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ivABSTRACTEFFECTS OF PRECONDITIONING OVER HISTORYEFFECTS IN SKELETAL MUSCLES OF RATIt has been already known that ativity at high lengths, leads at least, to majordereases of ative fore at low lengths, whereas fores at high length are hardly hanged[21℄. This impat on musle fore is named as length-history e�ets. And it has beenexperiened that suh e�ets an be minimized by a method alled preonditioningin whih alternating ontrations are done at high and low lengths until no furtherdereases of ative fore at low lengths are seen. However, whether preonditioningdoes minimize the history e�ets or not has not been investigated systematially inany studies so far. One of the goals of this study is to be able to observe the e�etsof history e�ets in repeated measurements by taking ontrol measurements. Anotheraim of this work is to assess the e�ets of preonditioning over history e�ets in ratmusles. In order to ahieve this goal, length fore graph was obtained on the extensordigitorium longus (EDL) as well as to that of its synergisti musles i.e., TA+EHLomplex. Then preonditioning was performed. After that, three more length foregraphs were obtained again to quantify the hanges to the fores produed by thesemusles. In this study, it was found that preonditioning helps to minimize the historye�ets in EDL distal tendon. In ontrast to EDL distal, ontrol measurement showsthat preonditioning performed by EDL lengthening distally is not a solution for foredereases in EDL proximal although after preonditioning EDL musle seems history-free. On the basis of results obtained from TA+EHL omplex, the measurementstaken from neighboring musle is reliable for analysis. As a result, it an be said thatany studies involving ontrol measurement should perform preonditioning to minimizehistory e�ets. Our results therefore provide a better way to minimize the history e�etsfor the sientists designing musular mehanis experiments involving rat musles.Keywords: Length-history e�ets, Preonditioning, 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�§� öneki 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 inelendi ve kontrol ölçümleriyle uzama geçmi³ietkilerinin uzun boydan k�sa boya geçildi§inde kuvvet dü³ü³üne neden olup olmad�§�ara³t�r�ld�. Deney sonuunda 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 öneki 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 Sözükler: Uzama geçmi³i etkileri, Önko³ullama
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11. INTRODUCTION
Musle is an ativatable soft tissue omposed of �bers whih is responsible forgeneration and exertion of fore via ontrations to reate motion yielding bodily lo-omotion. Contration is the mehanism in whih musle shortens and produes forewhen stimulated. Musle tissue is lassi�ed into three di�erent types suh as skeletalmusle, smooth musle and ardia musle.1.1 Skeletal MusleSkeletal musle an be onsidered as ativatable funtional units (musle �bers)surrounded by a three-dimensional tunnel like network of onnetive tissue. The over-all musle is surrounded by a fasia and a onnetive tissue referred as epimysiumwhih onsists of irregularly distributed ollagen �bers, onnetive tissue ells and fat.Number of musle �bers omposes a musle bundle whih is alled as fasile. Andeah fasile is surrounded by a onnetive tissue struture alled perimysium. A mus-le �ber is omprised of myo�brils whih are suspended in a matrix alled saroplasmand the ell membrane of a musle �ber is alled sarolemma. Eah musle ell issurrounded by the endomysium that is a thin sheet of onnetive tissue.An individual musle �ber has a striated pattern when viewed under the lightmirosope. These bands are omprised of saromeres whih are the smallest funtionalunits of a musle, mainly omposed of thin (atin) and thik (myosin) myo�laments.Saromeres are bordered by the Z-diss whih are strutural membranes runningthrough the all ross-setion of a myo�bril. Atin �laments are biseted by Z-diskswhere the myosin �laments are loated in the enter of a saromere. Myosin �la-ments are responsible for the dark areas within the striated pattern, so alled A-bandswhereas; atin �laments make up the light patterns of the striation whih are alledI-bands. The area within the A-band with a lower refrative index is alled H-band.
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Figure 1.1 A lassi length-tension urve taken from at soleus musle. Adapted from Keynes 2001[1℄. .The myosin �laments are onneted to eah other with a system of �xed transverse�laments alled M-bridges, forming the M-bridges (Fig 1.2).
1.2 Skeletal Musle Fore Prodution1.2.1 Skeletal Musle FuntioningMost suggestions as to mehanism of musular ontration involved the oilingand ontration of long protein moleules, rather like the shortening of a helial spring.In other words; in ontrast to earlier beliefs, the musle �ber is not beoming shorterduring ontration. In 1954, the sliding �lament theory was independently proposedby Hugh Huxley and Jean Hanson [3℄ and by Andrew Huxley and Rolf Niedergerke [4℄.In eah ase the authors showed that the A band does not hange in length when themusle is strethed or when it shortens atively or passively. This observations suggestthat ontration involves sliding of the I �laments between the A �laments. Atin�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 atin �laments, pulling them loser together;
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Figure 1.2 A shemati view of a musle �ber and a saromere. Modi�ed from Binder 2009 [2℄..thus making the saromere shorter, but the length of the �laments themselves remainunhanged [5℄.When the musle shortens, atively or passively, the opposing atin �lamentswithin eah saromere slide along myosin �lament. As the thin �lament slides overthik �lament, they ause the H-zone beome narrower; similarly as more of eah atin�lament is drawn into the spae between the myosin �laments, the I-band beomesshorter, as does the saromere. Sine the myosin �laments do not alter their shape,the length of the A-band stays unhanged (Fig 1.2).The investigators observed that, over a ertain range, the tension developedis proportional to the degree of overlap between atin and myosin �laments. Thesaromere length orresponding to the greatest overlap and allowing the highest ativetension in termed the optimum length. Moreover, when the musle is strethed enoughthat there is no overlap between the myosin and atin �laments, no ative tension ouldbe developed [6℄.The regulation of ross-bridge attahment to atin is ommonly assoiated with
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Figure 1.3 Ative Length-Tension relationships during tetani ativation. Idealized length tensionrelationship and the saromere position believed to produe it. Adapted from Redmond 2009 [7℄.the e�ets of Ca2+ on the thin �lament [6℄. When Ca2+ binds to the regulatoryprotein troponin C (TnC), it auses the displaement of tropomyosin allowing ross-bridge attahment to atin, forming a weakly bound myosin- atin-ATP omplex. ATPis then hydrolyzed and phosphate is released, forming a strongly bound myosin-atin-ADP omplex. The strongly bound omplex auses onformational hanges in the thin�lament, inreasing the probability of new ross-bridges to attah to atin. Therefore,ativation of the thin �lament is oordinated by Ca2+ binding to TnC and also strongbinding of ross-bridges to atin �laments.It was long known that the ombination of ATP with the myosin head wasneessary to break the bond between atin and myosin. In other words; hydrolysis ofATP is needed for the movement of the myosin head. When the atin site for myosinbinding has been exposed by Ca2+ binding to troponin C, the following sequeneours:1. The head of a myosin moleule binds to atin.2. Atin 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 moleule binds to the myosin head, the bond between the two



