rapid rate of repolariza-
tion which brings the membrane towards the potassium equilibrium level and produces
a marked posltive after-potential (Speden, 1964; Nakajima and Horn, 1967 a,b). This
may be explalned In terms of & rapid and adequate Increase in potassium permeability
(Steedman, 1966), although the mechanism controlling the pattern of activity could
be consldered a competitive action between splkz generation and repolarization, but
where the corresponding increases In po*=::slum permeabi!ity vary Iin duration iesult-
Ing In siow waves, abortlve splkes .. . ..rbrane oscillations.

Vhen the membrane Is highly excital.iz and the patte-n Is that of rapld repeti-

tive firing, siow waves do not occur (F 3. 1A). Hove -  wnen the membrane potential
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is low and the preparation fires at a low frequency, activated by the spike, unknown
factors may more easlly overcome the driving force that tends t bring the membrane
back towards the po:assium equilibrium potential, The fact that the rate of fall

of the splkes with siow wavas was much lower thar. that of the splkes with a marked
positive after-potentials may suggest that the sodium Inactivatlon progresses slower,
and/or that the potassium permeabllity I3 Inadequate under these conditions. Other
explanations are also possible. The su;tained depolarization or plateau during a
burst is maintalned for varying perfod;s of time. Usually, a subsequent generated
full splke causes repolarlization, However, it should be emphasized that there are
mostly conducted spikes superimposed on the slow wave and on the plateau even though
many of the splkes appear to have been generated from both.

As reported previously, adrenaline or noradrenaline have excitatory effects on
the superior mesenteric veln, brought about bv increase in spike activity and
depolarization of the membrane, In addition t> the membrane stimulating action,
adrenaline appears to have a direct effect on the contractile elements of smooth
muscle. This effect has been demonstrated in various smooth muscle more or less
fully depolarized by high concentrations of potassium, (Evans, Schild and Thesleff,
1958; V“augh, 1962; Edman and Schild, 1963). iIn present experiments, utilizing simi-
lar procedures, our preparation depolarized rapldly to the level of about 10 mV as
other smooth muscle does (Holman, 1958; Goto and Csapo, 1959; Jung, 1959; Marshall,
1962). Adrenaline caused a further Increase in tension without detectable change
in membrane potential attributable to the drug. As noted previously, however, the
onset of this direct effect does not occur until t'e membrane has repolarized some-
what. In the Illustrated case the tension begins to increase when the memb.ane
potential reaches 15-20 mV, viz., below or about the same level of depolarization
where splke activity Is abclished by adrenaline In experiments with other-wise
untreated smooth muscle from the sur-;icr mesenteric vein. It Is noteworthy in this
regard taat tensfon usually ccatinues wo t.niease also after cessation of membrane
activity In the latter type experiments arnt that this increase most probably must

be conslidered a direct adrenaline effect, rather than one due to remaining electrical
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activity in other muscle fibers after the activity has ceased in the Impasled one,
as suggested b’ us in a previous report ('akajima and Horn, 1967b). Edman and
Schild (1963) hive suggested that an increased permeability to Ca lons may be
responsible for rhe direct effect.

Little is kncwn about the Inhibitory effect of isoproterenol on this vessel.
The only relevant ‘inding In the present experiments Is that the effect was brought
about by abolition of spike activity and hyperpolarization of membrane, It is note-
vorthy that the spike activity ceased before notlczble hyperpclarization. This
change In membran. activity issguite similar to that which adreraline produces in
taenla coli (Burnstock, 1958b; B:lbring and Kuriyama, 1963).

Acetyicholine causes increase in spike activity and depolarization of the mem-
brane of the superior mesenteric vein (Funaki and Bohr, 1965; Junaki, 1966; Nakajima
and Horn, 1967 a,b; Hern and Hakejima, 1967) analogous to its effect on visceral
smooth muscle {Burnstock, Holman and Prosser, 1963). The question arises whether
or not the underlying lonic meckanisms are the same as in other smooth muscle. In
taenia coli the effect of acetylcholine depended on the initial membrane potentlal;
the higher the initial membrane potential, the creater the depolarization (BUIbring
and Kuriyama, 1963), and Burnstock (19583) has shown that depolarization did not
occur or was reversed to a repolarization in a solution containing 40 mM potassium,
Similarly, in present experiments, on exposure to 11.7 mM (2.5 times normal) of
potassium, no change, or only a slight decrease in membrane potential was observed,
as might be expected since this concentration corresponds to the non-iinear part
of the potassiur concentration-depolarization curve (Kumamoto and Niu, 1967). In
this solutlon acetylcholine depolarized the membrane. However, when the memhr~-:
was depolarized to about 32 mV on exposure to the solution contalning 23.5 mM
potassium (5 times normal) acetylcholine had a tendency to repularize the membrane
as was shown in Fig, 10,

Therefore, It is sungested that acetylcholine produces an equilibrium potential
of approximately 40 mV In this vascular smooth muscle, as compared to about 20 mV

in taenia coli (Burnstock, 1958a).
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Eiaddador. 2 d il

The ionic mechanisms of this acetylcholine effect In our preparation are un-
known, Because of the similarity of the changes in memtrane potential It Is likely
that similar mechanisms may be involved as those described for the motor end plate

and for taenia colli.
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LEGE'DS

Fig., 1 - Patterns of spontaneous eientrical activity. Upper trace is tension. For
discussion see text. This record has been retouched.

Fig. 2 - Typical electrical activity In response to adrenaline. Upper trace Is
tension., Continuous record,

Fig. 3 - Electrical responses to various concentrations of adrenaline piotted against
time. The upper graph shows that the membrane depolarizes more rapidly at
higher adrenaline concentrations towards a level of about 20 mV, For the lower
panel the corresponding spike frequencies have been plotted. It is seen that
in the lower concentrations, spike activity was induced and continued through-
out the experiment,

Fig, & - Typical electrical responses to noradrenaline from a continuous, retouched
record. Dlsregard upper trace,

Fig. 5 - The ''direct' effect of adrenali... See text.

Fig. 6 - The lower trace shows that 10-6 g/ml isoproterenol abolishes splke activity
before detectable hyperpolarization., The upper trace shows a slight transient
decrcase in tension.

Fig. 7 - Continudous record of electrical responses to 1075 g/ml acetylcholine.

Upper trace s tenslon. This record has been retouched.

Fig. 8 - Upper graph Is a plot of membrane potential agalnst time and shows that - -
acetylcholirie depolarizes the membrane to L0O-U5 mV somerimec aTter a brief
initial period of hyperpolarization. Lower graph shows the effec: of acetyi-
choline on cpike frequency. Mote that values given at time zero are splke
frequencies within bursts of activlity and that solid line indicate continuous,
repetitive activity,

Fig. 9 - Continucus record of tie effects of 1075 g/ml acetylcholine on a prepara-
tton which has been depolarized by 5 times normal concentration of patassium
to about 35 mV. A slight repclarizatlon (here 6 mY) associated with Increased
spike activity occurs, Upper trace is a tenslon record which wes repositicned

at the time of acetylcholine applicg%lo» T ! rocord has heen retouched.




Fig. 10 - Shows a plot of the chenges in membrane potential in five reprasentative
experiments on the effect of acetyl.holine at two concentrations of K,, sug-

gesting an equilibrium potential of about 40 mv.
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EFFECTS 0F 2-L-DINITROPHEXOL O THE ELECTRICAL AHD MECHAXNICAL ACTIVITY CF VASCULY
SMOOTH MUSCLE. Minavor! Kimamoto® and Leif Horn. ¥.J5. Col. Med. & Dent., Jersey
City, N.J. G73CL.

Hdith Intrace!lular techniques in vitro we have studled effects of I-Li-dinitroph~
enol (DNP) (10'“*5-10-3n) cn electrical and mechanical activities of muscle from
guinea pigs superior mesenteric vein. Initially phasic contractions decreased in
duration and amplitude and increased in freguency in all experlments. Low concen-
trations cf DNP induce depolarization to about -kl mV and repetitive firing of single
actlon potentials with decreased amplizude. At higher concentrations the eiectrical
activity ceases befeore any detectable change in the resting potential. At the
highest concentration of DNP (ke spike activity ceases more rapidly and after sub-
sequent depolarization tc about -L0mY the membrare exhlbits a characteristic electrc-
kinetic phenomenon »esembling repetitive abortive splkes which do not trigger any
detectable contractile activity. In all expcerime~ts electrical and mechanical
changes caused by DNP were reversibie. The peculiar bistable fiio-flop elertro-
kirctics of tha membrane at -L0 mV and tne cessation of activity prior to depolari-
zation suggest a direct efiect of DMP or voltage dependent changes In specific

tuctances and is presentlyv under invest.gation with voltage clamp techanigues.

