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Changes in Cardiac Contractility in IDDM
and NIDDM Diabetic Rats

I BANY ASZ | KATAPOS* S/ K LEMEN and T KOVACS

Department of Physiology TInnersity Medical School of Debrecen
Debrecen Hunqgary

Abstract. Differences i myocardial contractility were studied m type I {insulin-
dependent IDDAIL and type I (non msulin dependent NIDDM) diabetic 1ats Us-
g the stieptosotoan-mduced diabetes as an expenimental model the contractile
properties of lett ventrrcular myocardmm of IDDAL and NIDDAM animals were com-
parcd to smlar parameters of then age-matched contiols Contiaction force was
analy zed as @ function of the pacimg fiequency Paned-pulse stimulanon and cate-
cholamine ticatment were apphed to compare the motiopic 1esponses obtamned 1
the 1wo types of diabetes Diabetic and contiol preparations devcloped equal peak
tension at cach dinvg hrequency upon the application ot panred-pulse stunulation
with fined mtaipulse mterval The mterpulse mteival dependence of paned pulse
mdnced motiopy was altered and the vcloaty of contraction and 1claxation de-
cieascd e IDDAL but not m NIDDAL muscles Scusitivity to soprotercnol and
notepieplinme was docreased i both rypes of diabetes howevar the 1soproterenol
resistance of old diabetic anmals was attuibutable to age 1ather than to the dia-
betic state The results mdicate that alterations m the contiactile patameters and
catccholamme sensitivity e IDDM difter from those obsersod m NIDDAL foim ot
diabc tes mellitus

Key words: Diabetes Stinulated myocardium Rat — Contiactility Ca-
techolamune

Introduction

Mechanical dystunction of diabetic myocardium Las been studied extensively dui-
mg the last decade While the altered cardiac function m IDDM has been chai-
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acterized 1m detal our knowledge 15 1elatively poor 1egarding these alterations m
NIDDAL Deaeased veloaty of both contraction and rclaxation weic observed
IDDAI by several investigators (Rubmstemn et al 1984 Athins ¢t al 1985 Heslinget
et al 1986 Rosen et al 1986 Schaffer ¢t al 1989 Tanaka et al 1992 Dowuing
et al 1993) whereas others 1eported similar changes i NIDDM as well (Schaffer
et al 1985 Sakai et al 1992) Unaltered velocity of contiaction with or without
decreased veloaity of 1elaxation was reported m IDDM  but not in NIDDM (Fewu
et al 1980 Penpaighul et al 1980 Verma and McNell 1991) In IDDN deyeloped
ventiicular pressure was decreascd with or without normal cardiac output (Pen
parghul et al 1980 Rubwmstemn ot al 1984 Heyhnger et al 1986 Roscn et al 1986
Schaffer at al 1989 Tanaka et al 1992 Vermna and McNeil 1994) wheicas NIDDM
ptoduced no change w the ventiicular svstolic pressuic (Femn et al 1980) 1 spite
of the decrease m cardiac work observed (Sakar et al 1992 Schaftcr and Wilson
1993) The heterogencous observyations mght 1 part be aresult from the perfused
heart model used 1n these experncnts since different expernmental conditions (1 ¢
filling pressure 1omic mlien seveirty of diabetes ete ) might alter cardiac fuuction
too

In addition, controversial 1esults have been obtamncd with 1egaid to the mag
nitude of the developed tension of diabetic myocardinn m IDDA Practically  all
potential alterations of myvocardial torce production have becn reported Using ven
tricular muscle stups papillary o1 trabecilar muscles of the 1at decreased (Femn
et al 1981) o1 mcreased (Niang and McNeil 1991a) as well as unaltered (Femn ¢t
al 1980) contractile force has been 1eported Catecholamine mduced motiopy has
been studied by several authors however no attempt has baen madc to compare
the absolute values of tension m diabotic and healthy anmnals (Yu and M\l
1990 Wainer et al 1991 Niang and \McNeil 1991h) Simularly no data on absolute
values of tension are available in NIDDM 1ats Wiath 1espect to other contractile
patameters like time to peak tension o1 half relaxation tume 1esearclhiers agan
ainve at unanimous conclusions It 15 generally accepted that the dmation of the
contraction curve 15 prolonged m diabetic anumals compared to contiols

