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ivABSTRACTEFFECTS OF PRECONDITIONING OVER HISTORYEFFECTS IN SKELETAL MUSCLES OF RATIt has been already known that a
tivity at high lengths, leads at least, to majorde
reases of a
tive for
e at low lengths, whereas for
es at high length are hardly 
hanged[21℄. This impa
t on mus
le for
e is named as length-history e�e
ts. And it has beenexperien
ed that su
h e�e
ts 
an be minimized by a method 
alled pre
onditioningin whi
h alternating 
ontra
tions are done at high and low lengths until no furtherde
reases of a
tive for
e at low lengths are seen. However, whether pre
onditioningdoes minimize the history e�e
ts or not has not been investigated systemati
ally inany studies so far. One of the goals of this study is to be able to observe the e�e
tsof history e�e
ts in repeated measurements by taking 
ontrol measurements. Anotheraim of this work is to assess the e�e
ts of pre
onditioning over history e�e
ts in ratmus
les. In order to a
hieve this goal, length for
e graph was obtained on the extensordigitorium longus (EDL) as well as to that of its synergisti
 mus
les i.e., TA+EHL
omplex. Then pre
onditioning was performed. After that, three more length for
egraphs were obtained again to quantify the 
hanges to the for
es produ
ed by thesemus
les. In this study, it was found that pre
onditioning helps to minimize the historye�e
ts in EDL distal tendon. In 
ontrast to EDL distal, 
ontrol measurement showsthat pre
onditioning performed by EDL lengthening distally is not a solution for for
ede
reases in EDL proximal although after pre
onditioning EDL mus
le seems history-free. On the basis of results obtained from TA+EHL 
omplex, the measurementstaken from neighboring mus
le is reliable for analysis. As a result, it 
an be said thatany studies involving 
ontrol measurement should perform pre
onditioning to minimizehistory e�e
ts. Our results therefore provide a better way to minimize the history e�e
tsfor the s
ientists designing mus
ular me
hani
s experiments involving rat mus
les.Keywords: Length-history e�e
ts, Pre
onditioning, Extensor Digitorum Longus, Rat



vÖZETÖNKO�ULLAMANIN SIÇAN �SKELET KASINDA UZAMAGEÇM��� ETK�LER� ÜZER�NDE ETK�LER�Kas�n uzun boyda uyar�lmas�n�n uzun boyda kas kuvvetini etkilemezken, k�sakas boylar�nda kuvvet dü³ü³üne yol açt�§� ön
eki çal�³malardan bilinmektedir. Kas�nüretti§i kuvvet üzerindeki bu etki uzama geçmi³i etkileri olarak adland�r�lmaktad�r. Buetkinin önko³ullama ile, kas�n s�ras�yla uzun boyda ve k�sa boyda uyar�lmas� yoluylaminimum seviyeye indirildi§i de gösterilmi³tir. Fakat literatürde bu yöntemi ve etki-lerini sistematik olarak ara³t�ran bir çal�³ma henüz yap�lmam�³t�r. Bu çal�³mada uzamageçmi³i etkilerinin varl�§� kontrol ölçümleriyle gösterildikten sonra, önko³ullama yön-teminin uzama geçmi³i etkileri üzerinde nas�l bir etkisinin oldu§u i) EDL distal ii)EDL proximal iii) TA+EHL'e bak�larak in
elendi ve kontrol ölçümleriyle uzama geçmi³ietkilerinin uzun boydan k�sa boya geçildi§inde kuvvet dü³ü³üne neden olup olmad�§�ara³t�r�ld�. Deney sonu
unda önko³ullama ile bu kuvvet dü³ü³ünün EDL distal ten-donunda ortadan kalkt�§� gözlendi. EDL proximal tendonunda ise önko³ullama son-ras� etki hemen ortadan kalkmamas�na ra§men, sonraki ölçümlerde önko³ullaman�n i³eyarad�§� gözlenmi³tir. Uzat�lmayan kom³u kasta (TA+EHL) ise ön
eki çal�³malar�nsonuçlar�na uygun olarak kuvvet dü³ü³ü gözlenmedi. Sonuç olarak önko³ullaman�nEDL kas�nda, en az�ndan EDL distal kuvveti taraf�nda, uzama geçmi³i etkilerini or-tadan kald�rd�§�n� gösteren bu çal�³ma kas mekani§i üzerine çal�³an ara³t�rma
�lar�ndeneylerini düzenlerken dikkate almalar� gereken bulgular sunmu³tur.Anahtar Söz
ükler: Uzama geçmi³i etkileri, Önko³ullama
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11. INTRODUCTION
Mus
le is an a
tivatable soft tissue 
omposed of �bers whi
h is responsible forgeneration and exertion of for
e via 
ontra
tions to 
reate motion yielding bodily lo-
omotion. Contra
tion is the me
hanism in whi
h mus
le shortens and produ
es for
ewhen stimulated. Mus
le tissue is 
lassi�ed into three di�erent types su
h as skeletalmus
le, smooth mus
le and 
ardia
 mus
le.1.1 Skeletal Mus
leSkeletal mus
le 
an be 
onsidered as a
tivatable fun
tional units (mus
le �bers)surrounded by a three-dimensional tunnel like network of 
onne
tive tissue. The over-all mus
le is surrounded by a fas
ia and a 
onne
tive tissue referred as epimysiumwhi
h 
onsists of irregularly distributed 
ollagen �bers, 
onne
tive tissue 
ells and fat.Number of mus
le �bers 
omposes a mus
le bundle whi
h is 
alled as fas
i
le. Andea
h fas
i
le is surrounded by a 
onne
tive tissue stru
ture 
alled perimysium. A mus-
le �ber is 
omprised of myo�brils whi
h are suspended in a matrix 
alled sar
oplasmand the 
ell membrane of a mus
le �ber is 
alled sar
olemma. Ea
h mus
le 
ell issurrounded by the endomysium that is a thin sheet of 
onne
tive tissue.An individual mus
le �ber has a striated pattern when viewed under the lightmi
ros
ope. These bands are 
omprised of sar
omeres whi
h are the smallest fun
tionalunits of a mus
le, mainly 
omposed of thin (a
tin) and thi
k (myosin) myo�laments.Sar
omeres are bordered by the Z-dis
s whi
h are stru
tural membranes runningthrough the all 
ross-se
tion of a myo�bril. A
tin �laments are bise
ted by Z-diskswhere the myosin �laments are lo
ated in the 
enter of a sar
omere. Myosin �la-ments are responsible for the dark areas within the striated pattern, so 
alled A-bandswhereas; a
tin �laments make up the light patterns of the striation whi
h are 
alledI-bands. The area within the A-band with a lower refra
tive index is 
alled H-band.