{Supported by Zortract DADA 17-68-C-3058 with the U.S. Ar.iy Research and Develcpment

Command.)
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REPR INTED FROM MICROVASCULAR RESEARCH 2:132-187, 1970} -
"EFFECTS OF 2:4-DINITROPHEHOL O THE ELECTRICAL AND MECHAMICAL ACTIVITY OF

VASCULAR SKOCTH MUSCLE' - Lelf Horn and liinayori Kumamoto.
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W th aintraceliidar techmigques 2 rare ve ane studied eitecis of 2-3-dimuophenad
tDNPIG S0 3 10 A onekedinical and moechanical actn ities of music from
FUINCA Py SUPCnHOT mewenicrn wan, tialiy: phasie clectniaal and mechamcat
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INTRODUCTION

Control of jocal biood R s effected through graded changes in the diameter of the
pertpheral Plood vesseis and a more or leas complete opening or closare of the precapil-
Lary sphiaciers. Such phyvaological regulation of fecal bloed How s beliey d 1o be
rehated o 1ome and metabolic interrelations of the sasculer smooth mescle and
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from bloed vossels v 9380 nember of papers have dealt with the clectrophysio-
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tKumamotomsd N 1966: 00 the smooth musele of the guinea pig's superior mesenteric
vein fune been described in dezanl. However, little s known itbout how metabolism
affects and reguiates the responsineness of vascular smooth muscle although inferences
have been miade from effects of metabolic posons on other saicoth muscle. In current
expeniments. utthzimg intracelular techniques i vitro. we have studied ctfects of a
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commoaly used metabolic inhibitor, or uncoupler. 2:3-Dinurophenol {DNP). on the
clectrical and the mechanical activities of the longitudinal smooth muscle of the guines
pig's superior mesenteric vein. Our results indicate that DNP has additional physico-
chemical effects on the vascular smooth muscle membrane thiat may compu tely over-
shadow the metabolic etfects.

METHODS

The superior mesenteric vein of the guinea pig was used in ali experiments. solated
longitudinal steips. S mm long and 1.5 mm wide. were mounted in an orgen bath 74 mi.
Adipese tissues and the adventitiu were carefully removed under a dissecting micre-
scope. Micreelectrodes with a resistance of 30 to 40 megohms were inserted into the
longitudinal smooth muscle faver from the outside of the vein by the fioating methed
(Woodbury and Brady. 1956). The isometric tension of the strip was recorded with «
mechanoelectric transducer (RCA 5734).

The modified Krebs solution used in the expertments contained (in mM) NaCl 133:
NaHCO; 16.3: NaH,PO, 1.38: KCI 4.7: CaCl, 2.5: MgCl, 0.105. and dextrose 7.8
(Keatinge. 1964) und was acrated with 95, O, - 5", CO,. The solution flowed
continuously at the rate of 8-10 ml min and at a constant temperature of 37 .

RESULTS

DNP was administered in concentrations of 10 4 3.5 10 * M. and 5 - 107 M/
1o spontarneously active preparations with a resting potential of ~30 1o - 60 mV.,

The preparations. which were observed under microscope during the experiments.
exhibited somewhat arrhythmic. spontancous contractions in the controi period. After
the application of DNP. the number of apparent pacemaker sites increased. with smalter
clones of fibres contracting regularly but asvnchronously at a greater frequency than
the intrinsic rate during the control periods.

Txpical results obtained are shown in Figs. 1. 2. and 3 and summarized in Fig. .
Changes in electrical activity and tension occurred within a minute tollewing drug
application. The phasic contractions decreased in duration and amplitude and increased
in frequency during initial phase of al! experiznenis.

In Fig. 1. witk 'ow concentration of DNP. (10 * M). complete relaxation is not
obtaincd: the spike bursis asscciated with phasic concentration increase in frequency
bu. decrease in duration: the spikes decrease in amplitude. and the pattern changes
inta one of repetitive firing of single action potentials while the membrane is depolarizing
1o about --40 mV. There i1s a further tendencs for the single acuon potentials. each
accompanied by one phast: contraction. to increase in frequency. The frequency
continues to increase for several minutes after drug application. Throughout the
repetitive firing phase. the spike amplitude remained at about two-thirds of its normal
value.

In Fig. 2. with 5 = 10 % M/ DNP. the spike activity ceases within 2 min after applica-
tion of the drug and the membrane depolarizes toabout 45 mV. Alihough slow fluctua-
tions may occur between —45 and - 30 mV. there s no marked change in membrane
potential withinancther 10 min. Also at this concentration. before cessation of activity.
the spike amplit:de declined to about two-thirds of ne:mal value.
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Tasic
116G, . The etfect of 10 * W DNP. Upper trace shows tension, and lower trace shews electrical
activity s (A) control period: (By 1072 A DNP was applied at the end of panel A: (A)-(D) continuous
revords: (E) after § min. 30 sev,
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F16. 2. Theeffectof 5 - 10 * M DNP:(A)control period and apnlication of § - 107 M DNP at the
arrow : tA), (B). and (C) continuous records: (D) after 15 min.

TSSEC
Fi. 3. Theetfectof § - 10 * M DNP: (A) contro ‘period: (B) 5 - 10 * M DNP was applied at the
end of pancl A (A)-(D) continuous records.

In a still higher concentration of DNF (5 - 107 M), the spike activity ceases more
rapidly than the case of 5 - 10 * M DNP. After spike cessation at a membrane potential
of approximutely --54mVin the illustreted case, the membrane may remain at the same
potential for a cansiderable length of time, as is shown in Fig. 3, or exhibit slow fluctua-
tions before it depolarizes to about —-40 mV and exhibits a characteristic electrokinetic
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phenomenon resembling “abortive spikes.” These oscillutory electrical changes did not
trigger any detectable contractile activity. At this high concenteation of DNP in some
experiments, the membrane went through a slight depolarization and a repolarization
to imual level justafter the spike cessution. however. these changes were always folloved
by o more marked depolarization (to about  J0mV)ywhich led o oscillations without
exveption.

In all experiments. both clectrical and mechanicai changes caused by DNP were
almost completely reversible.

DISCUSSION

Itis well knowa that. in the smooth muscle of the guinea pig’s tacmia coli. DNPexerts
a diphasic action in terms of an initial excitation and a secondary inhibition {Born and
Biilbring. 1955 Biilbringand Lullmann. 1957: Burnstock. 1958, In thes vascular muscle.
such a remarkable excitatory phase as that occurring in the taenia coli was not observed
at any of the emploved concentrations of DNP. However. in a concentration of 10 * A
DNP, after the initial changes in both electrical and mechanical activity. the spike
frequency gradually increased as did the frequency of the small. transient increase in
muscle tension accompanying each spike. The resting tension did not decline. but the
maximal tension decreased for reasons that orebably elate to asynchrorization
(fibrillation) of the preparation and to changes in its elecir cal properties.

Since the diphasic action of DNP on oxyvgen consumptio + (Born and Eiilbring. 1935)
and on spike discharge (Biilbring and Lullmzana. 1957) was associated with aninitial fall
and then later an increase in the membrane poiential. the effects of DNP on the smooth
muscle of the guinea pig's taenia coli have been discussed from the point of view that
the drug is just a metabolic inhibitor.

In our experiments with low concentrations of DNP (10°* ). the imitial changes in
electrical activity as shown in Fig. | are somewhat similar to those reported for the
taenia coli. At this low concentration of DNP. the initial chkanges in both electrical and
mechanical ac.ivity might be explained by the metabolic effects of ihe drug. as implicated
in the studies of the guinea pig’s taenia coli {Born and Biilbring. 1955: Biilbring and
Lullmann. 1957; Burnstock. 1958). This couid indicate that the DNP reduces the ATP
content and the oxygen consumption in the early phase and that the decrease in ATP
content suffices to inhibit contractile activity in the taenia coli (Born. 1955).

However.in Fig. 2. with 5 - 10 * 3 DNP. the cessation of spike activity is associaied
with a less marked change in the mumbrane potential than that at the jower concentra-
tions. Even more striking, in the highest concentration of DNP (5 - 10 * M), the spike
cessation occurs practically without any change in the membrane potential. and then the
membrane potential gradually falls and goes into oscillation as shown in Fig. 3 and
further illustrated in Fig. 4. Furthermore. as men:ioned above. in seme of our expere-
ments with this concentration of DNP a transient repolarization occurred. occasionally
almost to the normal resting levei but always without the reinitiation of spike activiwy.
Such fluctuations were always followed by the more marked depolarization that led
into the peculiar bistable flip-flop clectrokinetics of the membrane around 40 mV.
Nonetheless. these changes suggest the possibility that the DNP_apart from its metabolic
action, has additional effects on the ion permeability of the cell membrane.
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Fia. 4. Changes in efectrical activity as a function of time at the three concentrations of DNP. Upper
traces with filled in svmbols show the peak values of the action potentials and lower traces with open
symbuis show the resting membrane potentials. Therefore. the distances between these traces represent
the amplitude of the action potentials.