The present study was performed to charactenze the tension devclopment and
1ts time course during the contiactde cvdle m healthy and diabetic anmmals at vai
101s states of the disease We desiied to obtamn mtormation on the force frcquency
relationship and the motiopie 1esponse of diabetic nyocardium To achicve this
five characteristic parameters (peak tension timic to peak tension maximuin v
loaity of contraction half 1elanation time and area under the contiaction curve) ot
the contracting myocardinm were compared 1 notinal and diabetic (both IDDMN
and NIDDM) cardiac prepaiations paced at different diiving rates Inotropic 1e
sponses weie evaluated by applymg soproterenol (ISO) and norepmephiine (NE)
Swce the effects of both ISO and NE are known to bec complex on working cai-
diac tissne we wmduced motiopy using paited pulse stimulation as well The henefit
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of application of paned-pulse protacol 15 that sarcolemmal 1eceptor functions and
subsarcolemmal signalization aire not mvolved 1 the mechamesn of tlns hind of
motropy Comparing these phainiacologically nduced (catecholamine) and directly
mduced (paired-pulses) wottopic responses the mechanisms mvolved m diabetic
alterations of cardiac torce generation may be better elucidated

Materials and Methods

Induction of type I (IDDM) diabetes

Adult, 1andomly selected Wistar 1ats of either sex weighig 120 150 g, were -
jected mto tal vem with 65 mg/kg Stieptorotoan (STZ), dissolved 1 (itrate buffer
Age matched contiol ammals were mjected with the vehicle only Hvpeigly cemta
was confirined by blood glucose test using ensymatic techniques Fust blood glu-
cose test was performed 48 hours after the STZ tieatment then the tests were
repeated weahly Inanunals treated with STZ blood glucose levels increased above
10 mmol/l Expenments were performed following 4 weehs (28 davs +2 davs) of
the STZ ticatment

Induction of type II (NIDDM) diabetcs

Neouatal animals of hicalthy Wistar parents weie subdinvided into two groups 1au-
domlv at age vounger than 48 houwrs According to the method of Schatfer and las
colleagues (Schaffer et al 1939 Schaffer and Wilson 1993) one group of animals
was treated with 90 mg/Lhg STZ 1p  (coutiols tecerved the vehicle only) then the
pups were given hack to then mothers Anmials wore used for expernment at the
age of 12 months The diabatic state of the STZ treated anmnals was tollowed by
blood glucose momtormg and glucose tolcrance tests Ghucose load (1 dose of 1
g/hg body weight) was pertormed at the bgimnimg and at the end of the fizst how
of the glucose tolerance test (double load test) Blood samples werc taken at 0
05 1 2 3 and 4 howus after the first glucose load then glucose concentration was
deternined ensymatically fiom the samples

The auninals were feed on standard laboratory diet recerving water and food
ad Iibitum and ware mamtamed on natuial hght and daitk cycle m a constant
temperatuie envitoninent at 24°C

Measurement of contractility

Tiabecular museles weie caretully excised frow the left ventiicle and mouuted m a
thamoregulatad (32°C) expernuental chamber continuously peitused with oxvygen
saturated Tyiode solution contaming (m mmol/l) NaCl 150 KCI 5 MgCl,, 15
CaCl, 25 HEPES 5 at pH 7 24 The chamber volume was 1efieshed 9 11 tines
per minute Pans of parallel platmum electiodes were used for field stunulation
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(40 mA/cm?) paang the muscle contimmoushy at a constant hequency with 2 ms
wide rec tangular pulses Resting length of the muscle was adjusted so as to develop
wasdinal active tension under 1someti1c conditions The capacitive transducer used
m our experments provuded lincar voltage response m the 1ange of 05 15 mN
The analogous electrical signal was digitized and analyvzed on IBM compatible
PC using Sigmaptot and Stemastat scentific softwares (Jandel Corporation Sau
Rafael €A USA) The contiactile parameters (developed peal tension ()t
to peak tenston (##P) 1smg veloaty of developed tension (d2/dt) halt telaxation
tune (A RT) and area uuder the contraction carve (Integral)) were calculatod and
stoted tor turther analysis Rising 1ate of the contraction cuive was estimated by
hucar fitting to the 25 73 range of the 1sing pliase then 1t was notmalized to
the peak tension Apart from the computer used for data analvsis all equipnents
were doeveloped and manufactumed at om department