5�laments is broken.4. The myosin head releases from the atin; 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 reation site.5. The yle starts again if the myosin head �nds a new atin binding site.
1.2.2 Musle Fore ProdutionWhen musles ontrat they exert a fore on whatever they are attahed to(this fore is equal to the tension in the musle) and they shorten if they are permittedto do so. Hene we an measure two di�erent variables during the ontration of amusle: its length and its tension. Most often one of these two is maintained onstantduring the ontration. In isometri ontrations the musle is not allowed to shorten(its length is held onstant) and the tension it produes is measured. In an isotoniontration the load on the musle (whih is equal to the tension in the musle) ismaintained onstant and its shortening is measured.
1.2.3 The Length Dependene of ForeWhen a musle is maximally ativated, the isometri fore that is developeddepends on the length at whih musle is held. At very short lengths, ative fore issmall. The length-fore relationship has an asending limb, a plateau, and a desendinglimb (from short to long length). When the musle is lengthened, the ative foreinreases to a maximum, whih orresponds with the saromere length at whih optimalross bridge ours.In vivo, musles in the human body are thought to operate along the asendinglimb and at the plateau of l-f relationship.
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Figure 1.4 A typial length-tension urve measured from at soleus musle. Adapted from Keynes2001 [1℄.1.2.4 History Dependene of Fore ProdutionWell established knowledge on musle ontration states that fore produtiondepends only on musle length, veloity and ativation. However, e.g., Abbott andAubert showed almost half a entury ago that musle fore prodution is also historydependent [8℄. History dependene is typially assessed by the inrease or derease ofan isometri steady-state fore at a given level of ativation that is aused by priorshortening, lengthening or a ombination of shortening/lengthening of �musle' [9℄.Typially, fore depression is produed by shortening of an ativated �musle�, andfore enhanement by strething of an ativated �musle� [10, 11℄.Although the existene of suh history dependene of fore prodution has beenaepted for more than 50 years [8℄, its mehanism still remains obsure, whih plausi-bly represents a signi�ant gap in our understanding of musle ontration. It is alreadyknown that history-dependent properties annot be explained by existing phenomenonsuh as the ross-bridge model of ontration [12℄ or the sliding �lament theory [3, 4℄alone. A hypothesis that reeives muh attention in the literature proposes that foreenhanement and fore depression are aused by saromere length non-uniformity andinstability along the desending limb of the fore length relationship [13℄. Aord-ingly, saromeres are assumed to shorten by di�erent amounts beause of instability.



