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Abstract

The materials for this translation practice are selected from the fifth edition
of Principles of Neural Science, which led by Eric R. Kandel and is the most
authoritative neuroscience textbook internationally. This book consists of 67
chapters, covering the entire field of neuroscience and comprehensively explains
how the brain controls the functions of various organ systems throughout the body
and how to adapt to the environment. It provides a valuable guide for all
neuroscience workers and students, and there 1s currently no officially published
Chinese translation, making it very suitable as a text for this translation practice.
The translator selected Chapter 34 (The Motor Unit and Muscle Action) as the
source text, which mainly includes: The Motor Unit is the Elementary Unit of
Motor Control, Muscle Force Depends on the Structure of Muscle, and Different
Movements Require Different Activation Strategies. The source text is rigorous
in structure and strong in professionalism, featuring complex word forms and
sentence patterns. It commonly incorporates technical terms, abstract nouns, and
acronyms, and widely applies complex sentences and passive voice constructions.

During the translation process, the main challenges encountered include the
accuracy and fluency of word meanings, the conversion of syntactic patterns, and
the clarification of textual coherence. For a large number of technical terms, word
meanings were determined based on collocation relationships, professional fields,
and context. For common vocabulary, word-class transformation was employed

\
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to transcend the original sentence structures, resulting in syntactic shifts. Facing
complex and long scientific English sentences, the order of words was adjusted
according to principles of temporal sequence, causality, and scope. To enhance
the overall logic and coherence of the translation, the connection between
paragraphs and diagrams was strengthened, and appropriate adjustments were
made to the original structure.

During this translation project, the translator has referred to many parallel
texts in relevant fields, thereby gaining a more thorough understanding of
neuroscience. The translator’s proficiency in translating scientific texts has
significantly improved, not only by mastering a vast array of technical terms, but
also by enhancing language expression and logical thinking skills. Additionally,
the translator has expanded her repertoire of translation techniques and become
adept at using translation software and tools, improving the accuracy and
efficiency of the translation process. Meanwhile, she recognized the importance
of “cross-discipline plus translation,” which holds positive implications for her
career development. Ultimately, the translator hopes that this translation practice
will serve as a useful reference for both beginners and professionals in the field

of neuroscience.

Key Words: Principles of Neural Science; technical term determination; part-of-
speech conversion; adjustment of sentence order; externalization of
logic; discourse coherence

Vil
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Chapter 1 Task Description

1.1Background of the Practice

The materials for this translation practice are selected from the fifth edition of Principles
of Neural Science, which edited by Eric R. Kandel and co-authored by several neuroscience
gurus. It is the most authoritative neuroscience textbook internationally and often referred to as
the “Neuroscience Bible”. This book provides a valuable guide for all neuroscience workers
and students, and there is currently no officially published Chinese translation, making it very
suitable as a text for this translation practice. The translator collaborated with schoolmates to
translate different chapters, and she was responsible for Chapter 34, with a total of 11762 words
in the source text and 16368 words in the translation, which meets the requirement for the word

count in a master’s translation report.

1.2Source of the Task

Principles of Neural Science covers the entire field of neuroscience, and gathers the main
and latest research of many authoritative neuroscientists. From the molecular, cellular, and
anatomical structures of the nervous system to sensory, motor, and cognitive functions, it
comprehensively explains how the brain controls all the organ systems and adapts to the
environment. Each chapter introduces the main principles and important mechanisms in the
corresponding subfield, providing a valuable guide for neuroscientists and students. The main
content of Chapter 34 The Motor Unit and Muscle Action includes: The Motor Unit is the
Elementary Unit of Motor Control, Muscle Force Depends on the Structure of Muscle, and

Different Movements Require Different Activation Strategies.

1.3Significance of the Practice

Firstly, the translation practice could expand knowledge in neuroscience. The source text
embodies the main and latest research of many authoritative neuroscientists, systematically

interpreting the basic knowledge of neurobiological sciences. During this translation practice,
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the translator accumulated many professional terms and learned a lot by searching parallel texts,
referring to relevant background knowledge, and consulting professionals.

Secondly, the translation practice could improve translation skills. The source text is
professional and scientific, perfectly aligning with the basic characteristics of technical texts.
Through this practice, the translator has become adept at applying specialized techniques for
scientific English translation, accumulated experience in translating scientific texts, and
improved the ability to translate scientific English. On the other hand, the translator has
mastered several CAT softwares. The application of CAT in translation is becoming
increasingly widespread, and proficient use of various CAT tools has become an indispensable
and important skill for translators. They helped the translator increase efficiency, enrich her
terminology and corpus, and have a positive impact on her future translation practice and career
development.

Thirdly, scientific and technological literature is the foundation for both the public and
professionals to access scientific knowledge. It is also a carrier and tool for the spread of
knowledge and advanced technology. Without high-quality translation in scientific English,
effective scientific communication is not possible, making the importance of scientific English
translation clear (KU EH, # 2%, 2011: 17). Principles of Neural Science is known as the
“Neuroscience Bible”, providing a valuable guide for neuroscientists and students. The
translator hopes to provide reference and convenience for more professionals and those

interested in it.
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Chapter 2 Pre-translation Preparations

Pre-translation preparation is an indispensable part of the translation process, which
directly affects the efficiency and the quality of the work. By gaining a deep understanding of
the original content, mastering professional knowledge and skills, translators can ensure the
accuracy and professionalism of translation. Meanwhile, by understanding the needs and
background of the target reader, translators can more accurately grasp the style and content of

the translation, making the work more in line with the expectations of the readers.

2.1 Analysis of the Source Text

Peter Newmark categorizes texts into three main types: expressive, informative, and
vocative. Different methods, namely semantic and communicative translation, should be
employed for each text type (Peter Newmark, 1981). The Principles of Neural Science, rigorous
in structure and strong in professionalism, elaborates intricate concepts in neurobiology, as well
as the structure and operations of the nervous system. Thus, it is the informative text.

The core of informative texts is ‘“‘authenticity”. When translating, communicative
translation should be adopted, which aims to “accurately convey the contextual meaning in a
way that is easily accessible and understandable to the target reader, both in terms of thought
content and language form. The source text features intricate sentence structures, and rigorous
logic. It commonly incorporates technical terms, abstract nouns, and acronyms, and widely
applies complex sentences and passive voice constructions. The target reader extends beyond
students and researchers in neuroscience and may include readers with a profound passion for
the field. Therefore, during the translation process, the translator must consider how to render
the text smoothly and clearly, avoiding any obscurity or difficulty for the reader to understand.

This is also the key challenge and focus of this translation practice.

2.2 Translation Auxiliary Tools

Appropriate computer-aided translation tools can greatly improve translation efficiency,

especially for projects that require processing large amounts of text. CAT also have certain
3
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proofreading functions. After revising the translated text, preserve the modified version to a
new translation memory and terminology database, allowing the database to have a larger
reserve of resources for translators to reference and use.

Choosing tools that can provide professional terminology and industry standards can
ensure the quality of work. Due to the large number of neurobiological terminology in the
source text, the translator chose The World Contemporary English-Chinese Neuroscientific
Dictionary, Xiangya Medical Dictionary, and Term Online (a standardized terminology service
platform sponsored by the China National Committee for Terms in Sciences and Technologies)
as translation aids, and created a glossary using Snowman CAT software.

After preliminary translation practice, the translator has become proficient in using
memoQ. Therefore, she still chooses it as the main CAT software, continuously updating the
termbase and enriching her corpus during the translation process.

At last, since the translator lacks background knowledge in neuroscience, she has
consulted relevant parallel texts and reference books to focusing on the writing style of such
texts, and learned relevant background knowledge to help accurately understand the original

content and improve the accuracy of translation.

2.3 Parallel Text

Parallel texts refer to original texts and their translations placed side by side for
comparative reading. Collecting numerous parallel texts and organizing them according to
certain standards forms parallel corpora. These materials can include thematic articles,
encyclopedia entries, and even dictionary definitions and examples. In a broader sense, parallel
texts also encompass translated materials similar to the original content, primarily used for
deeper understanding. Simply put, parallel texts are any reference materials closely related to
the original content (Z=K: 4%, 2009, 91).