In the highest concentrations of DNP § - 107} M (@- ), the spike cessation occurred without any
change in the membrune notential. In the concentration of 5 - 107* M DNP (A- ), the cessation of
spike activity is accompanied by 2 slight depolarization at a membrane potential of --46 mV which
normally would maintain activity. The arrows at W's indicate washing in Krebs solutior

In the frog's skeletal muscle. Koketsu et al. (1964) indicated that an mitial rapid
depelarization caused by DNP was closely related to an estimated increase in the intra-
cellular Cl -concentration (DNP left potassium permeability essentially unaffected
and increased both Na ™ and Cl~ permeability durirg the first 30 minutes). Hopfer et al.
{1968). concluded from experiments with artificial piiospholipid bilayer membranes
that uncoupling agents such as DNP increase the specific conductance of stch model
membranes by facilitating transport of H™ or OH™ (or both) acress the membrane.
Since DNP is lipid soluble. it is conceivable that DNP could alter the physicochemical
properties by direct interaction with lipoprotein also in the vascular smooth muscle
membrane.

Although the secondary marked depolarization observed at high concentrations of
DNP (5 - 10 * 3f) could be caused by the inhibition of the sodium pump and the
subsequent rise in the membrane potential might be a consequence of increased
metabolic activiy. too little is known about the permselectivity of the vascular smocth
muscle membrane to warrant any detailed discussion "t the present time.

1t appears obvious, however, that whatever reasons fer the depolarization and sub-
sequent repularization, the electrokinetic behavior around --40 mV in high concentra-
tions of DNP indicates quite clearly a fundamental change in the membrane properties.
The abortive spikes, which have a maximal amplitude of less than 20 mV, the initial
fall in spike amplitude. and the apparent conduciion impairment indicate a direct
effect of DNP on voltage dependent changes in specific conductances.
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During the mital merease i electrical activity an vascular muscle at Jow DNP-
concentrations there wis no preceding depolarization, indicating that DNP does not
here afleet the overall resting permeabihty of the niembrane. Rather. DNP aflects o
conductance, normally subject to slow inactivation and important ior the frequency
and duraiion of the burst of spihes, fe. more specitically the platead or slow component
from which spikes arise.

If one may assume that DNP preaoiminantly exhibits physicochemical effects in the
initial phase (spike frequencyyand that then gradually the metabolic effects (depolariza-
tion-repolarization) manifest themselves in smooth muscle. then tie difference beiween
the observed phenomena in the vaseular muscle and those in the taenia cob could be
attvibuted to the relative susceptibility o physicochemical and metabolic effects
mediated by DNP in the two tissues.
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Reprinted from Proc. of the XVII Annual lieeting of the Microcirc, Soc. 1963,
DOES CALCIUM CARRY THE EARLY TRANSIENT CURREMT OF THE ACTIOM POTEMTIAL IN VASCULAR
SMOOTH MUSCLE? Leif Horn and Minayori Kumamoto. MN.J. Col. Med. & Dent., Jersey
Clty, N, J. 7304,

The electrokinetics of vascular smooth msucle is similar to that of other spontan-
eously active smooth muscle and we have assumed that the ifonic mechanisms underlying
the electrical tehavior are those proposed by Hodgkin and Huxley. However, our
latest experiments have resultec in a significant observation that tetrodotoxin
(TTX) which specifically blocks the voltage dependent changes in sodium permeability
in nerve and skeletal muscle, has no effect on the action potential or impulse prop-
agation in our preparation, whereas blocking of the calcium permeability with man-
ganese renders the preparation inexcitable. Analogous experiments with TTX and
Mnt* on visceral muscle and on cardiac muscle have prompted other investigators to
conclude that Ca®™ and not {la* Is the current carrying ion during the upstroke of
the action potential, essentially disqualifying the Hodgkin-Huxley hypothesis for
those tissues. Voltage clamping experiment: in effort to assess whether calcium is
directly involved are In progress. (Supported by centract DADA 17-68-C-8058 with

the U.S. Army Research and Development Command.)
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Reference 12
Reprinted from THE PHYSIOLOGIST Vcl, 12, No. 3, August 1969.
VOLTAGE CLAMPING OF SMOOTH MUSCLE. M. Kumamoto™ and L. Horn, New Jersey College
of Medicine and Dentistry, Jersey Clity, N.J.

A sucrose-gap voltage clamping technique, modificd from Narahashi and Anderson,
has been used with smooth muscle preparations from the superior mesenterlic vein and
taenia colil of thes guinea pig. The electrical anctivities of both preparations are
quite unaffected by tetrodotoxin (TTX) in concentrations of IO'6 g/ml, which is
known tec inhibit the voltage dependent increase in specific sodium conductance in
the zquid giant axon and skeletal muscle. Manganese in concentrations of 5-10'4M
has been shown to drastically reduce the calcium permeability and also to render
our smooth muscle preparations inexcitable. Our clamping experiments on taenia coli
show that Mn™ Inhlbits the early trensleat current, bu: has little or no effect
on the steady state current, suggesting the possibilicy that calcium plays a role
as a current carrying lon during th2 early transient phase. Experiments witnh TTX
are underway. The compatibility of our voltage clamp data with the conventional
current carrying mechanisms during the action potential will be discussed., (This
research was supported by a grant from the Hew Jersey Heart Association and Contract

DADA-17-68-C-~8058 with the U.S. Army Medical Research and Develcpment Cormand.)
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Reprinted from MICROVASCULAR RESEARCH 2:188-201, 1970,

VOLTAGE CLAMPING OF SMOOTH MUSCLE': FROM TAENIA COLI,

Horn, M.J. Col, Med. & Dent., Mewark, N.J.

(33 copies enclosed)

Minayori Kumamoto and Lelf




MICROVASCUL AR RESTARCH 2, 188 201 (1970

Voltage Clamping of Smooth Muscle from Taenia Coli -

MiNAYort KuMaMoro?! axp L Hors

New Jersey College of Medicine and Dentistry,
Newark and Jersey City, New Jersey

Received Cctober 20 1964

INTRODUCTION

In« currene paper (Horn, Kumamoto. and Nakajima. 1970). we reviewed experi-
ments on vascular smoeoth muscle utilizing intracetbuiar recording of electrical activity
and alluded to possible differences between the ionic mechanisms of this iuscle mem-
branc and those of skeletal muscle and squid giant axon (Hodgkin and Huxley. 1952
a-d). Our reasons for questioning the applicabiiity of the sodium hypothesis to our
preparation, the superior mesenteric vein of the guinea pig. are that Tetrodotoxin
(TTX) in concentrations of 100 times that required to inhibit excitability in skeletal
muscle (Kuriyzsma. Osa. and Teida, 1966) and nerve (Narahashi, Moore. and Scott,
19¢4) has no apparent effect on spontancous or evoked electrical activity (Kumamoto
and Niu. 1966: Horn and Kumamoto., 1969; Kumamoto and Horn, 1969): and that
Mn?" known for its inhibition of Ca®  permeability (Hagiwara and Nakajima. 1965)
renders our muscle preparation inexcitable (Kumamoto and Horn, 1969). Anzlogous
results have been obtained in taenia coli of the guinea pig by Kurivama. Osa. and Toida
(1966). Nonomura. Hotta. and Ohashi (1966). and Hotta and Nonomura (1968).
supporting the hypothesis that Ta? is a current carrving ion during the upstroke of the
action potential. Other experiments by the same investigators with graded changes in
Na . and with Ca? -free solutions (see also Holman. 1957 1958: Biilbring and
Kuriyama. 1963). essentially corroborate this contention.

For these reasons, we were inierested in examining the changes in the transient carly
current by voltage clanmiping techniques in the presence of TTX and Mn?* and in the
absence of Ca?".

Our main interest is vascular smooth muscle, but as has been pointed out before
(Nokajima and Horn. 1967). the cell-to-cell conduction of strips from the superior
mesenteric vein of the guinea pig is relatively poor. and thus the success rate of experi-
ments with this preparation utilizing the double sucrose-gap voltage clamp technique
described here is quite low.

Since the sssential features of the vascular smooth muscle which we wanted to invest-
gate are the same in taenia coli, practical considerations dictated that we use this latter

YA prelimingry report of thi- aper has boen given at the Fall mecting of the Amernican Phy siologicad
Society, 1969, taumamoto and Horn, 1969),

S This research was supported by Contract DADA 17-7%-C-80588 witn the ULS. Ay Medad
Research and Deveiorment Command, a New Jersey Heart Asseciation Grant 860423 and by National
Science Foundation General Research Fund Grant S01822,

' Dr. Kumamoto's preserst address is Department of Liberal Arisc Kyvoto Unnvepsity, Kyoto, Japan.
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VOLTAGE CLAMPING OF SMOOTH MUSCLE 189

tissue in our experiments to be presented in this communication. The data obtained on
our vascular muscle preparation are practically identical to those from taenia coli.