7However, there is mounting evidene suggesting that saromere length non-uniformityand instability annot solely explain the history-dependent properties of fore produ-tion [14, 15℄. An alternative mehanism to explain fore depression proposed manyyears ago has not yet been rejeted: fore depression would be aused by a stress in-dued inhibition of ross-bridge attahments in the miyo�lament overlap zone that isnewly formed during shortening [16℄, whih may result from atin �lament deformation.With this respet, another study suggested that when myo�brils were ativated withMgADP, whih potentially dereases the inhibition of ross-bridgeattahment in theoverlap zone newly formed during shortening, they produed a dynami FL relationthat was left-shifted when ompared to that indued by Ca2+ ativation [17℄.Most studies showed that history e�et was time and veloity related [14, 15, 17,10℄, but in reent studies its e�ets have also been shown in isometri musle ativities.In one of these studies, it has been shown that isometri musle ativity at higher lengthsubstantially altered subsequent onditions of measurements at lower length, withouta�eting the high length properties themselves [18℄. It has also been experiened thatsystemati and major dereases in fore for musle at low referene length minutesafter it has been ative at high lengths [19℄. Ate³ et al, 2009 also found similar resultsshowing that history e�ets ourred only for musle that has been ative at lengthsnear optimum length. After being exposed to ativity at high length, the e�ets onative fore are found partiularly at lower lengths; for lengthening of EDL exlusively[20℄. These results showed that length-history e�ets typially ausing ative foreredutions should be onsidered as a fundamental phenomenon for musle physiologyand pathology. Any method that ould limit the history e�et has to be taken intoaount in designing musular mehanis experiments. One of the andidates for thismethod is preonditioning in whih the musle is lengthened and shortened betweentwo di�erent musle lengths (a lower length and a higher length) in suession until nofurther dereases of ative fore at low lengths are seen [19℄. Preonditioning was alsotested in Mass et al.'s experiments [21℄, however whether it does minimize the historye�ets or not has not been investigated systematially in any studies so far.



81.3 Goal of the StudyThe goals of this study are:1. To be able to observe the e�ets of history e�et in repeated measurements. Howthe ontrations at low lengths are a�eted from the ativation in high lengths,is investigated by taking ontrol measurements.2. To assess the e�ets of preonditioning over history e�ets in rat musles. Inorder to ahieve this goal, standard length fore graph was obtained on the ex-tensor digitorium longus (EDL). After preonditioning was performed, lengthfore graphs were obtained again to quantify the hanges to the fores produedby EDL musle as well as to that of its synergisti musles i.e., TA+EHL omplex.



92. METHODS
2.1 Surgial ProeduresSurgial and experimental proedures were in strit agreement with the guide-lines and regulations onerning animal welfare and experimentation set forth by Turk-ish law, and approved by the Committee on Ethis of Animal Experimentation atBo§aziçi University. Immediately after all experiments, animals were sari�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 injeted 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 neessary. During surgeryand data olletion, the animals were plaed 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 retalthermometer and kept at approximately 37 ◦C.After an appropriate time following anesthesia, the skin and the bieps femorismusle of the left hind limb were removed in order to expose the anterior rural ompart-ment whih enloses "extensor digitorum longus" (EDL), "extensor halluis longus"(EHL) and "tibialis anterior" (TA) musles. The retinaulae that attahes the tendonstightly to the extramusular onnetions was severed to release the distal tendons ofEDL and TA+EHL omplex. Only a small amount of fasia was removed to reahthe retinaulae and the rest was left intat. Following this, the four distal tendons ofEDL was disseted 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 disseted from the bone in a way that a piee of bone was left on the tendons.Then these tendons were tied together with Kevlar thread too. Connetive tissue at