When encountering an unfamiliar field or overly specialized translation content, searching
for parallel texts can help locate authentic or professional translations, acquire domain-specific
knowledge, and learn the writing style of the field. However, it does not mean they can be

directly used; translators must carefully read the words and sentences they find, compare them
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with the content that needs to be translated, and select the translation they need. For the
translator who does not have a background in neuroscience, translating scientific and
technological texts may present multiple challenges: highly specialized terms, complex
sentence structures, rigorous logical arguments, and authentic Chinese expressions. In such
cases, reading professional literature and books related to the source text content, and studying
the expression of similar Chinese texts, can enhance the professionalism of translation works.
The translator searched for relevant parallel texts based on keywords and neuroscience field,
including Principles of Neural Science (2nd Edition), Physiology of Sport and Exercise (3rd
Edition), and Principles and Practice of Resistance Training. The rigorous logical structure,
clear expression, and professional terms in these texts have set the translation standard. The
translator strived to maintain a writing style consistent with the parallel texts, ensuring both the
professionalism and readability of the translated text. Furthermore, comparing source and
parallel texts reveals key term definitions and translations, crucial for the overall translation

quality.

2.4 Glossary Building

The translator used Snowman Computer Assisted Translation Software to create a glossary.
The original text contains a large number of specialized terms in neurobiology. Before
translating, the translator first lists the terms and entries in the original text, and then uses
dictionaries and parallel text to verify their translation, unifying the expression of terms. The
translator found that Professor Han Jisheng edited the second edition of Principles of Neural
Science in Chinese, with a professional vocabulary index and a comparison table of professional
vocabulary in both Chinese and English at the end of the book. In addition, chapters 1-4 have
been translated by the translator’s schoolmates and the termbase has been shared.
Simultaneously, collaborative discussions were held with team members to standardize
technical terms, ensuring that the translations were consistent, complete, and free from errors.
Consequently, a comprehensive list of terms and proper nouns was established, which can be
found in Appendix I. When translating, the translator continuously updated the terminology

database using multiple authoritative terminology platforms such as CNKI and TermOnline.
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Chapter 3 Case Study

3.1 Achieving Accuracy and Fluency of Lexical Meaning

Scientific writing conveys objective truths and facts, requiring precision in professional
terminology. These terms, as conceptual nouns in specific fields, are limited to their respective
professions, with fixed forms, single meanings, and low potential for confusion. Across
domains, technological terminology exhibits a clear semantic hierarchy, conciseness, stability,
and international recognition (F5 755, 2014: 6)

Beyond these terms, scientific writing employs a wealth of common vocabulary, including
both content words and grammatical function words (e.g., prepositions, articles, conjunctions).
However, in this context, these words’ meanings differ from their everyday usage, being tailored
to the expression of objective phenomena and concepts. Thus, their translation in scientific text

merits special attention.

3.1.1 Determining the Meaning of Technical Terms in Neuroscience

Accurate understanding the meaning of words is a crucial step in the translation of
scientific English. Once there is a deviation in the understanding of vocabulary, especially key
terms, the translation quality of the entire scientific article will be greatly affected.

This chapter contains a large number of neurobiological terms, and the translator verifies
their translations through Term Online, Xiangya Medical Dictionary, the World Contemporary
English-Chinese Neuroscientific Dictionary. However, there are still some terms that cannot be
accurately translated. The translator determined the meaning of words mainly from the
following three aspects: (O The collocation relationship of vocabulary. The meaning often
depends on its collocation with other words. Taking universal as an example, it has different
meanings in different collocation relationships, such as heavy crop - KZFUK, heavy current -
SEH (FKYATE, 1999: 11); @ the professional field; 3 the context. In addition, the
translator also referred to the parallel texts to identify translations or definitions that correspond

to the professional terminology in the original text.



24 MR YN 2T e L VAT

Example 1

Source Text (ST): Sarcomeres are connected to one another and to the muscle fiber membrane

by the cytoskeletal lattice.
Target Text (TT): WA %R, It 5 NS 2 i i 40 f & 2R AH %
Analysis:

In Example 1, the difficulty of translation mainly lies in the neurobiological term
“cytoskeletal lattice”, whose Chinese equivalent term could not be got directly through
dictionaries and online terminology data base. Then the translator searched for relevant
literature through CNKI, but was unable to confirm the accurate translation. The translator
enquired about the two words separately to find similar entries.

According to the Xiangya Medical Dictionary, the word “cytoskeletal” means “ 2] 55 42
9 B 4207, or H42, with similar entries as “cytoskeletal filament I E 24722 1t is
a network structure composed of fibers such as microtubules, microfilaments, and intermediate
filaments, which forms an ordered arrangement within the cell, similar to a grid or lattice-like
structure. The word “lattice” basically refers to “ /%" or “ #5#%”. In the neurobiology, it refers
to the grid structure of protein fiber in the cytoskeleton, including microtubules, microfilaments,
and intermediate filaments. These fibers form an orderly arrangement within the cell,
supporting cell shape and function. Apparently, the two words “cytoskeletal” and “lattice” both
refer to an ordered arrangement within the cell. In order to avoid repetition and confusion, the
shared meaning of the two words was retained and the term “cytoskeletal lattice” was translated
into “ M A 42 in example 1.

Additionally, in scientific discourse, it is common to find the repetition of terms with the
same or similar meanings. These terms complement each other semantically, contributing to the
coherence and enhancing the expressive effect of the discourse (#*X, 2014:107). From the
following sentence “The cytoskeleton influences the length of the contractile thick and thin
filaments...", it can be implied that “The cytoskeleton” and “cytoskeletal lattice” are different

expressions of the same meaning. Ultimately, “cytoskeletal lattice” was translated into “ Zf/l/
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Example 2

ST: The response to a single action potential is known as a_twitch contraction.
TT1: X EABE AL S SIARAE Sl B W4 -

TT2: H— AR AL T AU e PR 1 B

Analysis:

The difficulty of Example 2 is the accurate translation of the term “twitch contraction”. In
TT1, it was translated into “7#/z/44%7 by combining the meanings of the words “twitch” and
“contraction”. However, when proofreading, the translator noticed that both “twitch contraction”
and “twitch” appeared multiple times in the original text, and the translation in TT1 fell short
in terms of semantic coherence and fluidity. More importantly, this translation did not align
closely enough with the definition provided in the ST.

To capture the information from the original text more accurately, the translator revisited
the relevant paragraphs of the original text and discovered a similar expression: “A rapid series
of action potentials elicits superimposed twitches known as a tetanic contraction or tetanus”.
By summarizing the main idea of the section containing these two sentences, namely that the
type of muscle contraction is determined by the number and frequency of action potentials, the
translator decided to refer to relevant literature and adopt a more precise translation strategy.

To this end, the translator used keywords such as “muscle contraction, twitch contraction,
tetanic contraction and tetanus” to search for parallel texts and research the explanations of
terms. Referring to the mechanical characteristics of muscle contraction in Physiology of Sport
and Exercise, the translator learned that there are two forms of skeletal muscle contraction: 4
Y47 and 7 ET/L4E. When a skeletal muscle or single cell is stimulated by a brief impulse,
the stimulated cell generates an action potential, followed by a contraction and relaxation,
which is called #/¢%y. When the frequency of continuous stimulation reaches a certain level,
the muscle remains in a state of continuous contraction, producing superimposed twitches,
which is 27 B /45 (XSH R, 2015: 25). By comparing, the two definitions were highly
consistent with the description of “twitch contraction” and “tonic contraction” in the original
text. Consequently, the terms “twitch contraction™ and “tonic contraction” were translated into
“HHE” and “ 2 EIYC4”, which has been verified by experts and met with approval. This

modification not only enhanced the conveyance of the original meaning but also increased the
8
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applicability and accuracy of the translated text in the professional field.

3.1.2 Converting Parts of Speech

The distinct thinking patterns and cultural backgrounds between the East and the West
necessitate unique expression forms in English and Chinese. This is initially reflected in the
disparity of word usage between the two languages—Chinese favors verbs, endowing it with a
dynamic quality; whereas English tends towards nouns, adjectives, and other static parts of
speech, characterizing it as a static language.

Halliday pointed out that nominalization is the most obvious form of grammatical
metaphor, especially in scientific texts (Halliday, 1994: 352). The common structure is “nouns
(denoting actions) + of + nouns + modifiers”, which often serves as a subordinate clause,
avoiding excessive use of the subject-predicate structure, resulting in concise writing, objective
expression, precise and informative. Meanwhile, it emphasizes the fact rather than the action.
When translating, consideration should be given to the differences in static and dynamic
advantages between English and Chinese. The subject-predicate relation can be restored based
on logical semantics, and such noun phrases can be expanded into clauses with subject-
predicate structures.