While this manuscript was in preparation, the first papar on utilization of the double
sucrose-gap voltage clamp technique with uterine smooth muscle was published by
Anderson (1969). He used estrogen dominated. uterine smooth muscle to facilitate more
extensive intercellular coupling and concluded from his experiments with a Na -free
solution that the changes in the transient current voltage relationship. e.g . shifting the
reversal potential to a more negative value, indicate a Na -dependent excitation
mechanism.

Our voltage clamp experiments show that the inward current carrying mechanism in
taenia coli is Ca’* dependent, inhibited by Mn2 ", and unaffected br TTX.,

METHODS

Preparaticns and Solutions

The preparations used in these experiments were freshly dissected longitudinal
muscle strips from the taenia coli of the guiiea pig. about 300 1 wide. and about 1.5¢m
long, removed immediat:ly after the animal had been kilied by a blow on the head.
The muscle strips were mounted in the double sucrose-gap chamber and maintained at
approximately 37", as described below.

The normal Krebs solution used in all cxperiments is the same as the solution used by
Biilbring and Kuriyama (1963) in their taenia coli experiments. It contained (mM)
Na' 137.4: K 5.9: Mg?' 1.2: Ca?* 2.5: CI 134; H,PO," 1.2: HCO;~ 15.5: glucose
1.5 and was aerated with 97,0, + 3°, CO,.

Isotoric sucrose solution (10”, w/v) was made up with distilled water, and deionized
to reduce the conductivity to less than 2 umho;cm. This conductivity gives a resistance
to the sucrose parts of more than 20 M2 in our chamber in the absence of the muscle
strip.

Crystalline TTX (Sankyo Co.. Toyko) was dissolved in distilled water to make up a
stock solution. This solution was kept under refrigeration and was diluted with Krebs
solution to obtain the desired concentration, prior to use. All preparations served as
their own controls.

The Double Sucrose-Gap Chamber

The essential part of the chamber used in these experiments is the smicl piece of Lucite.
approximately {2 mm thick, with numerous holes or channels drilleu in it. as shown in
Fig. 1C. The diameter of the channels, and the distance between them., vary depending
on the tissue to be used. This central piece and the two side blocks (Fig. 1A and Byare
oolted tightly together.

All inlets are connected 1o reservoir bottles via fincly adjustable needle valves tor
flow rate control, drop bottles for electrical isolation, and a warming bath, for rempera-
ture control. The prepared muscle .trip was mounted in the central lumen. as is shown
in Fig. 2, which also indicates the flow directions of the solutions as represented by the
Arrcws,

,','a;;"u",' "




19¢ KUMAMOTO AND HORN

Fii. 1. Schematic diagram of double sucrose gap chamber: A. [ pool lucite block, B. V pool lucite
block, C. Changeable central piece. (Mote: These three blocks are fitted tightly together with . our
screws.) K. Inlet for Krebs and test solutions. S. Inlets for sucrose solution. 1. Inlets for isotonic potas-
sium solution. N, Node (see Fig. 2). E,. Current injection efectrode. Ey. Potential recording electrode.
CE. Current recording electrode. RE. Reference clectrode. 0\ QOutlets for solutions. Oy, OQutlets to get
constant hydrostatic outflow pressure,

SUCROSE KREBS SUCROSE

ISOTONIC K’ — /« Jﬂmac <
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> o i <
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16, 20 Flow diagram in the double sucrose gap chamber (see text).

Both ends of the muscle strip were tixed with threads to keep appropriate tension and
constunt leng'h. The nodal area, formed by the critical surfaces between the Krebs and
the sucrose solutions, was controlled by visual inspection through a micrescope by
udjm(ing the needle vabves of the respective solutions. A typical flow pattern i shown in
Fug. 20 When desired. the flow rate could be regulated by raising and lowering the
P(‘l}kih)k‘l)c tubigs coranected to the outlets (O, in Fig. 1, thus changing the outflow
pressure. The width of the nodad areais fess than 100 40 and the length of the suctoss
parts is about 2 3 mm in the chamber,




VOLTAGE CLAMPING OF SMOOTH MUSCLE 191

To maintain a stable flow pattern, it is necessary to keep the hydrostatic outflow
pressure constant. This can be achieved by maintaining a constant head pressure of | and
V pools (using Oy, in Fig. 1) and by eliminating the effects of the drop separation at the
drop bottles and outlets (represented as Oy in Fig. 1), using small picces of sponge foam
or cotton fibers.

This procedure was adequate to permit recordings of norinal membrane potentials,
full amplitude action potentials, and voltage clamping.

Electric Circuit

The electric circuit is essentially the same as the one used by Moore, Narahashi,

and Anderson at Duke University for nerves and myometrium and has only been

mudified slightly in our laboratory for taenia coli and vascular smooth ruscle. It is
schematically represented in Fig. 3.

—an—(TT) commano muist

L A — @ HOLDING POTENTIAL I LYIVN
F‘/W AAAAA—— ——=— M- % {>—Lovm

CLAM® GAIN

F.URRENT
INJECTION CONTROL
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F16. 3. Equivalent circuit diagram, The circuit schematically shown here is generaily the same as one
developed by Julian, Moore, and Goldman (1962). The sucrose resistance is iabelled Ry and the myo-
plasmic resistance R,,,; the other symbols hove their usual meanings Closed triangles represent
¢lecirodes. The current electrode is located in the upstream and a referer e electrode in the downstream
of the central Krebs solution {sce text).

Low resistance, coiled Ag-AgCl electrodes (less than 200 £2) are inserted from the
bettom ef each block. and cennected to 1 and V peols and to the upstream of the Krebs
solution through Krebs -agar bridges. From the downstream of the Krebs solution, a
pointed Ag-AgCl electrode, used as a reference electrode. was inserted as close to the
node as possible.

Experimental

The theoretical basis, operation of the clamping circuits and the experimental
imitations of voltage clamping performed in a double sucrose-gap chamber have been
well described by Julian, Moare, and Goldman (1962) for nerve and by Anderson (1969
for smooth musele. Becase our techniques are essentially similar to those developed by
Duke University group, extensive description has been omitted.




192 KUMAROTOQ AND HORN

Narahishi. Musre, and Scot* (1964) used a holding petential 10 to 30 mV hyper-
polzrized above the resting membrane potential in order to remove possible ini tivation
of the Na " -carrying system. Although we ailuded to the possibility of a current carrying
system different from the INa* hynothesis . the holding potential was kept hyperpolarized
by 10 to 20 mV above the resting membrane potential in our preparation.

RESULTS
Constant Current Injection

The membrane potential response was recorded in normal preparations aft-\ approxi-
raately 30 min incubation, during external stimulation, with stepwise kyperpolarizing
and depularizing constant current pulses of 700 msec duration, The resting membrane
potential of these preparations varied from 50 to 70 mV,

60mv

100 msec

Fig. 4. Upper and lower traces represent the respective responses of the membrane poiential to
stepwise depolanizing and hyperpolarizing constant current pulses.

Hyperpolarizing pulses give a family of voltage tracings with typical exponential
time course, characteristic of electrotonie potentials in these multifiber prenaraiion
tFig. H. The tme constant (7) varied somewhat {ri-m one preparation to another,
ranging from 80 to 120 msee. The membrane revealed no anomalous resistance changes
in the range of hyperpolarization we studied. The caleulated value of the specitic
membrane resistance ranged from | to 10 K2 em?, 1t should be noted, however, that
this multither preparation han o very complex membriane structure, and that any
caleutazion of the actual nodal membrane surtice area is only approximate and that the
cflectne membrane area of the artiticial node s a matter of conjecture. For this reason,
current densities aire ot given but rather the total current across the artiticial toge
membrane,
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Depolarizing current pulses caused complex changes in membrane potential. At jow
currents, the patterns were mirror images of the equivalent hyperpolarizing pulses with
identical initiat exponential time courses. At higher currents. abortive, delayed action
potentials occurred, and as the stimulating current was increased further. full amplitude
(60-70 mV) action potentials could be obtained (rig. 4). These latter actica potentials
had maximum rates oi'rise and fall o 4.0 and 2.6 V/sec, respectively and a half duration
of about 25 msec.

The current strength required to produce full-size activn potentials varied. not only
between preparations, but also in consecutive stimulations. Occasionally, abortive
action potentizls followed a full-size spike with’n the same current pulse.