2

Figure 1.1 A 
lassi
 length-tension 
urve taken from 
at soleus mus
le. Adapted from Keynes 2001[1℄. .The myosin �laments are 
onne
ted to ea
h other with a system of �xed transverse�laments 
alled M-bridges, forming the M-bridges (Fig 1.2).
1.2 Skeletal Mus
le For
e Produ
tion1.2.1 Skeletal Mus
le Fun
tioningMost suggestions as to me
hanism of mus
ular 
ontra
tion involved the 
oilingand 
ontra
tion of long protein mole
ules, rather like the shortening of a heli
al spring.In other words; in 
ontrast to earlier beliefs, the mus
le �ber is not be
oming shorterduring 
ontra
tion. In 1954, the sliding �lament theory was independently proposedby Hugh Huxley and Jean Hanson [3℄ and by Andrew Huxley and Rolf Niedergerke [4℄.In ea
h 
ase the authors showed that the A band does not 
hange in length when themus
le is stret
hed or when it shortens a
tively or passively. This observations suggestthat 
ontra
tion involves sliding of the I �laments between the A �laments. A
tin�laments are only present in the I-band region of �ber; while the A-band 
orrespondsto the position of the myosin �laments. With regard to this knowledge, it is knownthat the myosin heads are walking up the a
tin �laments, pulling them 
loser together;
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Figure 1.2 A s
hemati
 view of a mus
le �ber and a sar
omere. Modi�ed from Binder 2009 [2℄..thus making the sar
omere shorter, but the length of the �laments themselves remainun
hanged [5℄.When the mus
le shortens, a
tively or passively, the opposing a
tin �lamentswithin ea
h sar
omere slide along myosin �lament. As the thin �lament slides overthi
k �lament, they 
ause the H-zone be
ome narrower; similarly as more of ea
h a
tin�lament is drawn into the spa
e between the myosin �laments, the I-band be
omesshorter, as does the sar
omere. Sin
e the myosin �laments do not alter their shape,the length of the A-band stays un
hanged (Fig 1.2).The investigators observed that, over a 
ertain range, the tension developedis proportional to the degree of overlap between a
tin and myosin �laments. Thesar
omere length 
orresponding to the greatest overlap and allowing the highest a
tivetension in termed the optimum length. Moreover, when the mus
le is stret
hed enoughthat there is no overlap between the myosin and a
tin �laments, no a
tive tension 
ouldbe developed [6℄.The regulation of 
ross-bridge atta
hment to a
tin is 
ommonly asso
iated with
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Figure 1.3 A
tive Length-Tension relationships during tetani
 a
tivation. Idealized length tensionrelationship and the sar
omere position believed to produ
e it. Adapted from Redmond 2009 [7℄.the e�e
ts of Ca2+ on the thin �lament [6℄. When Ca2+ binds to the regulatoryprotein troponin C (TnC), it 
auses the displa
ement of tropomyosin allowing 
ross-bridge atta
hment to a
tin, forming a weakly bound myosin- a
tin-ATP 
omplex. ATPis then hydrolyzed and phosphate is released, forming a strongly bound myosin-a
tin-ADP 
omplex. The strongly bound 
omplex 
auses 
onformational 
hanges in the thin�lament, in
reasing the probability of new 
ross-bridges to atta
h to a
tin. Therefore,a
tivation of the thin �lament is 
oordinated by Ca2+ binding to TnC and also strongbinding of 
ross-bridges to a
tin �laments.It was long known that the 
ombination of ATP with the myosin head wasne
essary to break the bond between a
tin and myosin. In other words; hydrolysis ofATP is needed for the movement of the myosin head. When the a
tin site for myosinbinding has been exposed by Ca2+ binding to troponin C, the following sequen
eo

urs:1. The head of a myosin mole
ule binds to a
tin.2. A
tin stimulates the 
omplete hydrolysis of ATP to ADP, and subsequent releaseof ADP results in the release of Pi and transition to a strong-binding state.3. The 
onformation 
hange in myosin exposes a site where ATP 
an bind. Whena new Mg-ATP mole
ule binds to the myosin head, the bond between the two



5�laments is broken.4. The myosin head releases from the a
tin; Hydrolysis of ATP to ADP 
auses themyosin to straighten out. The split of ATP (into ADP + phosphate) stores energyin the myosin head and releases some heat. Phosphate leaves the rea
tion site.5. The 
y
le starts again if the myosin head �nds a new a
tin binding site.
1.2.2 Mus
le For
e Produ
tionWhen mus
les 
ontra
t they exert a for
e on whatever they are atta
hed to(this for
e is equal to the tension in the mus
le) and they shorten if they are permittedto do so. Hen
e we 
an measure two di�erent variables during the 
ontra
tion of amus
le: its length and its tension. Most often one of these two is maintained 
onstantduring the 
ontra
tion. In isometri
 
ontra
tions the mus
le is not allowed to shorten(its length is held 
onstant) and the tension it produ
es is measured. In an isotoni