Furthermore, the nominalization in English leads to the extensive use of prepositions,
resulting in a prepositional predominance. When combined with a noun predominance, this
reinforces the static tendency of the English language. Many English sentences often express
actions through prepositions, however, they are rarely used in Chinese. So, when translating
from English to Chinese, it is necessary to translate English prepositions and prepositional
phrases into Chinese related verbs.

Given the structural and expressive differences between English and Chinese, it is essential
to modify sentences and discourses by employing word-class conversion to break the
constraints of the original word and sentence structure, transforming many awkward and rigid

expressions into more fluent and natural ones (CKRIUEH, # %%, 2011: 19).
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Example 3
ST: This results in the release of P; and the extension of the myosin neck, ......
TT1: L2 SH P KB A LIk B S g, -
TT2: E— D SH PR, WIREBIANE T s, -
Analysis:
In Example 3, the main focus is on the two nominalization structures —— “the release of
P;” and “the extension of the myosin neck”. Chinese, as an action-driven language, tends to use

verbs to express the states and processes of things. To conform to the habits of the target

language. The subject-predicate structures were restored “P; is released” and “the myosin

neck extends”.

Example 4

ST: The consequence of this organization is that the force exerted by the contractile elements
in a sarcomere can be transmitted along and across sarcomeres (through desmin and skelemin),
within and between sarcomeres (through nebulin and titin), and to the costameres.

TT1: XFHLGE I GRR, WU/ il o fFitin i) T Ul R 45 8 3 AEB% R E
WAENVN ARSI WU, s A Lsh R B AL S LN RTINS 22 8] 4%
i, DA ARIB R

TT2: B VXIS, LN s ot tin 5 ] DL 45 8 3 A B R B i
FEIAALIEIFF NN, 8 LB E B ATDLE & SRV AN Z T8 %%,
E R DMEIE BT .

Analysis:

The focus of Example 4 lies in “The consequence of’. TT1 adopts a direct translation
approach, preserving the structure and wording of the source sentence, while TT2 uses a method
of free translation, rendering it as “ 7%/ ......”.

In terms of contextual adaptability, “ 7 / ......” is commonly used in Chinese to introduce
a condition or cause, followed by an explanation of the resulting effect or change. This
expression aligns more closely with the Chinese habit of describing causal relationships,

making the logic of the sentence clear and easily comprehensible. When describing the

10
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relationship between the organizational structure of sarcomeres and their function, “ % /... ..
accurately conveys that this structure is the condition or foundation that enables force
transmission. It emphasizes the importance of the organizational structure, rather than merely
indicating a result. Although “Z74& can also express the outcomes brought about by the
structure, it does not explicitly point out that this result is based on a specific structural
foundation.

From the information fluidity, the use of “ 7 /......” at the beginning sets the stage for the
following information, making the entire sentence flow more smoothly in its narrative. This
expression helps readers form expectations while reading, thus better receiving and
understanding the subsequent information.

Culturally, Chinese tends to start with reasons or conditions when describing things, then
lead into results. This mode of thinking resonates with the expression “ 7% / ......”. In contrast,
“ZL A2 leans more towards the linear thinking common in Western culture, directly stating
problems and answers without emphasizing the process.

bR H.5>

In summary, “ %4 / ...... is more suitable than “ £ 4>, as it helps readers better

understand complex scientific information and enhances the overall readability of the text.

Example 5
ST: The sliding of the thick and thin filaments is triggered by the release of Ca** within the
sarcoplasm of a muscle fiber in response to an action potential at the fiber’s membrane, the
sarcolemma.
TT1: UL ML I AT 2 HALEF 4L ALES 1 AOREIRCS EC AR, LA S L ET ¢ i
AU _ERBIEHRAL

TT2: ZNERABENAYENR U 5, B FREASINILENR, Ak A0
HEIEAT .
Analysis:

The difficulty of Example 5 lies in presenting the dynamic biological process described in
the ST to Chinese readers while preserving the original meaning.

In addressing the prepositions “within” and “af”, TT1 employed “...... A and “... ... il

11
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to express the specific position. While in TT2, they were translated into verbs “# A and “ #/
ZA” respectively, based on Chinese expression habits and a profound understanding of the
sliding filament hypothesis as mentioned in Example 7. In Chinese, verbs can directly express
changes in actions or states, which differs from using prepositions in English to express
dynamics. Specifically, “within” conveys not only a spatial extent but also implies a dynamic
process, i.e., Ca?" being released into the sarcoplasm from the sarcolemma. Therefore,
translating “within the sarcoplasm” as “ AW more accurately conveys this dynamic
process. Similarly, “at the fiber'’s membrane” not only indicates the location of the action
potential but also implies the process of its conduction, that is, the action potential is rapidly

transmitted through the axon to the sarcolemma. Using verb “#/iA” can better represent this

dynamic transmission process

3.2 Shifting Syntactic Structures

The sentence structure of scientific English is usually complex, with many long sentences,
so the translation often involves word order adjustment. Differences in word order are caused
by differences in the order of thinking. The thinking order in Chinese follows three basic
principles: O Temporal sequence. Sort events in the order they occurred; @ Causality. The
reason is first, then the result, or the condition first, then the result; 3) Categorical principle.
It helps us better understand and organize concepts in language by categorizing similar things
into the same category, thereby making expression clearer and more accurate ({§ B Ak, BFiER
&, 2011: 112).

Specific methods include segmentation, amplification, and abridgment. Segmentation
involves altering the structure of the original sentence, extracting certain components from their
original structure, and translating them into one or more independent components or sentences.
Amplification involves adding essential words, phrases, clauses, or entire sentences to the
original text to align the translation with Chinese grammatical and stylistic norms, as well as to
preserve the original’s rhetoric, grammatical structure, meaning, and tone. This addition is not
arbitrary but rather involves incorporating implied meanings from the source text that are not

explicitly stated (Z=4R 7, 2007: 19). Due to the differences in syntactic structure and word

12



24 MR YN 2T e L VAT

usage between English and Chinese, words that are necessary in English may not be required
in Chinese sentences. In such cases, the principle of omitting words without omitting meaning

can be applied (I, #3H4E, 2011: 69).

3.2.1 Adjusting Temporal Sequence

The adjustment of word order is particularly important in long sentences with multiple
nested meanings in scientific English. When translating, translators need to consciously break
through the constraints of the original structure, first identify the central content and meanings
of the entire sentence, then analyze the logical relationship between the meanings of each layer,
and then rearrange and process the word order according to Chinese thinking habits and

expression methods.

Example 6

ST: The improvement in contraction speed® caused by strength training®), for example, is
associated with an increase in the maximal shortening velocity of a muscle fiber® caused by
the enhanced capabilities of the myosin molecules in the fiber@.

TT1: a0, & IZ5] BRI E B 3R m B AP 4E P LBk EE B 707 RE 0 1 o LR HI L
PR 2T 4 b R A0 3 B2 ) 3G AT K

TT2: i, @ IEINED, F4EPUERES D TR E@, Itk & W4 RSk
ROEE®, MImintr 7 iedmE E Q.

Analysis:

In Example 6, the difficulty of translation mainly lies in how to handle the two adverbial
reasons introduced by “caused by”. In TT1, retaining the original sentence structure leads to an
ambiguous and confusing translation, thereby affecting the reader’s comprehension of the entire
sentence’s meaning.

By searching for relevant literature, the translator clarified how strength training can
improve muscle properties and improve athletic performance: Strength training — Increased
muscle strength — Enhanced ability of myosin molecules during contraction — Accelerated

maximal shortening velocity of muscle fibers, that is, muscle fibers can complete more

13



24 MR YN 2T e L VAT

contractions per unit time — Significant improvement in overall muscle contraction speed.
According to the principle of temporal sequence, the translator restructured the word order from
D2@B® to @@DBQ, thereby accurately depicting the process. The long sentence is divided

into several short sentences, which makes it more fluent and understandable to read.