10the musle bellies within the anterior rural ompartment was left intat to maintainthe physiologial relations of intra-, inter- and extramusular onnetions.The knee and the ankle angels were set to 120◦ and 100◦, respetively. Theseangels whih are also present in vivo onditions are attained in the stane phase ofthe rats' gait [22℄. This fat lets the in situ experiments arried on the anterior ruralompartment musles to be performed loser to in vivo onditions.After the distal tendons of target musle were prepared ready for experiment,the proximal tendon of the EDL was exposed by utting a piee of bone. This proedureis applied to seure the knot that keeps the tendon tightly to Kevlar. After ompletingdetahment of tendons from bone, the siati nerve was disseted from upper limb asproximally as possible.The dehydration of the musles and the siati nerve was prevented by applyingisotoni saline solution. And this appliation was repeated regularly during wholesurgery.
2.2 Experimental Set-upThe rat was positioned on the experimental set up in suh 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 onneted to fore transduers(BLH Eletronis In., Canton MA) by Kevlar threads, whih were aligned arefullywith the musles' line of pull (Fig 2.1).The siati nerve was plaed on a bipolar silver eletrode and was overed witha piee of latex to avoid drying. Temperature of the room was kept at 22◦C. Musleand tendon tissue was irrigated regularly by isotoni saline against dehydration duringthe experiment.



11Siati nerve was stimulated with a onstant urrent of 2mA (square pulse with0.1 ms, pulse train 200 ms, stimulation frequeny 100 Hz ) whih ativated all the mus-les studied supramaximally. Timing of stimulation of the nerve and A/D onversion(Biopa Systems, STMISOC) were ontrolled by a speial purpose miroomputer. Twotwithes were evoked and 500ms after the seond twith the musles were tetanized.400 ms after the tetanized ontration a �nal twith was evoked. Musle total fore wasmeasured during the tetani plateau and the musle passive fore was measured 100ms after the seond twith. EDL distal and proximal fores as well as TA+EHL dis-tal measured simultaneously were reorded. After eah appliation of this stimulationprotool, the musles were allowed to reover at low musle length, for 2 minutes.Proximal and distal EDL isometri fores, as well as TA+EHL distal isometrifores were measured simultaneously. During the tetani plateau, musle total foreswere determined (as the mean fore 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 musle is in intat ondition where the antreior rural om-partment is not severed and the musles funtion in their normal fashion.
2.3 Experimental Protool1. l-f 1: Distal lengthening of EDL before preonditioning

• l-f data olletion referred to as l-f 1: Isometri musle fores were measuredfrom EDL proximal, distal and TA+EHL distal tendons at various lengths ofEDL: starting at ative slak length of EDL, length was inreased by movingits distal fore transduer 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 musle were kept at the referene position atall times during the experiment.
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• Control measurement: After the all measurements in l-f data olletion wereompleted, two more ontrations were done at referene point and optimumlength as ontrol measurements.2. Preonditioning:
• Determination of preonditioning points: 3 mm over ative slak length(lref2) and 2 mm over optimum length (lopt+2).
• Preonditioning proedure was performed at these determined lengths: l-fdata was taken at lref2 and lopt+2, respetively. Then these measurementswere repeated until the fore produed by musle at these lengths was not3% higher than previous measurement. And then, it was assumed thatthe target musle is preonditioned and the ontribution of history e�etto fore-length harateristi is maximally minimized, at least in the regionbetween preonditioning points.3. l-f 2: Distal lengthening of EDL after preonditioning to be able toassess the e�ets of preonditioning over history e�et
• After preonditioning, l-f data olletion referred to as l-f 2 was done bysame method used in �rst l-f data olletion
• Control measurement at referene length and optimum length.4. l-f 3: Distal lengthening of EDL
• Seond L-F data measurement after preonditioning referred to as l-f 3 wasdone by same method used in �rst l-f data olletion.
• Control measurement at referene length and optimum length.5. l-f 4: Distal lengthening of EDL
• Third L-F data measurement after preonditioning referred to as l-f 4 wasdone by same method used in �rst l-f data olletion.
• Control measurement at referene length and optimum length.
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Figure 2.1 A shemati view of the experimental set-up and experimental protool. FT 1 indiatesthe fore transduer onneted to the proximal tendon of EDL musle, FT 2 indiates the foretransduer onneted to the tied distal tendons of EDL, and FT 3 indiates the fore transdueronneted to th tied distal tendons of TA and EHL musles.2.4 Treatement of Data and StatistisPassive musle length - fore data were �tted using an exponential urve
y = eax+b (2.1)where y represents passive musle fore, x represents musle-tendon omplex lengthand 'a' and 'b' are �tting onstants. Ative EDL musle fore (Fma) was estimatedby subtrating the alulated passive fore (Fmp) using the �tted funtion, from totalfore (Fm) for the appropriate musle length. Ative EDL length-fore data were then�tted with a stepwise polynomial regression proedure.