ontra
tion the load on the mus
le (whi
h is equal to the tension in the mus
le) ismaintained 
onstant and its shortening is measured.
1.2.3 The Length Dependen
e of For
eWhen a mus
le is maximally a
tivated, the isometri
 for
e that is developeddepends on the length at whi
h mus
le is held. At very short lengths, a
tive for
e issmall. The length-for
e relationship has an as
ending limb, a plateau, and a des
endinglimb (from short to long length). When the mus
le is lengthened, the a
tive for
ein
reases to a maximum, whi
h 
orresponds with the sar
omere length at whi
h optimal
ross bridge o

urs.In vivo, mus
les in the human body are thought to operate along the as
endinglimb and at the plateau of l-f relationship.
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Figure 1.4 A typi
al length-tension 
urve measured from 
at soleus mus
le. Adapted from Keynes2001 [1℄.1.2.4 History Dependen
e of For
e Produ
tionWell established knowledge on mus
le 
ontra
tion states that for
e produ
tiondepends only on mus
le length, velo
ity and a
tivation. However, e.g., Abbott andAubert showed almost half a 
entury ago that mus
le for
e produ
tion is also historydependent [8℄. History dependen
e is typi
ally assessed by the in
rease or de
rease ofan isometri
 steady-state for
e at a given level of a
tivation that is 
aused by priorshortening, lengthening or a 
ombination of shortening/lengthening of �mus
le' [9℄.Typi
ally, for
e depression is produ
ed by shortening of an a
tivated �mus
le�, andfor
e enhan
ement by stret
hing of an a
tivated �mus
le� [10, 11℄.Although the existen
e of su
h history dependen
e of for
e produ
tion has beena

epted for more than 50 years [8℄, its me
hanism still remains obs
ure, whi
h plausi-bly represents a signi�
ant gap in our understanding of mus
le 
ontra
tion. It is alreadyknown that history-dependent properties 
annot be explained by existing phenomenonsu
h as the 
ross-bridge model of 
ontra
tion [12℄ or the sliding �lament theory [3, 4℄alone. A hypothesis that re
eives mu
h attention in the literature proposes that for
eenhan
ement and for
e depression are 
aused by sar
omere length non-uniformity andinstability along the des
ending limb of the for
e length relationship [13℄. A

ord-ingly, sar
omeres are assumed to shorten by di�erent amounts be
ause of instability.



7However, there is mounting eviden
e suggesting that sar
omere length non-uniformityand instability 
annot solely explain the history-dependent properties of for
e produ
-tion [14, 15℄. An alternative me
hanism to explain for
e depression proposed manyyears ago has not yet been reje
ted: for
e depression would be 
aused by a stress in-du
ed inhibition of 
ross-bridge atta
hments in the miyo�lament overlap zone that isnewly formed during shortening [16℄, whi
h may result from a
tin �lament deformation.With this respe
t, another study suggested that when myo�brils were a
tivated withMgADP, whi
h potentially de
reases the inhibition of 
ross-bridgeatta
hment in theoverlap zone newly formed during shortening, they produ
ed a dynami
 FL relationthat was left-shifted when 
ompared to that indu
ed by Ca2+ a
tivation [17℄.Most studies showed that history e�e
t was time and velo
ity related [14, 15, 17,10℄, but in re
ent studies its e�e
ts have also been shown in isometri
 mus
le a
tivities.In one of these studies, it has been shown that isometri
 mus
le a
tivity at higher lengthsubstantially altered subsequent 
onditions of measurements at lower length, withouta�e
ting the high length properties themselves [18℄. It has also been experien
ed thatsystemati
 and major de
reases in for
e for mus
le at low referen
e length minutesafter it has been a
tive at high lengths [19℄. Ate³ et al, 2009 also found similar resultsshowing that history e�e
ts o

urred only for mus
le that has been a
tive at lengthsnear optimum length. After being exposed to a
tivity at high length, the e�e
ts ona
tive for
e are found parti
ularly at lower lengths; for lengthening of EDL ex
lusively[20℄. These results showed that length-history e�e
ts typi
ally 
ausing a
tive for
eredu
tions should be 
onsidered as a fundamental phenomenon for mus
le physiologyand pathology. Any method that 
ould limit the history e�e
t has to be taken intoa

ount in designing mus
ular me
hani
s experiments. One of the 
andidates for thismethod is pre
onditioning in whi
h the mus
le is lengthened and shortened betweentwo di�erent mus
le lengths (a lower length and a higher length) in su

ession until nofurther de
reases of a
tive for
e at low lengths are seen [19℄. Pre
onditioning was alsotested in Mass et al.'s experiments [21℄, however whether it does minimize the historye�e
ts or not has not been investigated systemati
ally in any studies so far.



81.3 Goal of the StudyThe goals of this study are:1. To be able to observe the e�e
ts of history e�e
t in repeated measurements. Howthe 
ontra
tions at low lengths are a�e
ted from the a
tivation in high lengths,is investigated by taking 
ontrol measurements.2. To assess the e�e
ts of pre
onditioning over history e�e
ts in rat mus
les. Inorder to a
hieve this goal, standard length for
e graph was obtained on the ex-tensor digitorium longus (EDL). After pre
onditioning was performed, lengthfor
e graphs were obtained again to quantify the 
hanges to the for
es produ
edby EDL mus
le as well as to that of its synergisti
 mus
les i.e., TA+EHL 
omplex.