Example 7
ST: The sliding of the thick and thin filaments@ is triggered by the release of Ca*" within the

sarcoplasm of a muscle fiber@ in response to an action potential at the fiber’s membrane, the

sarcolemma@®).
TT1: MHAZAAILLL B TO & HULAF 4L WSS T R @s1 &R, DA N AL
YR EIBIE L@,

TT2: ZfERALZIBHIL 4@, F58 TSI AENIKD, flk T4V H b
BT @
Analysis:

The language form, mode of expression, and syntactic structure of ST are mechanically
transplanted into TT1, thus creating a language hybrid that does not conform to the expressive
habits of the target language. The emphasis of Example 7 is to eliminate the translationese and
make the translation natural and smooth. In context, ST is describing the triggering mechanism
of the sliding of muscle fibers, and the translator has gained a detailed understanding through
the Principles and Practice of Resistance Training.

When the action potential reaches the muscle fiber membrane, it causes a change in the
membrane potential. This change leads to the depolarization of the muscle cell membrane,
causing the calcium release channels of the sarcoplasmic reticulum (SR) to open, releasing the
Ca’" stored in the SR into the sarcoplasm. The Ca®" binds to the calcium binding sites on the
troponin, causing a conformational change in the troponin, allowing it to bind to the myosin
head, forming a troponin-tropomyosin complex. These complexes move in the sarcoplasm,
causing the thick filaments to slide on the thin filaments (Sands et al, 2017: 33). Following
above process, the translator reorganized the language order according to the sequence: @
action potential — ®@Ca?>" — (@sliding of thick and thin filaments Additionally, the

translator also converted noun phrases and prepositions in the source text into verbs (for details,
14
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see section 3.1.2).

3.2.2 Manifesting the Implicit Causality

Causality is the most common and crucial logical relationship in scientific and
technological English, with common forms such as “because, so, since, for, due to” etc. The
expression habits in Chinese are generally to follow the order of cause and effect. However,
causality is not confined solely to these expressions; in many instances, it’s embedded within
the inherent logical connections. Therefore, translators not only needs to translate explicit

causality well, but also have to discover and handle implicit logic (& & ¥4, 2015: 7).

3.2.2.1 The Conjunction “And”
The primary meaning of “and” is to indicate coordination relation. Beyond this, it also

encompasses various other implications, including implicit causation.

Example 8

ST: As sarcomere length decreases and the overlap of the thick and thin filaments increases
(between lengths a and b), the force increases because the number of cross bridges increases.
TT1: FEHE UK AR A A0 L 22 (0 B B B 7018 (FEARPE a AT b 218D, Ji38hn, X
B AR B .

TT2: HTNEKEARR, HULMAILZK EEE N (FEKEE a M b Z [, Kb
HEwz g2, HIE/IK.

Analysis:

A Change in length

150
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Z disk

t=—————————— Sarcomere length ———!

Thick filament / / R
Titin
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Thin filament

Relative force

50

|
|
|
|
|
|
|
|
|
|
|

|
I
|
|
|
!
!
|
|
|
|
b

Sa(comer: Ien;:)h
Figure 1
In Example 8, the difficulty mainly lies in the conjunction “and”, as its underlying implicit
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logic might be overlooked. It is unclear whether “and” signifies “ 77’ or “ /7 £{. But based on
Figure 1, it can be observed that the increase in the overlapping region is a result of the decrease
in sarcomere length, indicating that “and” in this instance functions as “/#7£{". Therefore, in
TT2 the translator added “/#/ 7 to explicitly clarify the implicit causal relationship. At last,
adhering to the principle of causality, the translator placed “the force increases”, which

represents the result, at the end of the sentence.

Example 9

ST: When a muscle is stretched while in this state, such as would occur during a postural
disturbance, muscle stiffness enhanced, and the muscle is more effective at resisting the change
in length. This property is known as short-range stiffness.

TT1: LALLM TR, GlINELEH-TFERSRIHOL S, ULANIEREE, Al
A S ORI FE ARl o IR — e U A FE A/

TT2: HALAERZIMORE MR, GlInfE LS TR, DLARIEEREE, X
FEBNLA A SR LA . X — 4k S AZ A/

Analysis:

The challenge of Example 7 lies in identifying and manifesting the implicit causal
relationship. The phrase “muscle stiffness” refers to the muscle’s ability to resist deformation.
When it enhances, under the same external force, the muscle’s length changes less, that is to
say, the muscle’s resistance to length changes improves. Therefore, the conjunction “and” in
example 7 implies a causal relationship. The translator added the conjunction “ X /& 7%’ in TT2

to explicitly manifest the causal relationship.

3.2.2.2 Verbs, Adjectives, and Nouns

Some English verbs (including verb phrases), adjectives (including adjective phrases), and
nouns (including phrases composed of nouns and others) also imply causal relationships, such
as “make”, “cause”, “be responsible for”, “the result” and so on. When translating sentences

containing such words, one should also strive to clearly express the implicit causal relationship

in the original text, to be faithful to the original text (Z£it, 2002: 18).
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Example 10

ST: These properties are assessed by examining the force exerted by individual motor units in
response to variations in the number and rate of evoked action potentials.

TT1: FEANIEE) AL 175 R BN HAL I B AR R A S RN, AT — <€ K 77,
2B Bl FA A S 1 Al 2 T T A 6 XA g SR DA Y

TT2: HTHKNERAREEMIR K AN, BB R AN —E R ),
KX mh /. PRz s AL E 1k

Analysis:

The difficulty of Example 8 lies in the causal relationship implied by the phrase “in
response to”. Its basic meaning is “¥7... ... #/#} Jk 17/ 2. A, in response to B, which indicates
that 4 reacts because of B. Consequently, the phrase “in response to” can express causal logic,
and its meaning can be expanded as “ 7/, &k 2 G/E...... FIEE, HT...... 7. ST was
rewritten as “the force was exerted by individual motor units because the number and rate of
evoked action potentials variate.” Meanwhile, the translator adjusted the word order, placing

the cause before the effect.

Example 11

ST: Similarly, the increase in maximal force is associated with the enlarged size and increased
intrinsic force capacity of the muscle fibers produced by an increase in the number and density
of the contractile proteins.

TT1: [FIREHE, Wk B8R NS BRI S BUIL N LT 46428 KA A TES) oG58, &K
s 5 HA XK.

TT2: [FIFER, Wode sk B BCE S BER N, WA 4t R, HNAES) i, B2
RN

Analysis:

The difficulty of Example 11 lies in the phrase “is associated with”. It can express two
types of relationships: one is correlation, and the other is causation. In the ST, “the enlarged
size and increased intrinsic force capacity of the muscle fibers” is the cause, and “the increase
in maximal force” is the effect. In TT2, the Chinese expression “7/f'4” is used to clearly show

the causal relation between the two parts.
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3.2.3 Adding Category Words
Adding category words means generalizing the listed items with categorical terms, making

the translation clearer and more explicit (KRNI, #F1E, 2011: 69).

Example 12

ST: At the level of the muscle, the functional attributes of the fibers are modified by the
orientation of the fascicles to the line of pull of the muscle and the length of the fiber relative
to the muscle length.

TT1: £V, ZF4E D e vd i AR XS T LA 22 2R R ILSR T el AR LA K
FERI L AR R B

TT2: fENAJZI, £F4ERNThae R iR AT RAE R — 2 M T LA 2 4 1L
RITH], AR T WA A 4L .

Analysis:

Overall, ST can be divided into two parts:
(D At the level of the muscle, the functional attributes of the fibers are modified-++--
FEALAIKF B, 2P AER)ThREJE I oo ee e AT oo SRR
@) eeee by the orientation of the fascicles to the line of pull of the muscle and the length of the
fiber relative to the muscle length.
FEXS T WU 2 2 B LR 5 [l AR T LA JEE R £ 4 1K RE
The difficulty of example 12 mainly lies in two long objects, literal translation of which
like TT1 might result in a lengthy and jumbled Chinese sentence. Consequently, the translator
decided to adopt the segmentation and amplification methods mentioned in 2.2. Firstly, the ST
is thoroughly splited, and the category term * A4 /47 %> was used to summarize the two
coordinate components in (2. Then, the colon is employed to introduce these two objects. This
allows Chinese readers to understand at a glance without the need for repeated scanning back

and forth or analyzing complex sentence structures.
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Example 13

ST: The muscle force was changed by varying both the number of motor units that were

active and the rate at which the motor neurons discharged action potentials.