VoLTAGE CLAMPING
Normal Preparations

To assess the udequacy of the experimental conditions. a series of constant current
injections was always carried out prior to voltage clamping. Figure 5 shows typical
current recordings associated with stepwise voltage changes under clamped conditions.
As a routine, three steps of hyperpolarizing pulses were recorded as shown in the panels
to the left of Fig. 5. To esiimate the leakage current for the preparation. the steady state
current produced by these hyperpolarizing pulses were plotted with inverted polarity
and the leakage curreat estimated from the resulting linear function or its extrapolated
values.

Fio S Typical current recordings under voltage clamp condition Holding potential 0 mV. The
upper trave shews voltage, and ive tower trace current. Routinely . three steps of Iy perpolanzing
command pubes were applied prior ta cach experiment in arder to estintne the inted capacitng amd
leahage currents,
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The reasons for assuming that this is a valid estimate of the actual leakage current
are (a) that depoiarizing and hyperpolarizing command pulses of low but equal m: gni-
tude and oppos.ie polarity produced current curves that were mirror images and
symmetrical on both sides of the holding potential and (b) that the voltage--current
relationship was linear up to 60 mV hyperpolarization above the holding potential,
Beyond this range (actual membrane potential more negative than —130 mV) non-
linear changes occurred that probably can be ascribed to membrane damage.

The current patterns produced by depolarizing command pulses are shown in the
remainder of the panels of Fig. 5. The early inward current cannot be casily recognized
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FiG. 6. Voltage current relation plotted from Fig. 5. The feakage current, represented by the broken
fine, was extrapolated trom the three-steps leakage current measurement (inverted polanity).

as i recordings from squid giant axon. However, when the curves are corrected for
capacitive and leakage currents, the carly transient and steady state currents appear
quite similar to those of squid axon. The peak value of the early transient current and
the steady state current are plotted. alter correction tor leakage current, in Fig. 6,
agamst the clamped potential. The reversal of the transient current from inward to
sutward tapparent equilibriom potential) wits at - 3 mV,and the peak inward current
occurred about 4 msee followmg a 40.mV depolarization.

Multiple peck transtent currents s reported by Andenson (1969), were not abserved
moany of our experiments, bat rather & graded. cor tinuous function of the clamping
partential.
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Effects of TTX

Six experiments with exposute of the muscle sirip to TTX in concentrations of 107
and 107" g/ml were carried out. A typical record of the current-voltage relationship
before and after 10 min exposure to 107 g/ml TTX has been plotted in Fig. 7. 1t shows
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Fii. 7. Effects of 10 * g ml TTX; holdicg potential 70 mV.

that TTX, in concentrations 100 times that sufficient to completely inhivit the excita-
bility of squid giant axon and skeietal muscle, had no effect on either the early transient
current or the steady state current.

Effects of Mn*

A scries of six experiments wers carried out with MnCL (5 - 10 "o 5 10 * 3)
added to the Krebs solutions. Al of these experiments show that the carly inward current
is gradually reduced with increasing duration of the ¢xpuosure to Mn® | The apparent
cquilibrium potential gradually shifted to increasingly more segative values. A typical
experiment is illustrated in Fig. 8. The recovery after washing with normal Krebs
solution of preparations that had been exposed previously to Mn® was usually in-

complete.
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the, 8, Etfects of 510 4 M Mn?"; holding potential - 60 mV,

Efrects of Ca* -Free Solution 7

In three experiments with the preparations exposed to Ca? -free Krebs solution,
there was a gradual reduction of the early inward current with a concomitant shift of
the apparent cquilibrium potential toward more negative values. Eventually, the
inward current was abolished fnafl of these exneriments. The absence of Ca? ™ had little
or no effect on the steady state current. The experiment illustrated in Fig. 9 is typical.

The current time relationship for this series of experiments at a clampung potential
of 20 mV at which the carly inward current was maximal. before and after {5 min
exposure te Ca? -free Krebs solution, is itlustrated in Fig. 10. The current obtained in
Ca® -free solutions was subtracted from the current in control experiments to obtain
the current depending on that ion. The lower panel is a typical record (rom squid
giant axon. [t should be noted that the current axis is in arbitrary units for the smooth
muscle preparation, and that the time base is ten times that for the squid axon.

In shirp contrast to the current-time relationship of squid giant axon, the activation
curve for the inward current carrying system of taenta coli was very slow, relative to the
tate of increase in defaved K -conductance. The two currents overlap, thus reducing
the peak transient current to only 70 80" of the inward 1onic current. After correction
for K -cfflux. the current'curve in Fig. 6 gives a true reversal potential for inward ion
flux of about 25 mV.

DISCUSSION

ttappears that the most important factors for successful experimentation are (a) the
short circuit factor, e, R R, - R,... the ratio of extracellular 1o extracellular plus -




VOLTAGE CLAMPING OF SMOOTH MUSCLLE 197

Ca*t free
X : CONTROL
] 5 min
8 10 min
o 15 min

Y 0—4 ) / B
A L -0 " n V (my;
\\\e/_.o 0. ;/
enge-”
\\ x-/
x.
~N_7
x
- S

FiG. 9. Effects of Ca” -free Krebs solution; holding potential - 70 mV,

myoplasmic resistances in the sucrose parts (Stiimpfli. 1954 Julian. Moore. and Gold-
man. 1962), (b) the degree of synchronization: and (¢) the width of the artificial node.

Deionized sucrose solutions with a conductivity of less than 2umho cry consiseently
sufficed for providing enough extracellular insuiation to record resting membrane
potentials, which, after correction for sucrose hyperpolarization, arc in the same range
as those obtained with microelectrode techniques. This indicates that the dimensions of
our double sucrose-gap chamber, the size of the preparation, and the refation between
them are adeguate. The maximal amplitude of the action potential was the same as
recerded with intracelular techniques and shows that the width of the artificial node
(100 )1s small enough as compared with the space constant tor the preparationr tapprox-
imate'y 1.5 mm) to altow adequate space clamp.

The half duration of 28 msec and the relatively slow mavimal rites of rise and fall of
the action potential may indicate somewhat incomplete synchronization of the effective
nodal membrane arca. It s believed, howeser. that when the nodal width s fess than
100 ;2. s measured under the microscope, that at leas! the superticial tibe favers are
excited simuitancously, s the rate of rise of action potentials triggered by super-
maximal currents approached that recorded by intracelivhar clectrodes. The hai
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FiG. 10. Typicai current-time relationships in smooth muscle and nerve (see text).

duration of the action potential and the rate of fall both indicate that the space clamp,
although adequute, may not have been complete. tis not feasible by any direct method
to assess the sharpness of demarcation between the sucrose and Krebs solutions in the
deeper fiber luvers in such a narrow node. and as noted previously, it is also difficult to
get an accurate measure of the total membrane surface area in a complex multifiber
preparation. ’

However, the high and scattered values for the specitic membrane resistance may
indicate, if compared with those calculated by Kurivama and Tomita (1965), that a
variable number of tibers are excited in the current injection experiments.

Although it does appear from the voltage-time changes in response to constant
current injections that the simple cable theory (Hodgkin and Rushton, 1946) is applic-
«ble to the preparation, as suggested by Abe and Tomita (1968), the considerations
above would rause the question of recruitment and a dependence of effective membrane
arew on the clamping voltage,

The results from the veltage clamping of normal preparations are compatible with
the Hodghin Huxdey Bypothesis, te., a voltage dependent increise in Na o conductuance,
Naanmactinvation, and a delaved icreac e in Ko conductance. We were not able to relate

e N
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the amplitude of the evoked action potential (varying from undershoot to several mV
overshoot) to the leakage curient corrected reversui potential of the carly transient
current.

It appears that in taenia coli, due to the slow and varying rate of activation of the
inward current carrying system, relative to the rate of increase in delayed K con-
ductance, the net inward current varies and thus accounts for the varying amplitude of
and rate of change of the membrane potential, i.e.. little or no overshoot, abortive
spikes. and slow fluctuations of the membranre¢ which .are the common features of the
electrical activity of this muscle. It is, therefore, important to distinguish between the
reversal potential for the net current flow (capacitance and leakage corrected) corre-
sponding to the action potential amplitude measured by intracellular recording tech-
niques, and the true recersal potential for the inward ionic current, i.e., the equilibrium
potential for inward current carrying system. In squid axon. the time course for activa-
tion of the Na' conductance and the increase in K conductance are separated suf-
ficiently so that the reversal potential is practically identical to the true equilibrium
potential. In taenia coli, the true equilibrium potential is obscured due to the overlap in
time of the activation curves for inward and outward ion fluxes, as stated above. The
calculated value of 25 mV, based on the experiment illustrated in Figs. 5 and 6. is close
to the equilibrium potential for sodium as calculated ov Goodford and Hermansen
(1961).