y = b0 + b1x+ b2x
2 + b3x

3 + b4x
4 + ... + bnx

n (2.2)where y represents ative musle fore, x represents ative musle fore length and b0through bn are �tting onstants. Using the polynomials seleted, mean and standarderrors (SE) of ative musle fore were alulated for given EDL lengths. Optimum



14musle length was determined for eah individual urve as the ative musle length atwhih the �tted ative fore urve showed maximum fore (Fmoa). The urved �tteddata of all musle fores of eah measurement was rearranged aording to Fmoa ofEDL distal and were represented as suh.In the musle fore �tting proedure, the order of polynomials used was deter-mined by two-way analysis of variane (ANOVA): the power was inreased from one tomaximally six until no signi�ant improvement to the desription of hanges of muslelength and fore data was added. Two-way ANOVA was used to test for the e�ets ofaltered musle length and experimental onditions on i) distal EDL fores, ii) proximalEDL fores iii) TA+EHL distal fores. There were four onditions in this study; �rstis l-f 1 whih is l-f data olletion before preonditioning seond is l-f 2 whih is l-fdata olletion just after preonditioning. Then third and fourth are l-f 3 and l-f 4respetively whih are subsequent measurements after l-f 2. Di�erenes were onsid-ered signi�ant at P < 0.05. If signi�ant main e�ets were found, Bonferroni post-hotests were performed to loate signi�ant di�erenes. Fore values were plotted (mean+ SE), and musle length is expressed as a deviation of distal EDL optimum muslelength (for the interval −8 ≤ ∆lm+t ≤ 2). Optimum musle length is aepted as zeropoint and then fore 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�ets of ontrolmeasurements on referene length and optimum length of the EDL musle, whih areomposed of un�tted data. Di�erenes were onsidered signi�ant at P < 0.05. Ifsigni�ant main e�ets were found, Bonferroni post-ho tests were performed to loatesigni�ant di�erenes.



153. RESULTS
3.1 History E�ets on l-f measurements3.1.1 EDL DistalTo be able to quantify the fore drop between before (l-f 1) and after preon-ditioning (l-f 2) in EDL distal tendon, the fore produed by the musle was alsoompared in di�erent lengths. Two-way Anova showed that the di�erenes in exper-imental onditions were signi�ant, and post-ho test loated where these signi�antdi�erenes were present. Table 3.1The relation between the onditions in the experiment are shown below: The perentages of forehange [derease (-) or inrease (+)℄ in EDL distal tendon before and after preonditioning and thedata showing whether these drops are signi�ant or not. (P<0.05: signi�ant statistially. 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 % fore hange p-value % fore hange p-value % fore 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 musle (�rst three lengths of EDL), the fore drop mea-sured from EDL Distal between l-f 1 and l-f 2 is too high (from 38% to 68%) as expeted(Fig 3.1). Moreover in this region of the fore-length urve, the fore signi�antly de-reases (Table 3.1). However when moved to higher lengths, it is obviously seen that



16the fore drop is beoming smaller, even it is enhaned in higher lengths.