92. METHODS
2.1 Surgi
al Pro
eduresSurgi
al and experimental pro
edures were in stri
t agreement with the guide-lines and regulations 
on
erning animal welfare and experimentation set forth by Turk-ish law, and approved by the Committee on Ethi
s of Animal Experimentation atBo§aziçi University. Immediately after all experiments, animals were sa
ri�
ed usingan overdose of urethane solution.Male Wistar rats (n = 8, mean body mass = 325.5 (S.D. 13.7g) were anaes-thetized with intraperitoneally inje
ted urethane solution (1.2mg of 12.5% urethanesolution /100g body mass). Whole solution was administered in two times with 10minutes intervals. Extra doses (up to 0.5 ml) were given if ne
essary. During surgeryand data 
olle
tion, the animals were pla
ed on a heated pad (Harvard Apparatus,Homoeothermi
 Blanket Control Unit) of approximately 37 ◦C to prevent hypother-mia. The body temperatures of the animals were monitored using an integrated re
talthermometer and kept at approximately 37 ◦C.After an appropriate time following anesthesia, the skin and the bi
eps femorismus
le of the left hind limb were removed in order to expose the anterior 
rural 
ompart-ment whi
h en
loses "extensor digitorum longus" (EDL), "extensor hallu
is longus"(EHL) and "tibialis anterior" (TA) mus
les. The retina
ulae that atta
hes the tendonstightly to the extramus
ular 
onne
tions was severed to release the distal tendons ofEDL and TA+EHL 
omplex. Only a small amount of fas
ia was removed to rea
hthe retina
ulae and the rest was left inta
t. Following this, the four distal tendons ofEDL was disse
ted from the end positions as far as possible. The tendons were foldedand tied together. In order to tie distal tendons of TA and EHL 
omplex, the tendonswere disse
ted from the bone in a way that a pie
e of bone was left on the tendons.Then these tendons were tied together with Kevlar thread too. Conne
tive tissue at



10the mus
le bellies within the anterior 
rural 
ompartment was left inta
t to maintainthe physiologi
al relations of intra-, inter- and extramus
ular 
onne
tions.The knee and the ankle angels were set to 120◦ and 100◦, respe
tively. Theseangels whi
h are also present in vivo 
onditions are attained in the stan
e phase ofthe rats' gait [22℄. This fa
t lets the in situ experiments 
arried on the anterior 
rural
ompartment mus
les to be performed 
loser to in vivo 
onditions.After the distal tendons of target mus
le were prepared ready for experiment,the proximal tendon of the EDL was exposed by 
utting a pie
e of bone. This pro
edureis applied to se
ure the knot that keeps the tendon tightly to Kevlar. After 
ompletingdeta
hment of tendons from bone, the s
iati
 nerve was disse
ted from upper limb asproximally as possible.The dehydration of the mus
les and the s
iati
 nerve was prevented by applyingisotoni
 saline solution. And this appli
ation was repeated regularly during wholesurgery.
2.2 Experimental Set-upThe rat was positioned on the experimental set up in su
h a way that ankleangle was in maximal plantar �exion (180◦) and the knee was at 120◦. The foot of therat was �xed �rmly into a rigid frame. All tendons were 
onne
ted to for
e transdu
ers(BLH Ele
troni
s In
., Canton MA) by Kevlar threads, whi
h were aligned 
arefullywith the mus
les' line of pull (Fig 2.1).The s
iati
 nerve was pla
ed on a bipolar silver ele
trode and was 
overed witha pie
e of latex to avoid drying. Temperature of the room was kept at 22◦C. Mus
leand tendon tissue was irrigated regularly by isotoni
 saline against dehydration duringthe experiment.
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iati
 nerve was stimulated with a 
onstant 
urrent of 2mA (square pulse with0.1 ms, pulse train 200 ms, stimulation frequen
y 100 Hz ) whi
h a
tivated all the mus-
les studied supramaximally. Timing of stimulation of the nerve and A/D 
onversion(Biopa
 Systems, STMISOC) were 
ontrolled by a spe
ial purpose mi
ro
omputer. Twotwit
hes were evoked and 500ms after the se
ond twit
h the mus
les were tetanized.400 ms after the tetanized 
ontra
tion a �nal twit
h was evoked. Mus
le total for
e wasmeasured during the tetani
 plateau and the mus
le passive for
e was measured 100ms after the se
ond twit
h. EDL distal and proximal for
es as well as TA+EHL dis-tal measured simultaneously were re
orded. After ea
h appli
ation of this stimulationproto
ol, the mus
les were allowed to re
over at low mus
le length, for 2 minutes.Proximal and distal EDL isometri
 for
es, as well as TA+EHL distal isometri
for
es were measured simultaneously. During the tetani
 plateau, mus
le total for
eswere determined (as the mean for
e for an interval of 150 ms subsequent to 25 ms afterevoking tetani
 stimulation).After that, the following 
onditions were tested. Note that all measurementswere performed while the mus
le is in inta
t 
ondition where the antreior 
rural 
om-partment is not severed and the mus
les fun
tion in their normal fashion.
2.3 Experimental Proto
ol1. l-f 1: Distal lengthening of EDL before pre
onditioning

• l-f data 
olle
tion referred to as l-f 1: Isometri
 mus
le for
es were measuredfrom EDL proximal, distal and TA+EHL distal tendons at various lengths ofEDL: starting at a
tive sla
k length of EDL, length was in
reased by movingits distal for
e transdu
er in steps of 1 mm, until 2 mm over EDL distaloptimum length. Note that, the distal tendon of the TA+EHL 
omplex andthe proximal tendon of EDL mus
le were kept at the referen
e position atall times during the experiment.
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• Control measurement: After the all measurements in l-f data 
olle
tion were
ompleted, two more 
ontra
tions were done at referen
e point and optimumlength as 
ontrol measurements.2. Pre
onditioning:
• Determination of pre
onditioning points: 3 mm over a
tive sla
k length(lref2) and 2 mm over optimum length (lopt+2).
• Pre
onditioning pro
edure was performed at these determined lengths: l-fdata was taken at lref2 and lopt+2, respe
tively. Then these measurementswere repeated until the for
e produ
ed by mus
le at these lengths was not3% higher than previous measurement. And then, it was assumed thatthe target mus
le is pre
onditioned and the 
ontribution of history e�e
tto for
e-length 
hara
teristi
 is maximally minimized, at least in the regionbetween pre
onditioning points.3. l-f 2: Distal lengthening of EDL after pre
onditioning to be able toassess the e�e
ts of pre
onditioning over history e�e
t
• After pre
onditioning, l-f data 
olle
tion referred to as l-f 2 was done bysame method used in �rst l-f data 
olle
tion
• Control measurement at referen
e length and optimum length.4. l-f 3: Distal lengthening of EDL
• Se
ond L-F data measurement after pre
onditioning referred to as l-f 3 wasdone by same method used in �rst l-f data 
olle
tion.
• Control measurement at referen
e length and optimum length.5. l-f 4: Distal lengthening of EDL
• Third L-F data measurement after pre
onditioning referred to as l-f 4 wasdone by same method used in �rst l-f data 
olle
tion.
• Control measurement at referen
e length and optimum length.
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Figure 2.1 A s
hemati
 view of the experimental set-up and experimental proto
ol. FT 1 indi
atesthe for
e transdu
er 
onne
ted to the proximal tendon of EDL mus
le, FT 2 indi
ates the for
etransdu
er 
onne
ted to the tied distal tendons of EDL, and FT 3 indi
ates the for
e transdu
er
onne
ted to th tied distal tendons of TA and EHL mus
les.2.4 Treatement of Data and Statisti
sPassive mus
le length - for
e data were �tted using an exponential 
urve
y = eax+b (2.1)where y represents passive mus
le for
e, x represents mus
le-tendon 
omplex lengthand 'a' and 'b' are �tting 
onstants. A
tive EDL mus
le for
e (Fma) was estimatedby subtra
ting the 
al
ulated passive for
e (Fmp) using the �tted fun
tion, from totalfor
e (Fm) for the appropriate mus
le length. A
tive EDL length-for
e data were then�tted with a stepwise polynomial regression pro
edure.