A typrcal expernent was performed as tollons  Atrer mounting the prepata-
tion 1 the expermmental chamber a 60 mmn period of equulibyation at a coustant
pacig hrequencs of 05 Hrz was allowed to stabilize the contractile parametors ot
the muscle Then the stunulation regueney was set to the desied value and hept
constant for fuither 10 nun when the fust measwremcnt was made  Depending
on the pacug hiequency 10 to 25 consecutine contractions were 1ecorded and the
data ware stored When pancd-pulse stimulation was apphed 25 to 30 contiractions
were cvoked betore recording Dwing thas tnne tho motiopie tesponse reachicd 1ts
wanimum lovel and the contiactile patamcters stabilized In the expenments nsing
catecholamimes the diues ware applicd for 10 mim i mcrcasig, couce utrations

All chamicals ware purchased fiom SIGNA Chenucals (St Lows TSY)
Groups of preparations were compatcd usmg ANOV A analyvas Student-New man-
Kculs test was used to determmne statistical signihcance ot the changes (Zar 198 1)
Changes were considercd significant when p was less than 0 05 Data arc expressed
as means £ S ENL A summary of the (xpermental groups and then mterpreta-
tions 15 provided w Table T Abbieviations of group names will be consistenthy
used throughont the text The entie mvestigation contormed to the guidehnes {or

Table 1. Gioups of expcinmental animals

Group naie Abbraviation Interpretation

Young diabctic YD 4 months old rats with S 1Z-induced IDDM
Young control N ( Age-matched contiol group of YD

Old diabetic 0D 12 months old 1ats with STZ-induced NIDDAL
Old contiol o¢ Ane-matched control group of OD

It should be notod that all animals were adults when uscd ITcrms voung and old 1 fer to
the different age of those annnals (1 amd 12 months m the case of vonng and old groups
respectively ) Tor furthar details see the tost
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the care and use of laboratory anunals published by the US National Institutes ot
Health as well as to the punaples outhined m the Helsinki Declaration

Results

Cardmnal ssmptoms ot IDDM  such as mcieased blood glucose level polyphagia
polvdipsia polvuria aud loss of weight were observed 1 1ats of the YD gioup
Blood glucose concentiation was significantly elevated i the YD gioup (21 3+1 47
mmol/l comparing to the contiol value of 52 + 035 mmol/l m YC p < 0001)
In contiast to the YD animals the moderate elevation of blood glucose level was
not significant 1 the OD gioup However decreased glucose tolerance following
the double glucose load 1¢vealed the presence of NIDDM m the OD gioup (Fig 1)
Fasting blood glucose concentiations were identical i the OC and OD groups but
following the glucose loads the elevated blood glucose level was prolonged n the
OD animals

Also parameters of contraction changed markedls i IDDN Since the shape
of the contiaction curve was altered by pancd pulse stimulation itself only twitches
cvohad by smgle pulses wete examinad this way Contiaction ot the left ventiicular
myocardinm was prolonged m the YD group compared to YC The prolongation
developed as caily as 2 weeks after the STZ ticatment and reached 1ts masunum
atter week 4 (Fig 2) Time to peak tension (#2) and half 1claxation time (HRT)
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Figure 1. Glucose tolerance test in 12 months old Wistar 1ats ¥ Old contiol (OC)
A old diabetic (OD) The artows mark the tume of the glucose loads {0 and 60 nun)
The mean glucose levels m the NIDDM gioup wete significantly higher (astenshs denote
» < 003) than the time matching contiol values mcasurcd following the second glucase
load T ach data pomt 1epresents mean &= ST M obtamed from 27 annmals
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scles tor control (Yo wd diabetic (YD2 0 YD&) rat hoarts NMeasnroments m diabe i
anmmals wae padornicd 2 (YD2) L (YD) 6 (YDO) and S (YDS) weeks lollowmy the
mduction of diabctes Data raprcsents mean = ST N of 1019 ammals The astorisks
denote significant differcnecs from contiol (p < 0 073)
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Figure 3. ¢ himges of the contractile paranicters i vanouns 1y pes of xpernmental diabe tos