Figure 3.1 This �gure represents the data inluding fores produed by EDL Distal in l-f 1 andl-f 4 data sets when EDL musle is lengthened distally. * shows where the derease is statistiallysigni�ant.When we ompare l-f 1 with l-f 3, it is easily seen that fore drop is gettinglarger with respet to previous omparison (l-f 1 and l-f 2) in lower lengths of EDLmusle. And the fore drop is statistially signi�ant in the �rst region of asendinglimb of the fore length urve.Moreover when l-f 2 vs. l-f 3 and l-f 3 vs. l-f 4 are ompared, no signi�ant foredrop was observed, thus implying that preonditioning might make the EDL muslehistory free.After preonditioning, length-fore harateristi of the musle seems unhangedamong l-f 2, l-f 3 and l-f 4 (Fig 3.2). Only there is slight di�erene around optimumlength in these data sets, but this di�erene is not statistially 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 musle, the fore drops between these data sets are statistiallysigni�ant.
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Figure 3.2 This �gure represents the data inluding fores produed by EDL Distal in l-f 2 andl-f 4 data sets when EDL musle is lengthened distally. * shows where the derease is statistiallysigni�ant.3.1.2 EDL ProximalIn this experiment, the fore hange in EDL proximal is also observed whileEDL musle is lengthened distally. It an be learly seen from the �gure 3.3 thatthere is a signi�ant fore di�erenes in EDL proximal before (l-f 1) and after (l-f 2)preonditioning.

Figure 3.3 This �gure represents the data inluding fores produed by EDL Proximal in l-f 1 andl-f 2 when EDL musle is lengthened distally. * shows where the derease is statistially signi�ant.In shorter lengths, the fore di�erene is more notieable than in higher lengthsof EDL musle. In seond point of asending limb of the graph, this fore di�erenereahes to 34% and this fore drop is statistially signi�ant. Furthermore, despite the



18fat that the derease is getting narrower in asending limb of the graph (for examplein 8th point: by 3%), they are still statistially signi�ant (Fig 3.3).In addition to di�erenes between data taken from l-f 1 and l-f 2 set, the foredi�erenes are getting more obvious in suessive fore measurements. The gap in foremeasured from proximal end of the EDL musle is enlarged in these data sets (Table3.2). Table 3.2The perentages of the fore drops in EDL Proximal between the data sets and whetherthese fore drops are signi�ant or not, are shown below (P<0.05: signi�ant statistially.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 % fore derease p-value % fore derease p-value % fore derease 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 fore produtionin EDL proximal after preonditioning is also observed (Figure 3.4). To do this, threedata sets (l-f 2, 3, 4) that are formed by fore measurement after preonditioning areput together into a graph. As seen from this graph, the fore-length harateristis ofthese graphs are similar. Between l-f2 and l-f 3 almost no fore hange was observed inhigher lengths of EDL musle. Furthermore, when we ompare the next data set (l-f4) with previous one (l-f 3) we obtain similar results. In lower lengths fore derease isbeoming larger; on the other hand in higher lengths the drop is getting smaller. Butin both situations, they are not statistially signi�ant.



19

Figure 3.4 This �gure represents the data inluding fores produed by EDL proximal in l-f 3 andl-f 4 data sets when EDL musle is lengthened distally. * shows where the derease is statistiallysigni�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 musle, the fore drops between these datasets are statistially signi�ant.
3.1.3 TA+EHL ComplexFigure 3.5 shows the fore di�erenes in TA+ EHL omplex between two datasets (l-f 1 and l-f 2). This graph also ompares the fore di�erenes in neighbor muslebefore (l-f 1) and after (l-f 2) preonditioning. In shorter lengths of EDL musle thefore di�erene is more obvious than in higher lengths of EDL musle. In �rst point ofthe graph, the fore drop is about 11% and interestingly it is statistially signi�ant.But exept this point, no signi�ant fore derease was observed in TA+EHL omplexwhile EDL is lengthened distally.Moreover, Figure 3.6 also gives an idea to us what happens to fore produtionof TA+EHL omplex after preonditioning when its neighbor musle is lengtheneddistally. And no signi�ant fore drop observed among these subsequent measurements.
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Figure 3.5 This �gure represents the data inluding fores produed by TA+EHL omplex in l-f1 andl-f 2 when EDL musle is lengthened distally. * shows where the derease is statistially signi�ant.

Figure 3.6 This �gure represents the data inluding fores produed by TA+EHL omplex in l-f2,l-f 3 and l-f 4 when EDL musle is lengthened distally.



213.2 Control Measurements3.2.1 EDL Distal

Figure 3.7 This �gure ompares the fores measured at referene positions (ref) and their ontrols(ref) in EDL Distal. * shows where the derease is statistially signi�ant.Musle fores in the ontrol measurements are less than those in the atualmeasurements. The fore drop is relativley more pronouned in lower musle lengthsthan the higher ones. The drop of musle fore between lref and lref is the highest(by 48%) in intat ondition before preonditioning and this fore drop is statistiallysigni�ant (Fig 3.7). After preonditioning proedure was performed, this fore dropbeomes 33%. And after subsequent measurements were performed, the fore drop wasdereased to 30%. However these dereases are not statistially signi�ant.