As might be predicted from earlier studics with microelectrodes, TTX had no effect
on the early transient and the stead s'.- currents, The fact that TTX specifically
inhibits the voltage-dependent early transient conductance of membranes. normally
employing a Na’ mecnanism for excitaiion. is + ell established (Moore and Narahashi.
1967). Therefore, the persistence of unaffected exr!v transient conductance changes of
taenia coli in the presence of 100 times the concentration required to completely inhibit
excitability in skeletal muscle (Kuriyama, Osa. and Toida, 1966) and nerve (Narahashi,
Moore, and Scoit, 1964) musi be interpreted to mean that the mechanisms are
different.

Nonetheless, nerves from puifertish and newts are resistant to TTX, despite using a
sodiuns imechanisni for excitation (Moore und Narahashi, 1967). and this therefore tends
to minimize the significanc: of this series of experiments with the toxin. Although
teleologic, 1t may be noted that most investigators attribute the TTX insensitivity of
the above species te the development of self-protective mechanisms against their own
toxin. and that there are no reasons why such mechanisms should exist in the guinea
pig. Furthermore, in TTX-insensitive. estrogen dominated. uterine smooth muscle, as
recently shown by Anderson (1969), the early transient current is affected by the Na~
gradient during the first 11.S minin Na -free solution. This wasinterpreted by Anderson
to indicate a Na - mechanism. The elusiveness of such a conclusion becomes apparent.
however, considering the fact that smooth muscle, when transferred from a higher to a
Jower concentration of sodiam, goes through a period of lower or complete inhibition of
excitability. The duration of ihe inexcitable period depends upon the type of smooth
muscle used. For uterine smooth muscle and tiaenia coli the inexcitable period usually
has an onset after 2-5 min in Na -free solutions and fasts from a few minutes up to 10
min. Thus, Niu, Nukajima, and Kumamoto (1962) were able to record spontancous
clectrical activity in the pregnant uterus of the guinea pig after 25 min in Na -free

f -
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solution and Bilbring and Kuriyama (1963) recorded action potentials with overshoots
“for at least 20-30 minutes™ in the absence of Na'. Hotta and Nonomura (1968)
recorded action potentials after 2 hr of Na ™ depletion, For other discussion on electrical
activity in Na - -free solutions, see idolman (195%). Daniclind Singh (1938) and K uriyama
(1963).

With regard to the series of experiments with Mn? ' it has been shown conclusively,
as mentioned before, that Mn? inhibits Co?* permeability in taenia coli, More recently.
it has been found that in cardiac fibers (Harrington and Johnson, 1969, personal
communication) transition metals witl inhibit both the Ca*’ permeability and the
voltage-dependent Na ' conductance. thus throwing some doubts as to the specificity
of its action in smooth muscle from taenia coli. The rapid and progressive reduction in
carly transient current in the presence of Mn?' must, for lack of other evidence. at
present be attributed to its inhibition of Ca® " permeability. It is surprising that we could
demonstrate no effect of the ion on the steady state current, since heavy metals may be
expected to cause considerable physicochemical changes of the membrane, and that
washing with normal Xrebs soluaon dia not bring atout complete recovery.

The complete suppression of the eurly tansient current in Ca? -free Krebs solution
must be interpreted to mean that excitation in taenia coli occurs by a Ca? -dependent
mechanism.

What the mode of this mechanism is, and whether Ca® - is actually a curreni carrying
ion during the upstroke of the action potential, can only be speculated. Considering
the available evidence only. the normal mechanism of excitation must be obligate
Cu* dependent but nonspecific in terms of current carriers: in other words, the voltage-
dependent gates are not specific for Na .
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Reprinted from MICROC IRCULATORY SOCIETY, 18th Annual Meeting, Atlantic City, M.J.

April 11«12, 1970. Microvascular Res. Vol, 2, No. 2, 1970, p 2.

THE ELECTRICAL BEHAVIOR OF VASCULAR SMOOTH MUSCLE, L. Horn, A. Nakaj'ma and M.
Kumamoto. M.,J. Col. Med. & Dent., Newark, N.J. and Kyoto Univ., Kyoto, Japan.

The patterns of normal spontaneous and drug-Induced electrical activity of the
longltudinal muscle fibers of the superior mesenteric vein and smooth muscle from
taenla coli of the gulnea pig have already been described In considerable detail.
(See Horn, Kumamoto, and Nakajima, Microvascular Research, In press.) The present
communication attempts to explain the characteristlc features seen with Intracellu-
lar mizroelectrodes .n terms of relative rates of activatlion of specific conductances,
based on analksis of data obtained by double sucrose gap voltage clamping techniques.
Essentially the analysis shows that the primary reason for the relatively slow rate
of rise of the action potential, usual lack of overshoot, apparent graded responses,
and abortive spikes Is a slow and variable rate of activation of the Inwzrd current
carrying system, apparently dependent on the prevailing membrane potential. (Support-
ed by Contract DADA=17-68-C-8058, U.S. Army Medical Research and Development
Command, a grant from the New Jersey Heart Assoclatlion, and MSF General Research

Fund.)
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Reprinted from XXV Internatlonal Congress of Rhyslological Sclences, Munich 1971,

THE ROLE OF CA** IN EXCITATION OF VASCULAR AND OTHER SMOOTH MUSCLE. L. Horn, M.
Kumamoto and A. Nakajima. College of Medicine and Dentistry of New Jersey at Newark
Newark, New Jersey 07103 and Kyoto University, Kyoto, Japan.

Electrical properties of the longitudinal muscle fibers from the superior
mesenteric veln and the taenia coll of the quinea plg has buen Investigated using
intracellular recording, voltage clamp, and constant current injection techngiues,
Normal spontaneous electrical activities and responses to catecholamines and acetyl-
choline (Ach) are compared. The reversal potentlal of Ach in vascular nuscle was
found to be substantlally more negat!ve than that for skeletal muscle and nerve,
and socmewhat lower than that of taenia coli. The effects of Tetrodotexin (TTX),
Mn** and graded changes In Ca*T-concentration on the two preparations are discussed.
It Is suggested that the excitation in both preparations is obligate Ca™-dependent,
inhibited by trans!tlon metals that Interfere with Cat+-permezbility and that It
Is unaffected by TTX. (This work has tacn supported by a general research grant
fiom NSF, a grant from the New Jerszy Heart Assoclation and support from U.S.-Japan

Cooperative Sclentific Program, Office of International Activities, !'.5.7.)
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Reprinted from MICROVASCULAR RESEARCH 2:268-272, 1970.

A SOLID~-STATE IMPULSE FLOWMETER. L, Horn and A. Aose.

Electronic Shop, N.Y. Med. College, N.Y,

(33 coples enclosed)
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A Solid-State Impulse Flowmeter'

L, HOrRNY AND AL 7981

Department of Physiology and the Llcctronic Shop, New York Medical College, New York
Received October 20,1969

This paper descrebes a solid-state flowmeter that witl record blood flows over i
wide range 10,1 30 sl min), The flowmeter is activated by a photoelectric cell ina
drop chamber that produces input impulses from the breaking ot a light beam by
drops of blood falling through the chambuer which is filled with silicone fluid. The
flowmeter is accurate to - 17 within g range of 3-fold changes in flow and will
operate almost any laboratory recorder or oscitlograph. Self-cheching circuits are
provided for making inttial calibrations and to test performance during operation.
The instrument is also equipped vith a register recording total low cyer a desired
period of time (total number of dropsy. Performance data and advantages as used
in microcirculatory studies have been discussed.

Hemodynamics requires as a prime datum the rate of blood flow through the vessel
tLamport, 1965). Of the various methods available only few actualiy measure directly
volume per unit ume. Although the original Volkmann flowmeter (Volkmann, [830)
as modified and improved by Ludwig (Dogiel, 1867) and. lately. Dawes and co-workers
(1952) and the Pavioy flowmeter (1887) both are accurate, they are bulky. somewhat
inconvenient. and do not provide for continuous recording.