L tine 1o podh tension B half relax vion tune € rate of 1ise of the contiaction curve
nornmalized 1o poak tension D arca under the contractile curve (mtegial) YO youny
control (n = 13) YD voung diabctic (n = 19)  OC old control {n = 10) OD old
diabetic (n = 13) Colummns and bats tepresent mean £ S LA vadues  LThe asterishs
denote significant diffarence rom contiol (p < 0 07)
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Figure 4. Lorcc-hicquoncy icdationship of toabcoular mnscles obtamed for THDNE ¢ 1)
and NIDIAL () prepaations Contractions wore ovohed by simgle fopen svmbolsy and
pancd-pulse stimulation (hlled svmbols) Svinbols and bars tvepresent mean = S ]
yducs obtamed o 9 16 preparations Bnor bars smaller than the svinbol size not
shown Squares voung control (YC) diamonds voung diabetic (YD) upward titangles
old contiol {OC) downward tuangles old diabctic (O1))

were prolongod e all IDDM annals (Fig 34, 73) Changes e these patameters
were alwavs parallel the 1atio of ##P and HRT was not altered In YD annals
the veloarty of tension development decreased (Fig 3C7) whereas the area nuder
the curve moreased significantly (p < 003) compaied to the YO OC o0 OD
groups(Fig 3D) In coutiast to IDDML. NIDDM cansed no significant changes 1
the contractile parameters Al the contiactife parameter studied were identical m
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Figure 5. Interval-dependence of the pate d-pulse induccd imotiopic response m rat tia-
bocular musclos measuted at a constant pacmyg hoguenes of 0% 7 Peak tension values
obtamcd with paned-pulses werc normalized to those 1ecorded with smgle pulses prio
to the wpphication of the pancd-pulsc protocol Same svmbols as wm Ty, 3 Lach pomt
teprescnts mean £ S LA obtamed fiom 9 16 pre parations

the OC and OD groups (Fig 34 — D} All the parametars sclocted to descaibe
the contraction process were wdentical m the YC OC and OD groups Clearls the
dutation of the contractile process was wdcutical m YC OC awd OD but 1t was
mcreased m the YD group

The contiactile force of tat trabecular musele decicased with the mcrcasmg of
the stumulation frequency hetween 01 and 1 Hz e all groups exammned (negatng
{orcc-fiequency relationslip Fig 4)  Contmuous stunulation with paicd-pulses
1osulted 1 positive motiopic tesponses e each group wmdependently of the pacing
trequency o1 diabetic state Sumilaily the magnitude of the developed force was not
signtficantly different m the contiol and diabetic amimals Nevertheless the slope
of the force-fiequency 1elationship was greater m old anmals (OC and OD)than m
the voung ones (YC and YD)

Fig 5shows the results obtaied at a constant pacing fiequency of 0 5y uaug
panted-pulse protocol with mterpulse mtervals ranging between 100 and 350 ms
Smce the lengths and the diameters of the trabecular muscles vaned withm a wide
tange the contiactile force evoked by paned-pulses was divided by the contractile
torce obtamed with smgle stunuli m order to decrease individual fluctuations In the
YD group both the mterval-dependcnce and the degiee of motiopy were different
from the respective parameters measuied m the other groups The apphcation of
paned-pulses with o 100 ms mterpulse mtersal mduced significaut motropy 1 the
YC, but not m the YD group In young diabetic animals (YD), a mimimuie interval
of 200 1ns was 1equuied to mcrease contractility however the degree of this motiopy
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Figure 6. ( umulative dosc-1esponse curves obtamed with soprotaencl (1) and note
pimephime (B) m diabctic 1ats The magniture of the motropic tesponse 1s given at the
ordinate as the difference hetween the pre-diug and post-diug values Svmbols have <im-
ilar meanmgs as m Fig 1t