TT1: WL IBEH i 3 5 AL O BB s s 2 SO RSN 1 R ALK 22 AR A T 224K
TT2: 123h R ALPEEE AR AIZ s 2 o R 1F i AL 1k R, XA R R A A,
ALt A A

Analysis:

In example 13, the difficulty lies in how to adjust the long sentence in TT1 into shorter
ones that are more in line with the habits of Chinese expression. The parts “the number of motor
units that were active” and “the rate at which the motor neurons discharged action potentials”
were made into separate sentence and brought forward, summarized by the phrase “X /% 7~/
#. Consequently, the long sentence in TT1 was divided into three parts, making the logical

relationship more explicit.

3.3 Strengthening Cohesion and Coherence in Discourse

A text is composed of words, sentences, or paragraphs, but it is not a mechanical
accumulation of statements; rather, it is an organic and dynamic combination. Halliday and
Hasan argue that in a text, certain words within a sentence have a continuous relationship with
the context, or in other words, the specific meanings of certain words need to be indexed from
the relevant words in the context. The former becomes the cohesive item, and the latter is the
item being cohesive, with both forming a cohesive relationship. It is this cohesive relationship

that makes the text a complete unity of form and meaning (Halliday, Hasan, 1976).

3.3.1 Integrating the Texts and Figures

A well-structured and logically coherent article is not just about the relationship between
sentences, but also about the relevance between paragraphs (4 F}4g, 2015: 6). As mentioned
before, there is a large number of figures, which can explain and supplement the source
sentences. Therefore, in order to maintain the overall coherence of the translation text, the

translator has strengthened the connection between paragraphs and figures, and made
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appropriate adjustments to the original structure in conjunction with the illustrations.

Example 14

Troponin  Tropomyosin

ATP binding

ADP release  A"M =

A

AM“ADP

Activating Non-activatin
Isometric states states
7

= 5

rate-limiting
step

at

l cleavage

AM'"-ADP M-ADP-P

\i 7 Actin
Weak
8 attachment

PI
koo AM-ADPP, ~g——— A-M-ADP-P,
stroke Ca?* regulated
strong attachment

4

5

Ca?.
.0 ® e
Binding s"eS%

exposed ——— ———

Figure 2
ST: The cycle begins at the top (step 1) with the binding of adenosine triphosphate (ATP) to

the myosin head. The myosin head detaches from actin (step 2), ATP is hydrolyzed to phosphate
(Pi) and ADP (step 3), and the myosin becomes weakly bound to actin (step 4). The binding of
Ca*" to troponin causes tropomyosin to slide over actin and enables the two myosin heads to
close (step 5). This results in the release of P; and the extension of the myosin neck, the power
stroke of the cross bridge cycle (step 6). Each cross bridge exerts a force of about 2 pN during
a structural change (step 7) and the release of adenosine diphosphate (ADP) (step 8). (¢, strong
binding; ~, weak binding; M, cross bridge force of myosin; and M, force-bearing state of
myosin.)

TT1: MMM, =#RIRE (ATP) SHIERE AL G (B—3). NkEn:k
SIS EEE (BT, ATPKENER (P) Ml ADP (B=25). NIPREA 5L
EHSSE BB, Ca 5NN EALS S, SBURNBREAENSIER LE3), Il
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PR E BRI S (R, E— DS Pk, WIBREADEE M, RIBEHHE
I i RE (BB7N) . B RO, BEAMBET N K4 2pN 17 (B8-E25) . ADP
WEE (NP, C» o 8BS ~ 59454 ML PIREBRN; MM PURkEAR
[R5 TPIRES <)
TT2: Bt AP TR 45 -

L= (ATP) SHLERE k4SS & .

2. ERE AL SIS E A&

3. ATP JKff NWEIR (P Al ADP.

4. NIEREHSMAIEASEE.

5.Ca” SRR G, SBURNBRE AN EA EIE3), IHFER M IIERE AL

GiRE

6. b— b FE PR, WIERE ASURNE 7 sh, BUROHE B b i

7. ERMREAIANE, BB INRL) 2pN 77,

8. ADP #f# %S .

(o« 9RESE; ~: 99456 MR UIERE AR, MP: LIERE A2 70RO

Analysis:

In example 14, each step of the cycle belongs to one paragraph, and “(step)” was added at
the end of each sentence for division. TT1 makes the paragraph too lengthy and complex, so
the key focus is on how to simplify the structure of the paragraph and make the explanation of
the cross bridge cycle clearer in the text, to facilitate readers in discovering the connection
between the words and the pictures.

As illustrated in Figure 2, each stage of the cycle is denoted by a corresponding number
from 1 to 8. To correspond each step with the image, the translator has adopted a segmented
approach, dividing each step into a separate paragraph. This transforms the original long
paragraph into several smaller ones, resulting in a clearer structure and facilitating easier

association with the image.

21



2 N N 2T e DATYS'E

Power
stroke

Figure 3

Additionally, the “extension of the myosin neck” also presents a challenge. In TT1, it was
translated literally as “ /] 5k 25 F7 Z #E /#”, but it not precise enough and could lead to
misunderstandings. By observing the Figure 3 (the picture corresponding to this stage), we can
see that the there is an arrow indicates the direction of movement of the myosin head. To better
understand the specifics of this step, the translator consulted literature on the cross bridge cycle
and discovered that this process is known as the “Ratchet Effect” — the myosin head twists 45°
towards the bridge arm, thereby pulling the thin filaments towards the M line. Consequently,
the translator, based on this explanation, specified “extension ZLf#> as “twist /%), and the

detail about the direction of twist was added to highlight the arrow in the Figure 3.

Example 15
A Different number of fibers B Different fiber lengths
Force versus muscle length Force versus muscle length Force versus muscle velocity

More r

100 ¥
fibers
Z B0F Long
53 fibers
o Fewer
£ 60 fibers i B
o S ng fibers
E a0t - ¢’
Sh Short fibi
20k o L ﬁbeo:; L K
9 5 'IIO 1l5 2IO 2I5 3IO 35 [} ‘\IO 1,5 ZIO 2I5 3]0 35 5 1;] 1I5 ZIO 2I5 30 SIS
Muscle length (mm) Muscle length (mm) Muscle velocity (mm/s)
Figure 4
ST:
A ... The muscle with twice as many fibers exerts greater force.
B....... The muscle with longer fibers (about twice as long as those of the other muscle

has an increased range of motion (left plot). It also has a greater maximal shortening velocity
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and exerts greater force at a given absolute velocity (right plot).
TT1: === ABEBENPIERINA TN E R Fye oo

TT2: - FRBBFLHNA 5 —SBUAKBERE) SHINE K. -
Analysis:

In example 15, the main focus is on the expression of “twice”. According to the captions
in the Figure 4 and the following text, the sentence A. is rephrased to achieve structural equality.
As illustrated in Figure 4, A. and B. form a control group, each exploring the impact of fiber
number and fiber length on muscle force. Both expressing “twice”, the original sentence in A.

2

is “with twice as many ---”, while in B. employs a supplementary statement. Moreover,
combining the descriptive text in the figure: “More fibers” & “Fewer fibers”, “Long fibers” &
“Short fibers”, such an expression is more concise.

In order to achieve the structural equivalence and enhance the comparative effect in the

translation, the translator adjusted and expanded the original sentence by imitating B. ——“The

muscle with more fibers (twice as many as those of the other muscle)”.

3.3.2 Merging or Segmenting for Clarity

In English, the boundaries of sentences are marked by complete grammatical structures,
while in Chinese, they are determined by the complete meaning. When handling scientific
English, especially when dealing with a group of sentences that revolve around the same topic,
we can integrate some sentences as subordinate clauses or short sentences into others based on
their logical relationships, achieving a downward transformation from sentence group to
sentence. This makes the structure more compact and the information more centralized. The
specific approach requires clarifying the relationships between sentences in the original text,
establishing hierarchical meaning, and then appropriately merging two or more sentences when

appropriate, or segmenting long sentences into several shorter ones.

Examplel6
ST: Because these contractile properties of a motor unit depend on the characteristics of its
muscle fibers(S1), we can distinguish different types of muscle fibers(S2). This distinction

stems from structural specializations and differences in the metabolic properties of muscle
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fibers(S3).