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



22On the other hand, in the higher lengths the fore 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 fore drop between ref and ref  in l-f 1 is about33% and statistially signi�ant. And in l-f 2 this fore derease beomes 5%, but itis still signi�ant. The fore drop between referene position and its ontrol is alsoobserved in l-f 3 and l-f 4; but they are not statistially signi�ant. On the other hand,the fore 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 fores measured at referene positions (ref) and their ontrols(ref) in EDL Proximal. * shows where the derease is statistially signi�ant.
3.2.3 TA+EHLNo signi�ant results were obtained from ontrol measurements (at refereneand at optimum length) in l-f data sets taken from TA+EHL omplex.
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Figure 3.10 This �gure ompares the fores measured at referene positions (ref) and their ontrols(ref) in TA+EHL.



244. DISCUSSION
4.1 The E�ets of preonditioning over history e�ets4.1.1 EDL DistalPrevious studies have already showed that isometri musle ativity at higherlength substantially altered subsequent onditions of measurements at lower length,without a�eting the high length properties themselves [18℄. In this study it was alsoobserved that fore drop in high length is not as muh as ourred in low length. The re-sults obtained in this experiment also imply that our preonditioning proedure workedwell to restore the fores produed by EDL musles in �rst length-fore measurement.With regard to the distal tendon of EDL musle, fore depression in high lengthsis not statistially signi�ant. In addition to these non-signi�ant results, it was ob-served that there are fore enhanements in very high lengths after preonditioningwas performed. This situation an be attributed to the alteration of the length-foreharateristis after preonditioning. When preonditioning was performed, the lengthrange of fore exertion by EDL musle is hanged, the musle starts to produe highfores in higher lengths. These impliations says that in any study involving mul-tiple determinations of length-fore harateristis, the higher lengths are reliable todetermine fore hanges in di�erent onditions.Moreover after preonditioning, the fore dereases non-signi�antly in wholelengths among subsequent measurements, thus also implying that our preonditioningproedure is a good andidate to disard the e�ets of history e�ets and after preon-ditioning either low lengths or high lengths beome reliable to determine fore hangesin following experiments.When l-f 1 and l-f 2 are ompared, it is important to note that the signi�ant



25fore drops are observed in �rst three points whih orrespond to the points wherepreonditioning was not applied.
4.1.2 EDL ProximalWhen the proximal tendon of the EDL musle is observed, it an easily be seenthat there is a slight di�erene among both ends of EDL musles. At this point itshould be noted that in lassi approah, the musle studied in situ is onsidered as�fully isolated� from its surroundings [23℄. With regard to this approah, it has beenidealized that the musle fore exerted at the tendon from whih measurements aretaken was onsidered to be equal to the fore exerted at the other tendon. However,reent studies have shown that, due to myofasial fore transmission, suh funtionalindependene and unique musle length-fore harateristis are not representative, ifthe musle is onsidered within the ontext of its intat surroundings (the ondition invivo) [18, 24℄. Due to this fat, proximal and distal ends of EDL musle are investigatedseparately in this experiment too.EDL musle is lengthened distally, but it was observed that the impats ofhistory e�ets are also observed in the proximal tendon of the musle. Between before(l-f 1) and after (l-f 2) preonditioning, there are signi�ant fore drops in all lengths,thus implying that our preonditioning proedure has no signi�ant e�et on EDLproximal. Despite the fat that preonditioning has no ontribution to disard thehistory e�et in EDL proximal, after preonditioning musle produed same amountof fores in suessive measurements. Although there are again fore depressions inertain amounts between following measurements, they are not statistially signi�ant.On the basis of these non-signi�ant fore drops, it an be dedued that althoughour preonditioning is not enough to minimize the e�ets of history dependene foredepression in EDL proximal, it has a signi�ant e�ets in fore prodution of EDLmusle. After preonditioning, no signi�ant fore depression was observed betweensuessive obtained fore-length urves.