remained below the 1espective contiol level (YC) While the motiopic tespounse 1
Y C mvocardium 1eached 1ts maximun between 200 and 300 ms, motiopy 1 the YD
animals contimuously mcreased up to 00 ms Annnals of the old gioups (OC and
OD) displaved considerable smilaiity 1 then wmotiopic 1esponses obtamed with
parcd pulse protocol There werc no differences m the magnitude ot the motiopic
response and the mterval dependence between the myoc ardinm of old contiol {OC)
and old diabetic (OD) anumals

Summarizmg these results one might conclude that age and NIDDM have hittle
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effcct on coutrtactility i 1at trabocular musdde whereas the contraction process 1s
altered marhedly m IDDA Using paned-pulses to mduce motropy  the mtersal-
dependence was altered only m IDDM but not in NIDDM In contiol animals the
age had no effect on the contactile properties mcluding the wotiopic 1esponse

Concentration dependent effects of soprotcrenol (ISO) and norepine phirme
(NE) on the contiactile force were also exammed to study the motiopic 10sponses
obtamed by stimulation of alpha and beta adienergic receptors m contiol and
diabetic anmmals (Fig 64 B) ISO mnduced positive motiopic 1esponse 1 young
(YC and YD) but negative motropy 1 old animals (OC and OD) mdependent of
then diabetic state In contrast to ISO NE mcreased the contiactility 1 coutiol
N C and OC) but not m diabetic anmmals (OC and OD} This positine motiopu
1esponse howevar was signthcantly smaller (p < 003) 1 the OC than m the Y C
grop Agamn old contiol animals were Jess sensitive to catccholammes thau the
voung ones swce the degree of the catecholamime-mduccd positive motiopy was
smaller w the OC group

Discussion

Our amn was to obtam wformation on the contractile properties of myocardimm
w healthy and diabetic 1ats It was found that mechanical alterations of 1ar myvo-
cardiim w IDDAL and NIDDM aie characterstically different

When expressad m absolute values  the avaage developed forces (mduced a-
ther by sigle o1 paned-pulse stimulation) were identical m the healthy and diabeti
antials  as well as the negative force-hequency relationship diaracteristic to rat
veuticular myocardium Thus our data are in accordance with the data reported
by Fewr et al (19%0) and also with those of Lopaschuk and Russel (1991) anthois
Leporting no alterations i cardiac contractiits 1w IDDM and NIDDATD diabetes
tespectinedy However omr data appear to conflict with the results of Schaffer and
Wilson (1993) who 1eported decreased cardiac pertormance in NIDDA Thas con-
tradic tion might be resolved with the mtioduction of altered myocardial compli-
ance mto the model of the workmg heart NIDDAI heart 1« known to have dccrcased
compliance (Schaffer et al 1983) 1esulting 1 decicased diastolic filling volunmc at
a patticular preload Reduced cud-drastolic volume with unaltered systolie pres
sture will ncccssanly lead to docreased cardiac work associated with a slnfe m the
pressure-cardiac work relationship

While the magmtude of the developed tension was sunidar 1w IDDAL and
NIDDAIL preparations the tame course of contriaction was altered exclusivelv m
IDDAI preparations suntlat to results reported from other lahotatoties (Rubiustem
et al 1954 Athins et al 1985 Hovhingeor et al 1986 Rosen et al 1986 Schatter ot ol
1989 Tantaha et al 1992 Downmg et al 1993) This decrcascd vdloaty of contrac-
t1on and relavation wmay affect the mters al-dependence of the paned-pulse mduced