y = b0 + b1x+ b2x
2 + b3x

3 + b4x
4 + ... + bnx

n (2.2)where y represents a
tive mus
le for
e, x represents a
tive mus
le for
e length and b0through bn are �tting 
onstants. Using the polynomials sele
ted, mean and standarderrors (SE) of a
tive mus
le for
e were 
al
ulated for given EDL lengths. Optimum
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le length was determined for ea
h individual 
urve as the a
tive mus
le length atwhi
h the �tted a
tive for
e 
urve showed maximum for
e (Fmoa). The 
urved �tteddata of all mus
le for
es of ea
h measurement was rearranged a

ording to Fmoa ofEDL distal and were represented as su
h.In the mus
le for
e �tting pro
edure, the order of polynomials used was deter-mined by two-way analysis of varian
e (ANOVA): the power was in
reased from one tomaximally six until no signi�
ant improvement to the des
ription of 
hanges of mus
lelength and for
e data was added. Two-way ANOVA was used to test for the e�e
ts ofaltered mus
le length and experimental 
onditions on i) distal EDL for
es, ii) proximalEDL for
es iii) TA+EHL distal for
es. There were four 
onditions in this study; �rstis l-f 1 whi
h is l-f data 
olle
tion before pre
onditioning se
ond is l-f 2 whi
h is l-fdata 
olle
tion just after pre
onditioning. Then third and fourth are l-f 3 and l-f 4respe
tively whi
h are subsequent measurements after l-f 2. Di�eren
es were 
onsid-ered signi�
ant at P < 0.05. If signi�
ant main e�e
ts were found, Bonferroni post-ho
tests were performed to lo
ate signi�
ant di�eren
es. For
e values were plotted (mean+ SE), and mus
le length is expressed as a deviation of distal EDL optimum mus
lelength (for the interval −8 ≤ ∆lm+t ≤ 2). Optimum mus
le length is a

epted as zeropoint and then for
e values are determined by moving 8 mm before optimum lengthand 2 mm over optimum lengthMoreover two-way ANOVA was also performed to test the e�e
ts of 
ontrolmeasurements on referen
e length and optimum length of the EDL mus
le, whi
h are
omposed of un�tted data. Di�eren
es were 
onsidered signi�
ant at P < 0.05. Ifsigni�
ant main e�e
ts were found, Bonferroni post-ho
 tests were performed to lo
atesigni�
ant di�eren
es.



153. RESULTS
3.1 History E�e
ts on l-f measurements3.1.1 EDL DistalTo be able to quantify the for
e drop between before (l-f 1) and after pre
on-ditioning (l-f 2) in EDL distal tendon, the for
e produ
ed by the mus
le was also
ompared in di�erent lengths. Two-way Anova showed that the di�eren
es in exper-imental 
onditions were signi�
ant, and post-ho
 test lo
ated where these signi�
antdi�eren
es were present. Table 3.1The relation between the 
onditions in the experiment are shown below: The per
entages of for
e
hange [de
rease (-) or in
rease (+)℄ in EDL distal tendon before and after pre
onditioning and thedata showing whether these drops are signi�
ant or not. (P<0.05: signi�
ant statisti
ally. NS:non-signi�
ant).

#of l-f 1 vs l-f 2 l-f 1 vs l-f 3 l-f 1 vs l-f 4
measurements % for
e 
hange p-value % for
e 
hange p-value % for
e 
hange p-value

1 -68.71 P<0.05 -82.89 P<0.05 -73.22 P<0.05
2 -50.79 P<0.05 -56.74 P<0.05 -56.25 P<0.05
3 -38.39 P<0.05 -38.80 P<0.05 -38.23 P<0.05
4 -21.17 NS -20.85 P<0.05 -18.94 P<0.05
5 -8.11 NS -9.08 NS -8.42 P<0.05
7 -0.73 NS -3.00 NS -4.51 P<0.05
7 +2.34 NS -0.89 NS -3.71 P<0.05
8 +2.90 NS -0.97 NS -3.80 NS
9 +1.22 NS -2.60 NS -8.01 NS
10 -2.56 NS -4.24 NS -13.63 NSIn low length of EDL mus
le (�rst three lengths of EDL), the for
e drop mea-sured from EDL Distal between l-f 1 and l-f 2 is too high (from 38% to 68%) as expe
ted(Fig 3.1). Moreover in this region of the for
e-length 
urve, the for
e signi�
antly de-
reases (Table 3.1). However when moved to higher lengths, it is obviously seen that



16the for
e drop is be
oming smaller, even it is enhan
ed in higher lengths.