26The reason why EDL proximal was less a�eted than EDL distal seems a littletriky. This result an be attributed to that sine preonditioning is also performedby lengthening EDL distally; the myo�brils present in EDL proximal have not beena�eted from this proedure. And so, history e�et aused the signi�ant dereases inEDL proximal while preonditioning was well to restore the fores produed by EDLmusles in �rst length-fore measurement. With regard to this information, our resultshowed that preonditioning performed by lengthening distally annot be a solution tominimize the e�ets of history e�ets on EDL proximal.4.1.3 TA+EHLThis study showed that the fore produed by TA+AHL omplex whose lengthis kept �xed, has not hanged during EDL lengthened distally. And this result isonsistent with previous studies saying that sine this musle omplex is not shortenedor lengthened, the e�ets of history e�ets in this musle are not observed [18, 20℄. Withregard to this information, it an be said that the history has no e�et on neighboringmusles whih are not restrained, so the measurements taken from neighbor musle isreliable for analysis.
4.2 Control measurements4.2.1 EDL DistalIn this experiment after measurements are performed onseutively, two moreontrations are done at referene point and optimum length as ontrol measurements.And by two-way ANOVA the e�et of preonditioning over ontrol measurement is alsoobserved. Before preonditioning at referene position, the fore drop between ontrolmeasurement and atual measurement during the experiment is 48% and statistiallysigni�ant. After preonditioning was performed, in l-f 2 this fore drop beomes 33%and in last one (l-f 4) the derease beomes 30%, but after preonditioning whole fore



27drops in ontrol measurement at referene position is statistially non-signi�ant. Thisresult shows that preonditioning has positive e�et to minimize the history e�ets atreferene position. The lassi ontrol measurements an be a good andidate to hekthe fore dereases in low lengths if only preonditioning was performed; otherwise itsontributions might be misleading.In addition to ontrol measurements at referene position, at optimum lengthontrol measurements were also taken. Although there are also di�erenes betweenontrol measurements and atual measurements, in whole data sets these fore dropsare not statistially signi�ant.
4.2.2 EDL ProximalThe ontrol measurements taken from EDL proximal tendon showed that afterpreonditioning, in l-f 2 there was still signi�ant fore drop at referene length. Theseresults imply that preonditioning is not a solution in EDL Proximal tendon to restorethe musle fores produed before preonditioning.
4.3 Length-Fore Charateristis of EDL DistalLength-fore harateristis of EDL musle are hanged after preonditioning.The shape of urve and the fore measured from EDL musle in distal end was mod-i�ed after preonditioning, but it beomes stable after preonditioning even thoughsuessive measurements were performed.Figure 4.1 also shows that there is a lear di�erene between produed foresby EDL in short lengths orresponding to the asending limb of the l-f graph. But thisfore di�erenes annot be observed in high lengths whih is already present in theasending limb of the length-fore graph.



28

Figure 4.1 This �gure shows the di�erenes between di�erent data sets taken from EDL distally.As seen from the �gure 4.1, although there is fore depression in lower lengthsof EDL musle between before and after preonditioning, the fores produed by EDLare inreased after preonditioning in very high lengths. And this fore enhanementmakes the musle to produe near amount of fores in higher lengths as muh as itprodued before preonditioning.The optimum fore after preonditioning is inreased by almost 3%. But thisderease is not regarded as statistially signi�ant. After suessive length-fore mea-surements, the optimum fore dropped by 4% between seond and third measurements,but again this drop is not signi�ant. In following measurements: between third andfourth, the fore dropped not signi�antly by approximately 3% and between seondand fourth, the drop in optimum fore reahes to 6.5% and this derease is statistiallysigni�ant.



295. CONCLUSION
In this study, it was found that after preonditioning, EDL distal length-foreurve are reliable to investigate fore di�erenes. Moreover in subsequent measure-ments, the ontribution of preonditioning beomes more e�etive and whole l-f dataan be onsidered as dependable. In ontrast to EDL distal, ontrol measurementshows that preonditioning performed by EDL lengthening distally is not a solutionfor fore dereases in EDL proximal tendon although after preonditioning EDL mus-le seemed history-free. On the basis of results obtained from TA+EHL omplex, itan be said that history has no e�ets on neighboring musles whih are restrained, sothe measurements taken from neighboring musle is reliable for analysis. With regardto ontrol measurements taken from EDL Distal, after preonditioning ontrol mea-surements are not a�eted from history e�ets as they do before preonditioning. Anystudies involving ontrol measurement should perform preonditioning to minimize his-tory e�ets. Our results therefore provide a better way to minimize the history e�etsfor the sientists designing musular mehanis experiment involving lengthening EDLmusle distally.
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