Carcdhac Contiactihty m Diabetic Rats 367

mot1opy These results also mdicate that the cellular mechanisms myvolved m the
development of chauges are basically different m IDDM and NIDDM  Schaffer et
al (1985) 1eported reduced myocardial contractility and relaxation in NIDDA ob-
servations quite different fiom owr 1esults Although this discrepaney might be due
to the use of different biological preparations. 1t has to be emphasized that our 10-
sults obtawed m IDDM tiabecular muscles. are m accordance with the previoush
published data obtamed m 1~olated workmg heart (Femn et al 1980, Rubinstemn et
al 1984 Athins et al 1985 Heyhnger et al 1986, Rosen et al 1986 Schafter at al
1989. Tanaka ¢t al 1992)

In the present r1eport, catecholammes were shown to act unequally on IDDM
and NIDDM mvocaidinm Although the motropic 1esponse was reduced m both
tvpes of diabetes old contiol annmals (OC) also displaved 1educed sensitivity to
ISO o1 NE compared with young contiols (YC) Deareased ISO sensitivity was
1eported earlier m IDDM (Atkans et al 1985), however. no siuilar data are avail-
able for NIDDM preparations The decreased catecholamine motiopy mav be due
to cither detective subsarcolemmal signalization or mpaited foice production of
the myohlamental svstem Diabetos-induced hiochemical changes i the contractile
proteis were teported m ocatlier studies Increased fraction of V' mvosin 1soen-
syvie 15 kuown to bhe present 1w both forms of diabetes as well as m non diabetic
aged nyocardimm(Schaible et al 1983 Rubistemn et al 1984 Schaffer et al 1985
Foszard et al 1936 Talhiham and McNeil 1986) However our data obtamed with
paned-pulse protocol suggest that diabetic nyvocardiam 15 able to develop con
tractide force equal to the contiaction of healthy muscle {(see Fig 34, B) Thus 1t
appedts that the decreased catecholaamne sensitivity observed m diabetes may be
due to changed receptor function o1 signalization 1athar than to alterations of the
contractile protems

The mtapretation of the concentiation-dependent effects of ISO and NE 15
quite difticult smce the results mas be distorted by several time-dependent events
sucht as 1eceptor desensitization o1 (xhaustion of the muscles Studar ditheulties
artse when tiving to explamn the decreascd catecholamme sensitivity observed m
both torms of diabetes The ISO 1esistance found 1 IDDA 15 consistent with the
results of Sundatesan et al (1984) who reported decreased beta receptor hinding
capaaty m IDDM 1ats No smular findings have been pubhshied for NIDDM Om
data suggest that reduced beta receptor density may be anticipated i non msulin-
dependent diabetes mellitus as well The ISO 1esstance found m the OD group
was also present w the age matched contiols (group OC) This simlanty between
OC aud OD amumials cleatly shows that decieased ISO sensitinaty found m NIDDA
15 wore likely a result of aging than fiom the stieptoszotocn tricatment itselt This
hy pothesis 1s supported by the wesudts of Guarmen at al (1980) who found that
the contractile tesponse to catecholannues m the myocardium of senescent 1ats 1s
dimmishied when compared to yonng adults Om 1esults also indicate that changes
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m beta receptor tunction are diftercut e the msulin-de pendent and non wsul-
dependent forms of diabetes mellitus ioweser  this diffcrence may ar least m
pait  be attubuted to agiug

Age- 01 diabetes-dependent 1eduction in the density ot alpha 1eceptors have not
been obscrved previously There were only moderate -hffciences observed bhetween
the NE sensitivity of voung aud old contiols (YC and OC) whereas both diabetic
groups (YD and OD) displaved excessive NE resistance Thaetore the decrcasad
respoustieness to NE 1 both types of diabetes must be attuibutad to the effect of
diabetes mellitus mduced by STZ treatment

Summniatlzmg oul conclustons 1t can be suggested that hoth age and diabetes
niayv contribute to the alpha and heta receptor distunction observed m NIDDAM
However decreased hetarcceptor activity s aresult of predonunantly aging where-
as alpha 1ecepror disfunction 15 a 1osult of chuefly the diabetic state
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