Figure 3.1 This �gure represents the data in
luding for
es produ
ed by EDL Distal in l-f 1 andl-f 4 data sets when EDL mus
le is lengthened distally. * shows where the de
rease is statisti
allysigni�
ant.When we 
ompare l-f 1 with l-f 3, it is easily seen that for
e drop is gettinglarger with respe
t to previous 
omparison (l-f 1 and l-f 2) in lower lengths of EDLmus
le. And the for
e drop is statisti
ally signi�
ant in the �rst region of as
endinglimb of the for
e length 
urve.Moreover when l-f 2 vs. l-f 3 and l-f 3 vs. l-f 4 are 
ompared, no signi�
ant for
edrop was observed, thus implying that pre
onditioning might make the EDL mus
lehistory free.After pre
onditioning, length-for
e 
hara
teristi
 of the mus
le seems un
hangedamong l-f 2, l-f 3 and l-f 4 (Fig 3.2). Only there is slight di�eren
e around optimumlength in these data sets, but this di�eren
e is not statisti
ally signi�
ant. Howeverwhen we 
ompare l-f 2 and l-f 4, it is signi�
ant to note that around and just beforeoptimum length of EDL mus
le, the for
e drops between these data sets are statisti
allysigni�
ant.
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Figure 3.2 This �gure represents the data in
luding for
es produ
ed by EDL Distal in l-f 2 andl-f 4 data sets when EDL mus
le is lengthened distally. * shows where the de
rease is statisti
allysigni�
ant.3.1.2 EDL ProximalIn this experiment, the for
e 
hange in EDL proximal is also observed whileEDL mus
le is lengthened distally. It 
an be 
learly seen from the �gure 3.3 thatthere is a signi�
ant for
e di�eren
es in EDL proximal before (l-f 1) and after (l-f 2)pre
onditioning.

Figure 3.3 This �gure represents the data in
luding for
es produ
ed by EDL Proximal in l-f 1 andl-f 2 when EDL mus
le is lengthened distally. * shows where the de
rease is statisti
ally signi�
ant.In shorter lengths, the for
e di�eren
e is more noti
eable than in higher lengthsof EDL mus
le. In se
ond point of as
ending limb of the graph, this for
e di�eren
erea
hes to 34% and this for
e drop is statisti
ally signi�
ant. Furthermore, despite the



18fa
t that the de
rease is getting narrower in as
ending limb of the graph (for examplein 8th point: by 3%), they are still statisti
ally signi�
ant (Fig 3.3).In addition to di�eren
es between data taken from l-f 1 and l-f 2 set, the for
edi�eren
es are getting more obvious in su

essive for
e measurements. The gap in for
emeasured from proximal end of the EDL mus
le is enlarged in these data sets (Table3.2). Table 3.2The per
entages of the for
e drops in EDL Proximal between the data sets and whetherthese for
e drops are signi�
ant or not, are shown below (P<0.05: signi�
ant statisti
ally.NS: non-signi�
ant).
#of l-f 1 vs l-f 2 l-f 1 vs l-f 3 l-f 1 vs l-f 4

measurements % for
e de
rease p-value % for
e de
rease p-value % for
e de
rease p-value
1 39.37 P<0.05 53.88 P<0.05 44.63 P<0.05
2 34.91 P<0.05 56.16 P<0.05 33.01 P<0.05
3 22.03 P<0.05 24.39 P<0.05 26.42 P<0.05
4 30.59 P<0.05 31.99 P<0.05 36.97 P<0.05
5 22.82 P<0.05 25.93 P<0.05 29.61 P<0.05
7 15.22 P<0.05 20.05 P<0.05 21.73 P<0.05
7 8.55 P<0.05 14.10 P<0.05 15.07 P<0.05
8 3.93 P<0.05 9.13 P<0.05 10.94 P<0.05
9 2.64 P<0.05 6.91 P<0.05 10.15 P<0.05
10 5.57 P<0.05 8.98 P<0.05 12.57 P<0.05
11 12.04 P<0.05 14.53 P<0.05 16.00 P<0.05In addition to 
omparison between l-f 1 and l-f 2, the behavior of for
e produ
tionin EDL proximal after pre
onditioning is also observed (Figure 3.4). To do this, threedata sets (l-f 2, 3, 4) that are formed by for
e measurement after pre
onditioning areput together into a graph. As seen from this graph, the for
e-length 
hara
teristi
s ofthese graphs are similar. Between l-f2 and l-f 3 almost no for
e 
hange was observed inhigher lengths of EDL mus
le. Furthermore, when we 
ompare the next data set (l-f4) with previous one (l-f 3) we obtain similar results. In lower lengths for
e de
rease isbe
oming larger; on the other hand in higher lengths the drop is getting smaller. Butin both situations, they are not statisti
ally signi�
ant.
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Figure 3.4 This �gure represents the data in
luding for
es produ
ed by EDL proximal in l-f 3 andl-f 4 data sets when EDL mus
le is lengthened distally. * shows where the de
rease is statisti
allysigni�
ant.However when we 
ompare l-f 2 and l-f 4, it is signi�
ant to note that aroundand just before optimum length of EDL mus
le, the for
e drops between these datasets are statisti
ally signi�
ant.
3.1.3 TA+EHL ComplexFigure 3.5 shows the for
e di�eren
es in TA+ EHL 
omplex between two datasets (l-f 1 and l-f 2). This graph also 
ompares the for
e di�eren
es in neighbor mus
lebefore (l-f 1) and after (l-f 2) pre
onditioning. In shorter lengths of EDL mus
le thefor
e di�eren
e is more obvious than in higher lengths of EDL mus
le. In �rst point ofthe graph, the for
e drop is about 11% and interestingly it is statisti
ally signi�
ant.But ex
ept this point, no signi�
ant for
e de
rease was observed in TA+EHL 
omplexwhile EDL is lengthened distally.Moreover, Figure 3.6 also gives an idea to us what happens to for
e produ
tionof TA+EHL 
omplex after pre
onditioning when its neighbor mus
le is lengtheneddistally. And no signi�
ant for
e drop observed among these subsequent measurements.
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Figure 3.5 This �gure represents the data in
luding for
es produ
ed by TA+EHL 
omplex in l-f1 andl-f 2 when EDL mus
le is lengthened distally. * shows where the de
rease is statisti
ally signi�
ant.