TT1: XL H) A7 RSO Rr I R T LA 2 4R RFAE, BT LLIRATTRERS [X 70 A [F) 26 A
HINLAI LT 4E . XA X PR T WL £ 48 1 250 e S Ve RDAS [ R AR AR 1

TT2: &3 AL 2 LA 4E R R e 1), BRI, JRATTAT DLARSE 12 3 F A Fr
Wik, FIWTLA A 4E R S5 AR ZE 5, X LT 4R AN R 2R

Analysis:

The original text consists of three independent sentences revolving around the topic of
distinguishing muscle fiber types. In translation, the principle “end where the meaning ends”
can be used to merge sentences with related meanings into an information cluster discussing a
single topic. Firstly, based on “we can distinguish different types” and “This distinction stems
from”, the translator inferred that the criteria for distinguishing are “structural specializations”
and “differences in metabolic properties”. Secondly, further clarified the causal relationship
between S1 and S2. In the original text, S2 directly states the conclusion but does not explicitly
explain what is used to distinguish different types of muscle fibers. In TT2, in order to make
the sentence more coherent and logically clear, the translation adds “Z£//7 7/ IR #55 274 i
HI 4514, allowing the reader to clearly understand that the basis for distinguishing muscle
fiber is the contraction characteristics of motor units. After clarifying the connections between
the various bureaus, the translator combined the three independent sentences and embedded S3

as a subordinate clause within TT2, forming an information cluster that discusses the same topic.

Example 17

ST: Force is increased during a muscle contraction by the activation of additional motor units,
which are recruited progressively from the weakest to the strongest. A motor unit’s recruitment
threshold is the force during the contraction at which the motor unit is activated. Muscle force

decreases gradually by terminating the activity of motor units in the reverse order from

strongest to weakest.

TT1: N HEE R, dazh A i85 B 5E —3as, DU AR K. 1258071
THSEBE RN A A2 T, BOF IS s AL T BN S K. 12 18 35 B 9RAAE
RIBFE, @s B Gt gog — &k, WL Ess o

24



24 MR YN 2T e L VAT

TT2: fENAYSAR SRR, 185 E Toti fE i 55 20 7 8 —Bug s sh s, LA
WiAR K, oAz 3l $ A T 75 () d /s ) B KN E I Bl By 148 53 BE . SBOEIF AR
BB B B B 55 L R TE I, WL TN .

Analysis:

The challenge in translating example 17 lies in eliminating ambiguity and clarifying the
source message. The focus of the translation is on the phrase “the reverse order from strongest
to weakest”. TT1’s direct translation, /755 27 9 /< Mii/7>> was found to be ambiguous
during the review with team members, leading to reader confusion—whether “ /7.55 2/ 7 ] #7
JMi/7 means 47 7% #/5°, which is completely opposite to the source text’s intent. The
specific meanings of certain words need to be indexed from the relevant words in the context.
“Reverse” refers to the order of motor unit activation mentioned earlier, that is, “recruited
progressively from the weakest to the strongest”. To eliminate ambiguity and highlight the main
theme of the source text—the size principle of motor neuron recruitment, the translator
extracted “reverse” as an independent structure from the sentence, explicit the contrasting
structure with the previous text. This method not only made the source text more coherent and
smoother but also allowed readers to immediately understand the true meaning of the source

text.
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Chapter 4 Conclusion

During the translation practice, I fully recognized the critical role of proofreading in
ensuring translation quality. To this end, I implemented a rigorous multi-stage proofreading
process, encompassing self-proofreading, group review, and mentor oversight. Through these
iterations, I carefully reviewed and refined the translation, gaining invaluable insights. In this
chapter, I reflect on my experiences, identify areas for improvement, and lay the groundwork

for future translations of even higher caliber.

4.1 Proofreading

Proofreading is not an independent process of translation, nor the final. It actually runs
through the entire translation process. If the focus of proofreading is only placed at the end,
hoping that the last process can completely solve all the problems accumulated in the early
stage and achieve perfect work this is obviously impossible ({14, 2019: 94).

During this translation practice, the translator went through three stages: initial translation,
proofreading, and re-proofreading. At the beginning, she promptly recorded the difficulties
encountered, solutions, and analysis (Figure 5). During the proofreading process, she mainly
focused on the difficulties and solutions in the previous stage, reflected on whether they were
reasonable, and further considered better translation methods. When reviewing again, she read
the translated text as an independent article, making sure the unity and coherence in writing and

if there are any logical inconsistencies.
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At-the-level of the-muscle, the-functional attributes- of -the- fibers-are-modified- by- the-
orientation-ofthe-fascicles totheline-of pull-of the-muscle-and the-length -of the fiber-
relative to-the-muscle-length.<
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The muscle-with-longer-fibers-(about-twice-as-long-as-those-ofthe-other-muscle)-has-
an- increased- range- of motion- (left- plot).- It- also- has- a- greater- maximal- shortening-
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Figure 5

Next is peer review among team members, with a focus on the readability (Figure 6). They
marked translations that are lengthy or difficult to understand, and then refer to the original text

to discuss improvement methods.

K%k, BHESETENTSENLLNS, NABRTR (LA
BHBOMSE) BE. xRS, BAMEEERES
%c%ﬁmEﬁﬁﬁﬁ%%i&ﬁ%ﬁ%ﬁh&ﬁfﬂ@ﬁ{i@

BHRMASINS G HERL (H33-20) . —MNARBEME o . R s R
BT AR ENED 5 LN TATANIGEE (animas D01 TROR B0, HETSSHRRES
ﬁé):ﬁﬁmm%ﬁfﬂuﬁﬁ%émﬁmA~Kﬁ%ﬁﬁ%ﬁrmﬁﬁﬁ&ar*Dxﬁﬁgﬁ%%ﬁ%%)
mﬁxmﬁmﬁ—ﬁiauﬁmmiﬁi —Eﬁiﬁ%igéJ (A R el Lo
CTEMEHFMNME, B LUTR—1NES MEENHRBERE

EE—BENEE. ASNESSINE, hETE— ﬁvuﬂﬁgg%&£Mﬁ EXTDRFEET, EHIX
KA EHESRR, REHROPENLER (H33-20) . xAEE

GO FERINTEONASE, mIFNIBNKE (BF—T,

SN ERNRENHARILENNS) . BHRGBTIEE
EHUEERS (W) MHARSHXESBE.

Figure 6

At last, the mentor will conduct a review, paying attention to whether the original text is

understood correctly, and providing revision suggestions for key and difficult issues.
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4.2 Gains

In this translation practice, the translator faced a brand new and unknown field. Firstly, she
realized the importance of “cross-discipline plus translation”. Translator focused more on basic
language skills and have a single knowledge structure. In the future, she will pay attention to
the deep integration of linguistic competence and professionalism, so as to reaching the level
of “strong linguistic competence and high professionalism” (£ Z£5%, Z=UFFH, 2021: 111).

Secondly, this practice also provided some inspiration for the translator’s career
development. In today’s market, enterprises and institutions often require translators with in-
depth industry knowledge to handle professional literature and communication needs more
accurately and efficiently. By focusing on specialized knowledge in a specific field and
combining it with excellent translation skills, translators have the opportunity to shape their
unique competitiveness as a professional translator in that field.

Translation can never be perfect. It is an endless process, and problems can always be
identified as long as they are viewed with a critical eye (Z= 44, 2012: 379). By continuously
comparing the original sentence, examining the translation, and absorbing feedback, translators
can continuously improve the translation quality, making it more closely aligned with the
original intention and the reading habits of the target readers. Therefore, translators should
embrace a learning mindset and be open to constant refinement of their translations, striving for

ever higher standards of quality.

4.3 Limitations

Due to insufficient understanding of certain professional terms and backgrounds, there are
certain deficiencies in the translation. In future translation work, the translator needs to
strengthen her learning and understanding of relevant field knowledge in order to more
accurately and appropriately convey the meaning of the original text. At the same time, attention
should also be paid to communication and cooperation with professionals, constantly improving
one’s translation skills, in order to provide higher quality translation services.