Folkow and co-workers (1949) have over the past two decades used and relined o
mechanical ordinate recorder similar to that described by Fleisch (1930). The Folkow
flowmeter utilizes a smoke dram ks mograph and is activated by o photoelectric drop
counter. TUgives a reascaably accarate messure of volume flow over a wide range off
aows and produces records of the inverse of flow (peripheral resistancey that are most
appealing esthetically (1indgren and Urnas. 1954y,

We have constructed asolid-state smpulse lowmeter that in basic prnciple s samilar
o the Folhow flowmeter but offers the advantage that v can be used with pracnicalhy
any clectronic recorder or osetltegraph and wilf produce both the Bamnbar ordimate
records wnd a singleline graph indicating the peripheral resstance. Phe signal oatput
ma abso be stored on magnetic tape for analssis Tater. The lowmeter has beenin routine
use for some tme and has proved accarate and advantageous m study g amcrocir-
culatory changas in segments of cat iniesthine

Figure | shows the basic aircunt elements of the flowmeter. Two nugor aircutts. the
ramp generidor and the totalizer with s desovied amplidicr, operite mall moodes
In the Umits mode. the ramp geaesator is reset by the occirrence of cach mput nabse.
but in the Preset mode. s reset onby aticr a predeternuned number of anput puises
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the 1S v Maedi ! Reseandhanad Developiment Comnand

Prosent addios Pepartmient of Phavaolows Sew Tesoy Colleer of Mediome and Phontan
\c\\.uk, \\‘\\ ,l\‘l\u\
NS




PHOTOCELL

IMPULSL FLOWM

ETIR

aln
V—@ @ MODE
MANUAL SWITCH

25/75 ppm

CALIBRATOR

IMPULSE
FLOWMETER

Fis

. 1. Basi

TOTALIZER

oo v

COUNT
-— 00—V
RESET
PRESET
COUNTER
PRESE T
—1 COUNTER
(0 1 | CONTACTOR
|- AMPLIFIER — Y
\ JCOUNT (~lnses at zero)
y
3
\
\UNITS PRESET
o—
\
\ .
RAMP GENERATOR
1-100 S€C ISOLATOR RAMP O

——
RESET| FULL SCALE

RAMP OFF—/ AMPLITUOE

CENTERING

circuit elements of flownigter.

| NI |

fownweter photvell wath

hght bewin toctiaed

269




270 HOKN AND ROSE

have oceurred. Each input pulse, of course, corresponds to a drop falling througi the
drop chamber across the path of a light beam focused onto the phatoceell (see Fig. 2).

The function of the totalizer is invariant it keeps a running total of the numbey of
drops that have passed through the drop chamber, It may. however, be reset manually
At any time,

In the Preset mode. the present counter operates simultancously with the totalizer,
counting backwards until it reaches zero. At this point, contacts in the preset counter
close and a reset signal is applied to the preset counter and to the ramp generator, This
cycle repeats as long as there is an input to the device,

Unless a reset signal is applicd to the ramp generator, it will climb at a predetermined
rate until it reaches its maximum amplitude. 1t will «tay at this maximum value until
reset and then climb again. Since each drop, or preset number of drops. resets the ramp
and allows it to immediately climb toward its maximum amplitude. the amplitude of
the ramp at the point where it resets is directly proportional to the time interval between
drops —-up to the point of maximum ramp amplitude. With strip-chart recorders
operating at sufticiently slow speeds. the envelope ot the ramp tracings provide a graphic
measurement of the rate of drop flow.

The ramp signal may be adjusted for any maximum amplitude between zero and 10V,
may be centered about zero to permit use of a recorder that operates in a bipolar fashion
with the pen normally at rest in the center of the tracing, and may be adjusted for any
time-to-chmb from | to 100 sec.

It may seem somewhit inconvenient to record time between drops rather than the
reciprocal function. rate of flow. However, to record the rate function directly with the
same degree of Gecuracy would entail considerably more electronic circuitry since the
input infermation oceurs at a relatively slow rate and is a direct function of time. The
reciprocal function could be obtained only by extensive use of computational logic
or by the accurately shaped hyperbolic waveform in place of the linear ramp.

In its present form, the flowmeter is trouble-free and readily calibrated over a wide
range of flow rates. The base line corresponds to zero time between drops or infinite
rate of flow. However, it can be offset effectively so that the area of interest fulls within
the desired recording area. The maximum pen excursion is set by the ramp amplitude.
Adjustments of the ramp time then sets the scale factor and determines the lowest
rate of flow that czn be recorded.

As an example, the ramp amplitude can be adjusted for a total pen defiection of 4,
I the ramp time were sei for 4 see, the range of recording would be from 15 drops 'min
to infinity. The nudscale vilue, 2. would correspond to 30 drops min, and the | value
would correspond to 60 drops min. Similarly, other settings of ramp time would be
setto *times the value used for Units operation, where V is the preset number. Preset
operation offers greater convenience 1n obtaining the average rate of low.

Yo ad recorder calibration, two accusate calibration signals have been ir cluded in
the instrument. 253and 78 pubye mun. These ecrrespond to 24 and 0.8 sec between drops
respectively, Atter the ramp amplitude and centering hane been adjusted. the desired
calibraoion signal s swatched into the input, and the ramp time b adjusted to obtan i
pendetleciion to the proper point. A manualb input is abso provided to permit adjustment
without the erop chamber, 1tis useful in establishing the base tine and other calibration

procedres,




IMPULSE FLOWMILTER 271

8P Y . e :
kg | v . o~ N
PR. R .-
75 25 ' TR
CAL.

- & z. S
¥ W “ga PR. - L PR,
TR 75 25 ) 75 28

CAL. CAL.

BF = BLOOD PRESSURE
PR. = PERIPHERAL RESISTANCE
CAL. = CALIBRATION : 75 , 25

Fia. 3. Records obtained from Electronics-for-Medicme osciltograph with photographic writer
adhusted to give ordinate diagram.”

7525
CAL.

b 40 Curve dagram™ shown when oaly peak satue Foedina, teg s tenad




D A

e b L A

S e T R AEEER TR TR TR T AR AT

272 HORN AND ROSE

Figure 3 shows the flowmeter records as obtained from an Electronies-for-Medicine
oscillograph with photographic writer when adjusted to give an “ordinate diagram.”™
Figure 4 shows records where only the peak value of the ordinate is registered, giving
a eurve diagram,”
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Reprint from the APS Fall Meeting, 1971. (Abstract)

VASCULAR RESPONSE OF THE CAT [HTESTINE TO NOREPINEPHRINE FOLLOWING INFUSION OF
TETRODOTOXIH (TTX), Micholas A. Mortillarc™ and Lelf Horn. College of Medicine
and Dentistry of New Jersey at Newark, Newark, N,J.

In cats, eviscerated and adrenalectomized, auicperfused isolated loops of small
intestine (ileum) were Intra-arterially Infused with norepinephrine (1.0-2.5 ug/min)
before and following infusion of TTX (10 ug/min). The former taken as the ccntrol.
In each case the concentration of norepinephrine before and o<:iuwing the Infusion
of TTX was the same. Total blood flow (m}/min x 100 g) through the intestinal
segment was measured utilizing a flowmeter activated by a photoelectric tell In
a drop chamber, During infuslon of TTX, the TTX containing efflux from the segment
was discarded and blood was cross perfused frem a donor cat. Both splanchnic nerves
were cut and the perlphera! ends were mounted on double ring electrodes. Marked
inhipltion of sympathetic outflow to the T1X perfused segment was Indicated by the
absence of vascular response during splanchric nerve stimulation (5-8 imp/sec), 1.
e., blood flow remained relatively constant during the stimulation period. Intes-
tinal vascular constrictor response to norepinephrine, as Indicated by a decrease
in blood flow, ranged from 41 to 48% {(control) of resting blood flow, whereas
following TTX Infusion the ranga was only 13 to 28% of resting blcod flow, The
results suggest that a condition similar to denervatlion hypersensitivity results
from TTX's Inhibition of sympathetic activity, and this condition is seen to
develop minutes after the Infusion of TTX, The results will be discussed In
relation to the '"autoregulatory escape''. (This research was supported by Contract
DADA-17-68-C-8058 with the U.S. Arﬁy Medical Rescarch and Development Command and

Natlonal Sclence Foundation Grant #FJ5u24.)
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Abstract of paper presented at the 22nd Annual Session of American Association for

Laboratory Animal Sclence, New York, N.Y,, Gctober 11-15, 1971.