Figure 3.6 This �gure represents the data in
luding for
es produ
ed by TA+EHL 
omplex in l-f2,l-f 3 and l-f 4 when EDL mus
le is lengthened distally.



213.2 Control Measurements3.2.1 EDL Distal

Figure 3.7 This �gure 
ompares the for
es measured at referen
e positions (ref) and their 
ontrols(ref
) in EDL Distal. * shows where the de
rease is statisti
ally signi�
ant.Mus
le for
es in the 
ontrol measurements are less than those in the a
tualmeasurements. The for
e drop is relativley more pronoun
ed in lower mus
le lengthsthan the higher ones. The drop of mus
le for
e between lref and lref
 is the highest(by 48%) in inta
t 
ondition before pre
onditioning and this for
e drop is statisti
allysigni�
ant (Fig 3.7). After pre
onditioning pro
edure was performed, this for
e dropbe
omes 33%. And after subsequent measurements were performed, the for
e drop wasde
reased to 30%. However these de
reases are not statisti
ally signi�
ant.

Figure 3.8 This �gure 
ompares the for
es measured at optimum length (opt) and their 
ontrols(opt
) in EDL Distal.



22On the other hand, in the higher lengths the for
e drop is less than those in thelower lengths, and they are non-signi�
ant (Fig 3.8).
3.2.2 EDL ProximalAt Ref Length (Fig 3.9), the for
e drop between ref and ref 
 in l-f 1 is about33% and statisti
ally signi�
ant. And in l-f 2 this for
e de
rease be
omes 5%, but itis still signi�
ant. The for
e drop between referen
e position and its 
ontrol is alsoobserved in l-f 3 and l-f 4; but they are not statisti
ally signi�
ant. On the other hand,the for
e drop between the measurements taken from optimum length and its 
ontrolis also non-signi�
ant as in the previous studies.

Figure 3.9 This �gure 
ompares the for
es measured at referen
e positions (ref) and their 
ontrols(ref
) in EDL Proximal. * shows where the de
rease is statisti
ally signi�
ant.
3.2.3 TA+EHLNo signi�
ant results were obtained from 
ontrol measurements (at referen
eand at optimum length) in l-f data sets taken from TA+EHL 
omplex.
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Figure 3.10 This �gure 
ompares the for
es measured at referen
e positions (ref) and their 
ontrols(ref
) in TA+EHL.



244. DISCUSSION
4.1 The E�e
ts of pre
onditioning over history e�e
ts4.1.1 EDL DistalPrevious studies have already showed that isometri
 mus
le a
tivity at higherlength substantially altered subsequent 
onditions of measurements at lower length,without a�e
ting the high length properties themselves [18℄. In this study it was alsoobserved that for
e drop in high length is not as mu
h as o

urred in low length. The re-sults obtained in this experiment also imply that our pre
onditioning pro
edure workedwell to restore the for
es produ
ed by EDL mus
les in �rst length-for
e measurement.With regard to the distal tendon of EDL mus
le, for
e depression in high lengthsis not statisti
ally signi�
ant. In addition to these non-signi�
ant results, it was ob-served that there are for
e enhan
ements in very high lengths after pre
onditioningwas performed. This situation 
an be attributed to the alteration of the length-for
e
hara
teristi
s after pre
onditioning. When pre
onditioning was performed, the lengthrange of for
e exertion by EDL mus
le is 
hanged, the mus
le starts to produ
e highfor
es in higher lengths. These impli
ations says that in any study involving mul-tiple determinations of length-for
e 
hara
teristi
s, the higher lengths are reliable todetermine for
e 
hanges in di�erent 
onditions.Moreover after pre
onditioning, the for
e de
reases non-signi�
antly in wholelengths among subsequent measurements, thus also implying that our pre
onditioningpro
edure is a good 
andidate to dis
ard the e�e
ts of history e�e
ts and after pre
on-ditioning either low lengths or high lengths be
ome reliable to determine for
e 
hangesin following experiments.When l-f 1 and l-f 2 are 
ompared, it is important to note that the signi�
ant



25for
e drops are observed in �rst three points whi
h 
orrespond to the points wherepre
onditioning was not applied.
4.1.2 EDL ProximalWhen the proximal tendon of the EDL mus
le is observed, it 
an easily be seenthat there is a slight di�eren
e among both ends of EDL mus
les. At this point itshould be noted that in 
lassi
 approa
h, the mus
le studied in situ is 
onsidered as�fully isolated� from its surroundings [23℄. With regard to this approa
h, it has beenidealized that the mus
le for
e exerted at the tendon from whi
h measurements aretaken was 
onsidered to be equal to the for
e exerted at the other tendon. However,re
ent studies have shown that, due to myofas
ial for
e transmission, su
h fun
tionalindependen
e and unique mus
le length-for
e 
hara
teristi
s are not representative, ifthe mus
le is 
onsidered within the 
ontext of its inta
t surroundings (the 
ondition invivo) [18, 24℄. Due to this fa
t, proximal and distal ends of EDL mus
le are investigatedseparately in this experiment too.EDL mus
le is lengthened distally, but it was observed that the impa
ts ofhistory e�e
ts are also observed in the proximal tendon of the mus
le. Between before(l-f 1) and after (l-f 2) pre
onditioning, there are signi�
ant for
e drops in all lengths,thus implying that our pre
onditioning pro
edure has no signi�
ant e�e
t on EDLproximal. Despite the fa
t that pre
onditioning has no 
ontribution to dis
ard thehistory e�e
t in EDL proximal, after pre
onditioning mus
le produ
ed same amountof for
es in su

essive measurements. Although there are again for
e depressions in
ertain amounts between following measurements, they are not statisti
ally signi�
ant.On the basis of these non-signi�
ant for
e drops, it 
an be dedu
ed that althoughour pre
onditioning is not enough to minimize the e�e
ts of history dependen
e for
edepression in EDL proximal, it has a signi�
ant e�e
ts in for
e produ
tion of EDLmus
le. After pre
onditioning, no signi�
ant for
e depression was observed betweensu

essive obtained for
e-length 
urves.