In this translation practice, the translator found that there are certain limitations in her

comprehensive language proficiency, which may result in translations that lack fluency, and
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logic and coherence need to be improved. To overcome this shortcoming, the translator plans
to focus on enhancing her writing skills in future translation work, including learning from
excellent writing techniques and styles, reading and writing more, and continuously refining

her ability to express in writing.
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Appendix 1: Glossary

1 | achilles tendon PRI
2 | actin WLzh & B
3 | action potential ZHAE HAT
4 | activation Strategies I TR
5 | active ROM T KIEB
6 | adenosine diphosphate JRFE IR
7 | adenosine triphosphate JRFE =R
8 | adipose tissue JIE 7 4H 27
9 | ADP R IR
10 | angular acceleration A
11 | angular displacement AN
12 | angular momentum 5 E
13 | angular motion ]3]
14 | angular velocity R
15 | areolar tissue W53 4H 21
16 | axis of rotation Jie e il
17 | axon HhR
18 | basal lamina FEMR
19 | biceps brachii I — AL
20 | binding protein =l
21 | binding site A
22 | biogenesis & R
23 | body segment NS
24 | Brachioradialis BRI
25 | brain stem i
26 | calcium 5
27 | calcium pump S
28 | capillary EIME
29 | cell bodies Y fhk
30 | coiled coil EequiL -y
31 | coiled-coil domain 5 0B e 245 F4 3
32 | collateral sprout axon B HER
33 | connective tissue G2
34 | contractile properties WAt
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35 | contractile protein Wi 4 B 1
36 | contraction speed W i
37 | costamere W
38 | cranial nerve PR 22
39 | Cricothyroid AL
40 | cross bridge Ty
41 | cytoplasm o 52
42 | cytoskeleton 2P i B 22
D
43 | dark band g
2, VIBRRIG n.2s CK) fizh
decerebrate
44 )
45 | deltoid =Nl
46 | dendrites BN
47 | dense connective tissue B ok g 2 2R
48 | depolarizes 2ttl
49 | descending input TATHRIA
50 | desmin =]
51 | Discharge Rate I FEL T R
52 | discrete compartments BIHIX =
53 | dopamine % B
54 | Dorsal interossei & H ML
55 | dystroglycan LSR8 R
56 | dystrophin WLFREH
E
57 | elbow in
58 | electromyogram L ]
59 | electromyogram signal WSS
60 | electromyographic recording JLEEE A
61 | EMG WL
62 | EMG activity WSS
63 | EMG signal WA 5
64 | Endurance exercise [EpAKEesR
65 | enzyme filg
66 | enzyme activity WigiE 71, WS T
67 | EPSP Pt PR S R AL
68 | excitation-contraction coupling Wt U dE RN A
69 | excitatory inputs WA RN
70 | excitatory post-synaptic potential 2o PER ik Jg LAY
71 | excitatory synapse e PRI e
72 | excitatory synaptic current 2o 1 S fpl PRI
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73 | extensor fH L
74 | extracellular currents Hu4h FER
75 | extracellular matrix 41 ff 0L
F
76 | F-actin e R A
77 | fasciculus P2y S
78 | fast-twitch NNE]
79 | fast-twitch and slow-twitch P A 1
80 | fatigability I 55 M
81 | fibronectin HiEEA
82 | fibrous actin e R A
83 | field potential Iy raAL
84 | firing rate RIBUZ
85 | first dorsal interosseous muscle FE—a ML
86 | flexion-extension JeE A
87 | flexor JE L
88 | force capacity HEE ]
G
89 | Gastrocnemius JHE L
90 | given volume 25 TE AR
91 | glycoprotein L=
92 | groove )
H
93 | habitual levels of physical activity | > PEAR &S K
94 | hamstring gl
95 | helical WETIE 1A M e TR 1)
96 | hip flexor i e L
I
97 | inertia P
98 | inertial mass TP &
99 | Innervation number (LS
100 | integrin BIREA
101 | integrin family BERFR
102 | interneuron Hh ] 22 T
103 | intramuscular electrode UL FEAK
104 | inward Ca? currents P 7 5 L
105 | inward calcium current IR
106 | ion channel R plib
107 | isometric contraction PN
108 | isometric loading FRANI
109 | isotonic loading S5k 1%
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L
110 | laminin JERGEE
111 | lengthening contraction BN
112 | light band Uik
113 | limb immobilization JE A 3))
114 | load torque IR TAL;E
115 | longitudinal tubule PNE
116 | L-type Ca*> channel L A 538 1E
117 | Lumbricales AR IL

M
118 | Masseter L
119 | medial gastrocnemius JHERz UL P 0 =k
120 | medial gastrocnemius muscle PN AHE Rz L
121 | membrane potential JiE35EK A
122 | membrane resistance 55 HLBH
123 | membrane-associated protein B4 G
124 | metabolic AU, BT BRACUR )
125 | metabolic properties A e
126 | mitochondria 2y REN(d])
127 | mitochondrion SN
128 | moment arm T
129 | monoamine — L%
130 | monoaminergic antagonist LR RE RS DUt
131 | monoaminergic nerve LR 4
132 | Monoaminergic neurons FRWE REAR 22 T
133 | monoaminergic neurotransmitter FLIZ R 2238 5T
134 | monoaminergic pathway HUlREETE
135 | monoaminergic receptor B3 i 32 A
136 | monoaminergic system FERER S
137 | monoaminergic terminal FLIIE BE A
138 | monoaminergic transmitter Lk RE % DT
139 | monoamines serotonin R TE
140 | motor neuron B4 T
141 | motor neuron pool BBt uil
142 | motor neuron pool B nil
143 | motor neuron recruitment EBE U
144 | motor nucleus eI
145 | motor unit BB HAL
146 | muscle contractions LRI 4
147 | muscle fascicle WUR
148 | Muscle Fiber LA 21 4
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149 | muscle fiber LR 21 4

150 | muscle fiber membrane JULAT 2 i

151 | muscle fibers LR £T 4

152 | Muscle Force illva;

153 | Muscle stiffness LA FE

154 | muscle stiffness JUL ARl i

155 | muscle synergy JULPA B [ A5 2

156 | muscle torque WL IH

157 | muscular dystrophy WUEFAR

158 | musculoskeletal geometry LA B 8% ) LA

159 | Mutation RAZ

160 | myofibril WL 27 4

161 | myosin LR EE

162 | myosin adenosine triphosphatase WUER T B = B PR iy

163 | myosin head WUER T H 2k

164 | myosin heavy chain WIBREE 5 H %

165 | myosin heavy chain isoforms WLER T [ B e A A

166 | myosin molecule WIEREE H 7> 1
N

167 | nebulin GRlkES

168 | nerve bundle TUEZY

169 | net excitatory input PRI

170 | neuromuscular synapse R 22 JUTL IR 5 il

171 | neurotransmitter LS

172 | noradrenaline LY EIRE
0

173 | Ohm's law WK B E 1

174 | Opponens pollicis B L

175 | optimal initial length G K E

176 | optimal preload 3 I8 i A7 At
P

177 | patellar tendon i

178 | peak force WEEAE /)

179 | pennate muscle PRI

180 | pennation angle PR A

181 | perimysium LA

182 | peripheral nerve K4

183 | persistent inward current FREEVE N 0] B

184 | phosphate IR

185 | physical activity 175 3))

186 | Platysma SR AL

35




g W YN 2 TR R VAT

187 | Plyometric contraction e NN
188 | polypeptide chain EQIN:::
189 | positive work 1ET)
190 | Posterior cricoarytenoid W JE L
191 | power stroke SIpARIE
192 | progressive loading 1 1 41 2K
193 | protein HH

Q
194 | quadriceps JBDY SR AL

R
195 | radial flexor muscle of the wrist 541 i Jeg UL
196 | rate of firing RIBANE
197 | reaction force RAEF )
198 | recruitment threshold TH 5 BE
199 | Rectus lateralis AhE L
200 | regulatory protein WTEH
201 | resting membrane potential LI LA
202 | ripple 3¢/