INTEST INAL BLOOD FLOW MEASUREMENTS UTILIZING A SOLID STATE DIGITALIZED FLOWMETER.
N. Mortillaro, M.S.E.E.* and L, Horn, Ph.D. College of Medicine and Dentistry of
New Jersey at Newark, Newark, N.J.

lleal segments of cats, anesthetized with pentobarbltal, adrenalectomized,
atropinized, splanchnic nerve ablated, and with facility for microscopic observation
were placed In a plethysmograph. The middle collc grtery and the superior mesen-
teric vein (SMV) were cannulated. Norepinephrine Induced changes In blood flow
were observed before and after infusfon of Tetrodotoxln (TTX). The scope of these
experiments was to observe the vascular response of the intestine to norepinephrine
before and following intra-arterfal infusion of TTX via the middle colic artery.
The preparation and experimental setup has proven convenlent for studying autoregu-
lation, the autoregulatory escape and the so-called 'reactlve hyperemia' following
stimwulation of the peripheral cut end of the cplanchnic nerve or the infusion of
noreplinephrine. The outflow (SHV) of the zutopervused isolated ileal loop was
passed through a sillcone fluld fliled drop chamber with a light source and a photo-
electric cell. The output of the photoelectric cell acted as the source for the
activatlon of the flowmeter. Once having passed through the drop chamber the blood
was returned to the arimal via the right external jugular vein. In the case when
TTX was Infused the outflow was discarded and an equal amount of hloowd was transfuse-
from a donor cat. The results suggest a mechanism for the changes In blood flow
caused by splanchnic nerve stimulation or norepinephrine Infuslon at variance with
the conventionally accepted hypothesis. (Supported by Contract DADA-17-58-C-8053
with the U.S, Arny Med. Res., and Dcvelopment Cormand and ilational Science Foundat!lon

Grant #FJ5024.)
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Preliminary Report on the Autoregulatory Escape In the Cat lleum
by
Nicholas A, Mortillaro

August, 1971

In 1964, It was reported that the vascular response of the cat Intestine to
splanchnic nerve stimulation and intra-arterial infusion of noreplnephrine underwent
three distinct phazes. An initlal Increase in vascular reslistance, followed by a
decrease In resistance with contlnued stimulation, and sequentfally, upon cessation
of the stimulation a further decrease In resistance (hyperemic phase). The second
phase was termed the ''autoregulatory escape'' implying a release from the constrictor
fiber Influencedds by local mechanisms.

We have been investigating the ''autoregulatory escape' phenomenon in the cat
Intestine utillzing pharmacological denervation by means of Tetrodotoxin, a polson
extracted from the Japanese fuguy fish, more commonly known as the Puffer fish. It
has been amply demonstrated that the action of Tetrodotoxin is to render mammallan
nerves Inexcltable by blocking the Increase in spesitic sodium conductance, that is,
the early Inward current, and thereby rendering the nerve inexclitable. Evidcnce from
other experiments In our iaboratory Indlcates that Tetrodotoxin has no such sffect
upcn smooth muscle.’

ln.our preparatlion, the aﬁlmals were adrenajéctomlzed, snlenactomized and
evicerated except for a small loop of autoperfused [leum, weighli.g 10-20 grams. in
some cases, when Intestinal volume recording were made, ard In order to accommodate
a plethysmograph, a total gastroectomy was performed.

The ileal loop was then subjected to splanchnic nerve stimuiation and intfa-_
arterial infusions of noreplnephrline and Tetrodotoxin., Tha infusions viere carrled
out via a cannula iInserted Irio tnc mic. 'y colic artery, the other end of the

cannula was connected to ¢ cuntinuous t- - L pump, th. rohy Iasuring that the
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slons were inltially lacallzad (o the jsolated small intestine.

Figure 1 fllustrates the method of measuring the physlologlical parameters of
interest. Recordings of arterlal blood pressure were made from the femoral artery.

To measure blood fiow through the intestinal segment, the =uperior mesenteric
veln was cannulated and connected to a silicone fluld filled drop chamber onto
which was mounted a photoelectric cell. The signal from the cell activated a solid
state digitilized flowmeter. After having passed through the drop chamber, the
animal's blood was returned to the clrculaticn via the external jugular veln,
thereby creating an extracorporeal loop.

Venous pressure was measured from a slide brafich of the superior mesenteric
veln cannula,

In some experiments, the Intestine was enclesed Into a plethysmograph, and
changes In tlssue volume were recorded simultaneously with intestinal blood flow,
arterlal blood pressure and venous blood pressure.

However, In the results to be presented now, volume recordings were not made.

Figure 2 glves the results obtained as a consequence of splanchnic nerve
stimulation and Intra-arterial Infusion of norepinephrine and Tetrodotoxin.

The upper trace lIs arterlal blood pressure, the center trace Is venous blood
pressure and the bottom trace Is the Intestinal segment's blood flow normalized to
100 grams of tissue weight. The rectangles at the bottom indicate the on-off time
of the applied stimulus. Recording speed was 0.5 cm/min.

ln.the flist panel eplanchule nerve stimulatlon, In the form of square waves
was applied for L. 5 minutes at a frequency of & Hz, with an amplitude of 7v, and a
duration of 3 msec. The vascular response seen is characterlzed by the three
phases previously dlscussed, That is, an inltlal constriction, then with continued
stimuiation we see the ''autoregulatory escape'', and finally, with the removal of
the stimulus - a hyper mlc perlod.

in the second panel! Is shown the vascular response to Intra-arterial Infuslon
of noreplinephrine, In thls case at a dose rate of 1.25 pg/min for L.5 minutes.

Again as In the nerve stimulation the pattern of vascular response Is the same.
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In the third panel Is shown the vascular response to noreplinephrine following
the Intra-arterlal Infusion of Tetrodotoxin. Here, Tetrodotoxin was Infused at
5 yg/mln. for 3 minutes, then after a brief pause of approximately 2 minutes, the
splanchnic nerve was stimulated for an additlional 2 minutes. The lack of vascular
response to nerve stimulation, as compared to the response In the flrst panel,
Indlcates that a conductlon block was achieved. Norepinephrine was then Intra-
arterially Infused for 4.5 minutes In the same concentration as In the pre-Tetro-
dotoxin perlnd. Once again the characteristic response, that is, constriction,
escape and hypsremia. However, conparing this response to that In the second panel,
we see that the Increase In resistance Is more pronounced Iindicating a seemingly
potentiated response to noreplnephrine In the presence of Tetrodotoxin.

But, in this particular experiment, there was a large preciplitous drop in the
arterial blood pressure during the Irfusfon of Tetrodotoxin, (149 -—f>llz). As
discussed above, the blood passirg out of the intestine and through the drop chamber
was returned to the animals generasl circulation, 1In this case then, that meant
Tetrodotoxin contaminated blood. The present literature Indicates that Tetrodotoxin
does have a direct depressor effect upon cardlac functlion, and the drop In blood
pressure may be a8 result of such an effect. Thls was of concern to us, since It Is
known tha. smooth muscle may become more sensitive to catecholamines during the
early stages of hypotension.

To elIminate this possibllity, we resorted to a donor cat technique. Durlng the
Infusion of Tetrodotoxin and thereafter, the TTX containing blood from the Intestinal
segment, once having passed through the drop chamber was dlscarded, and an equs!
amount of blood was transfused from a donor cat.

Thus, In flgure 3 whlich Is the record of such an experiment, no large preclpi-
tous drop in arterial blood pressure occurs during the Infuslon of Tetrodotoxin
(1335 123). However, the potentiated response to norepinephrine In the presence of

Tetrodotoxin Is still present, as well as the tyvplcal vascular response pattern.

At-
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From the experiments performed on 16 animals we have computed the mean periph-
eral resistance at rest and at peak constriction for both cases, that is, prior to
and following the Infusion of Tetrodotoxin, Illustrated In figure 4.

The open clrcles represent the rest to maximum constriction response to nor-
epinephrine In the absence of Tetrodotoxin. A change from 2,3 to 6.2 mean peripher-
al resistance units/100 gram of tissue, An overall Increase In mean peripheral
resistance of two and b half fold above the resting state,

The closed clrcles show the response to norepinephrine in the presence of
Tetrodotoxin. A change from .1.75 to 13.3 mean per!pheral resistance unlts/100
gram of tissue. An Increase of seven and a half fold abowe the resting state. A
very significant Increase when compared to the pre-Tetrodotoxin values.

Thus, we have demonstrated that In the Tetrodotoxin denervated Intestine of
the cat the pattern of vascular response to Infusion of noreplinephrine remains
vnaltered, that Is, an Inftial constriction, and with continued stimulation an
autoregulatory escape, followed by a hyperemic period after the cessation of the
stimulation. The Implication being that local revlexes such as the axon reflex
do not particlpate In the autoregulatory escape.

Also we hgve shown that the peak constrictor vascular response of the small
Intestine to Intra-arterlal infusfon of norepinephrine appears to be pctentiated by
Tetrodotoxin.

Thus, [n thls respect, and only in thls respect, the vascular response Is
similar to denervatioun hypersensitivity, that is, In the presence of Tetrodotoxin
It takcs less norepinephrine to elicite the same degree of response. (This research
was supported by Contract DADA-17-58-C-8058 with the U.S., Army Medical Research and

Development Command and the Natlonal Sclence Foundation Grant #FJ502L.)
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APPENDIX A

Figures 1 and 2 cited on page 3.

-43-

Tt i b Kt e ks e ke L aw

D




) LLFN

Sahd » :
R T

316190004434 10N

e

e e
e




.o . o

\'
~
A

} o e e emnet ..»i!,.kr‘wwp\ a.\,.,..u_’

a4
o )\Z"
B Cane ©
A
&

.
.
'
3

@hm

R SC L RN

PR

mmlye

. ey -
=
",

»




APPENDIX_B

Figures 1 - 10 - Clted In Reference 8.
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