26The reason why EDL proximal was less a�e
ted than EDL distal seems a littletri
ky. This result 
an be attributed to that sin
e pre
onditioning is also performedby lengthening EDL distally; the myo�brils present in EDL proximal have not beena�e
ted from this pro
edure. And so, history e�e
t 
aused the signi�
ant de
reases inEDL proximal while pre
onditioning was well to restore the for
es produ
ed by EDLmus
les in �rst length-for
e measurement. With regard to this information, our resultshowed that pre
onditioning performed by lengthening distally 
annot be a solution tominimize the e�e
ts of history e�e
ts on EDL proximal.4.1.3 TA+EHLThis study showed that the for
e produ
ed by TA+AHL 
omplex whose lengthis kept �xed, has not 
hanged during EDL lengthened distally. And this result is
onsistent with previous studies saying that sin
e this mus
le 
omplex is not shortenedor lengthened, the e�e
ts of history e�e
ts in this mus
le are not observed [18, 20℄. Withregard to this information, it 
an be said that the history has no e�e
t on neighboringmus
les whi
h are not restrained, so the measurements taken from neighbor mus
le isreliable for analysis.
4.2 Control measurements4.2.1 EDL DistalIn this experiment after measurements are performed 
onse
utively, two more
ontra
tions are done at referen
e point and optimum length as 
ontrol measurements.And by two-way ANOVA the e�e
t of pre
onditioning over 
ontrol measurement is alsoobserved. Before pre
onditioning at referen
e position, the for
e drop between 
ontrolmeasurement and a
tual measurement during the experiment is 48% and statisti
allysigni�
ant. After pre
onditioning was performed, in l-f 2 this for
e drop be
omes 33%and in last one (l-f 4) the de
rease be
omes 30%, but after pre
onditioning whole for
e



27drops in 
ontrol measurement at referen
e position is statisti
ally non-signi�
ant. Thisresult shows that pre
onditioning has positive e�e
t to minimize the history e�e
ts atreferen
e position. The 
lassi
 
ontrol measurements 
an be a good 
andidate to 
he
kthe for
e de
reases in low lengths if only pre
onditioning was performed; otherwise its
ontributions might be misleading.In addition to 
ontrol measurements at referen
e position, at optimum length
ontrol measurements were also taken. Although there are also di�eren
es between
ontrol measurements and a
tual measurements, in whole data sets these for
e dropsare not statisti
ally signi�
ant.
4.2.2 EDL ProximalThe 
ontrol measurements taken from EDL proximal tendon showed that afterpre
onditioning, in l-f 2 there was still signi�
ant for
e drop at referen
e length. Theseresults imply that pre
onditioning is not a solution in EDL Proximal tendon to restorethe mus
le for
es produ
ed before pre
onditioning.
4.3 Length-For
e Chara
teristi
s of EDL DistalLength-for
e 
hara
teristi
s of EDL mus
le are 
hanged after pre
onditioning.The shape of 
urve and the for
e measured from EDL mus
le in distal end was mod-i�ed after pre
onditioning, but it be
omes stable after pre
onditioning even thoughsu

essive measurements were performed.Figure 4.1 also shows that there is a 
lear di�eren
e between produ
ed for
esby EDL in short lengths 
orresponding to the as
ending limb of the l-f graph. But thisfor
e di�eren
es 
annot be observed in high lengths whi
h is already present in theas
ending limb of the length-for
e graph.
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Figure 4.1 This �gure shows the di�eren
es between di�erent data sets taken from EDL distally.As seen from the �gure 4.1, although there is for
e depression in lower lengthsof EDL mus
le between before and after pre
onditioning, the for
es produ
ed by EDLare in
reased after pre
onditioning in very high lengths. And this for
e enhan
ementmakes the mus
le to produ
e near amount of for
es in higher lengths as mu
h as itprodu
ed before pre
onditioning.The optimum for
e after pre
onditioning is in
reased by almost 3%. But thisde
rease is not regarded as statisti
ally signi�
ant. After su

essive length-for
e mea-surements, the optimum for
e dropped by 4% between se
ond and third measurements,but again this drop is not signi�
ant. In following measurements: between third andfourth, the for
e dropped not signi�
antly by approximately 3% and between se
ondand fourth, the drop in optimum for
e rea
hes to 6.5% and this de
rease is statisti
allysigni�
ant.



295. CONCLUSION
In this study, it was found that after pre
onditioning, EDL distal length-for
e
urve are reliable to investigate for
e di�eren
es. Moreover in subsequent measure-ments, the 
ontribution of pre
onditioning be
omes more e�e
tive and whole l-f data
an be 
onsidered as dependable. In 
ontrast to EDL distal, 
ontrol measurementshows that pre
onditioning performed by EDL lengthening distally is not a solutionfor for
e de
reases in EDL proximal tendon although after pre
onditioning EDL mus-
le seemed history-free. On the basis of results obtained from TA+EHL 
omplex, it
an be said that history has no e�e
ts on neighboring mus
les whi
h are restrained, sothe measurements taken from neighboring mus
le is reliable for analysis. With regardto 
ontrol measurements taken from EDL Distal, after pre
onditioning 
ontrol mea-surements are not a�e
ted from history e�e
ts as they do before pre
onditioning. Anystudies involving 
ontrol measurement should perform pre
onditioning to minimize his-tory e�e
ts. Our results therefore provide a better way to minimize the history e�e
tsfor the s
ientists designing mus
ular me
hani
s experiment involving lengthening EDLmus
le distally.
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