S
203 | sarcolemma U
204 | sarcomere UL
205 | sarcoplasm WLt
206 | sarcoplasmic reticulum L5 Y
207 | sartorius g ik
208 | scapula J& &
209 | self-sustained firing H R4
210 | serotonin JIREE
211 | shortening contraction SN
212 | shortening velocity i
213 | sigmoidal function Sigmoid pF %
214 | size principle K/
215 | skelemin HREH
216 | skeletal muscle B HE L
217 | sliding filament hypothesis L2216 47 i
218 | slow-twitch L&
219 | smooth endoplasmic reticulum DT P 5T I
220 | soleus kb H L
221 | spinal cord A hi
222 | spinal AR B AL E R
223 | spinal cord A i
224 | strain energy NAZfE
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225 | strength training 1825
226 | strength-to-mass ratio W5 piE2
227 | stretch-shorten cycle P K — % 55 A
228 | striated muscle AU
229 | Structural element Sk oAt
230 | structural specializations Sk et
231 | support phase SCHEI
232 | swing phase kgt
233 | synaptic current SR fiph FELIA
234 | synaptic input BN TN
T
235 | talin EREEH
236 | target muscle LA
237 | Temporalis WL
238 | tendon i
239 | Tensor tympani TR L
240 | terminal cisterna 2t
241 | tetanic contraction 5 FLR
242 | tetanus Tl A% X
243 | the Contractile Proteins W4 i
244 | the cross bridge cycle T 3
245 | the first dorsal interosseous muscle | &5—& 8] 5 M 1l
246 | the line of pull A 4
247 | the median and ulnar nerves 1E FR R RN R 42
248 | the pool of motor neurons B4 T
249 | thick filament FHAL22
250 | thigh PN
251 | thin filament L2z
252 | Tibialis anterior & & Rl
253 | tibialis anterior muscle & HilL
254 | titin WIEERH
255 | torque Ciih
256 | touchdown speed P Hh T
257 | trajectory L7IBUS
258 | transfer protein iz
259 | transmembrane protein ZF IR
260 | transmembrane resistance 2F JIE FLBH
261 | Transverse arytenoid L
262 | transverse tubules N
263 | tropomyosin JRIWLER T H
264 | troponin WS 8 H
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265 | twitch force &yl
266 | two-joint LR
267 | ulnar flexor muscle FUENL
268 | unmyelinated axon piEEEER
269 | ventral root e HEZYTIY 5}
270 | ventral spinal cord HaE il
271 | vertebrate muscles BHHEE LA
272 | vinculin AP EH
273 | voltage clamp FA
274 | voluntary contraction E N EREr
275 | work capacity YEDRE
276 | wrist adduction i P WA
277 | wrist joint i o<
278 | Z disk Z 5
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Appendix 2: Source Text and Target Text

Source Text Target Text
The Motor Unit and Muscle Action BB SHRE
The Motor Unit Is the Elementary Unit of Motor | 2382 L s i B A< B fr o
Control
A Motor Unit Consists of a Motor Neuron and iz B AL N B E A E A £ R
Multiple Muscle Fibers LRI A4 2H 1%
The Properties of Motor Units Vary 1z B B & PR AN ]
Physical Activity Can Alter Motor Unit Properties WIS B AT DL AR 38 B B 1) S 1

Muscle Force is Controlled by the Recruitment and

Discharge Rate of Motor Units

12 ) B Y SR R R e e WL

The Input-output Properties of Motor Neurons are

Modified by Input from the Bram Stem

i T PR i\ 508232 B A 4 e ) i N -l
Rk

Muscle Force Depends on the Structure of Muscle | JLRIZ R EN S

The Sarcomere Contains the Contractile Proteins | L5 & A U 4 5 A U4 7t & 2 4 4
Noncontractile Elements Provide Essential Structural | /)45 37 3%

Support

Contractile Force Depends on Muscle Fiber | WLAF4EE0E KBRS k2 Ui 11
Activation, Length, and Velocity.

Muscle Torque Depends on Musculoskeletal | LA 8% JLAT ok & LA J146
Geometry

Different Movements Require Different Activation

Strategies

A2 3 T BEA R IS SR

Contraction Velocity Can Vary in Magnitude and

WG R INFN T TR AN TR, US4 3 P AN [

Direction
Movements involve the Coordination of Many | iz zhEs M 2 R HLA B IE &1
Muscles

Muscle Work Depends on the Pattern of Activation

Wom s g g LA AR
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An Overall View

A BN

ANY ACTION——ASCENDING A FLIGHT of
stairs, typing on a keyboard, even holding a pose——
requires coordinating the movement of body parts.
This is accomplished by the interaction of the nervous
system with muscle. The role of the nervous system is
to activate just those muscles that will exert the force
needed to move in a particular way. This is not a
simple task: Not only must the nervous system decide
which muscles to activate and how much to activate
them in order to move one part of the body, but it must
also control muscle forces on other body parts and

maintain posture.

e E—NCHers, Mo, HE
REF— DN RHA G —H T E I 5
HAHE B XA, ARG
FHLAAHEAEH . ME RGHIE R 2 0
WUAL, i 2 Bnds e i sh pr & (1 /1. 31X JF
AR TR IAE S N T s BRI A
ROy, AP R G TE EERE WO R L2 L
SN CCrE 2 NS PNV ikt | E= G N W
HR T I FFORFF 255

This chapter examines how the nervous system
controls muscle force and how the force exerted by a
limb depends on muscle structure. We also describe
how muscle activation differs with different types of

movement.

R EH T R G A HI VL,
LI LA 5 e e S At in i 3K
AR 1 LA B0 SR B 32 2 2R AL 1
LA G P

The Motor Unit Is the Elementary Unit of motor

Control

BB RN R RS S R A AL

A Motor Unit Consists of a Motor Neuron and

Multiple Muscle Fibers

—AEHBEAH MBI E TN LB
NS 212N

The nervous system controls muscle force with signals
sent from motor neurons in the spinal cord to the
muscle fibers. A motor neuron and the muscle fibers it
innervates are known as a motor unit, the basic
functional unit by which the nervous system controls
movement, a

concept proposed by Charles

Sherrington in 1925.

A 2R G WA P B 3 2 o0 KIE (S
SERNINLYE, NmERIILT. —ANig)
P22 50 AN L BT SCIC O UL IR 2T E R PR O —
MNEF AL, BRI AL RINE RG]
BRI AT RE AL, K — M B &R
#r 45t R4 (Charles Sherrington) T 1925
GRERVC/TIP
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A typical muscle is controlled by a few hundred
motor neurons whose cell bodies are clustered in a
motor nucleus in the spinal cord or brain stem (Figure
34-1). The axon of each motor neuron exits the spinal
cord though the ventral root or through a cranial nerve
in the brain stem and runs in a peripheral nerve to the
muscle. When the axon reaches the muscle, it branches
and innervates from a few to several thousand muscle

fibers.

— R AL B LB AN IZ 3 #0 4 e %
i, K L2 T I A SR A B U T
fizsitzdh (B 34-1) . FABEIE T
(1 2 5% 3 L o 0 TR B0 T R R A
ZE AR, B B KR 2 BE
. BEWIAR, SR H 3, SCRJL
MRE] - TFARMLA LT 4.

Figure 34-1 A typical muscle consists of many
thousands of muscle fibers working in parallel and
organized into a smaller number of motor units. A
motor unit consists of a motor neuron and the muscle
fibers that it innervates, illustrated here by motor
neuron Al. The motor neurons innervating one muscle
are usually clustered into an elongated motor nucleus
that may extend over one to four segments within the
ventral spinal cord. The axons from a motor nucleus
exit the spinal cord in several ventral roots and
peripheral nerves but are collected into one nerve
bundle near the target muscle. In the figure, motor
nucleus A includes all those motor neurons
innervating muscle A; muscle B is innervated by
motor neurons lying in motor nucleus B. The
extensively branched dendrites of one motor neuron
tend to intermingle with those of motor neurons from

other nuclei.

B 34-1 —fAINLAIE B p T BT B
AN, KL LERIN TR, AT
R s RAL, — A MEFRALH—
AN BB TOAI I I SCRC I WLET 4EZH R
XEFEE &It AL SRS, SR —
LA IR 32 3 42 ol o R R A — Mgl
Mz, IS8T R g I a BE
FEAR—FN DY B ERN A A AT AR A
REME, BIZRHRE HAHE, 1
FEALA ISR S — MR . B, 1B
% A BFEFTAE XA A RSsiME
TG B8 B TR sh A eI RC LA B
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Once synaptic input depolarizes the membrane
potential of a motor neuron above threshold, the
neuron generates an action potential that is propagated
along the axon to its terminal in the muscle. The action
potential  releases  neurotransmitter at  the
neuromuscular synapse, and this cause an action
potential in the sarcolemma of the muscle fibers. A
muscle fiber has electrical properties similar to those
of a large—diameter, unmyelinated axon, and thus
action potentials propagate along the sarcolemma,
although more slowly owning to the fiber's higher
capacitance. Because the action potentials in all the
muscle fibers of a motor unit occur at approximately
the same time, they contribute to extracellular currents
that sum to generate a field potential near the active

muscle fibers.

— ELU SR fi A N\ A 38 Bl 42 e A i
AW BE, fEomar E 4
EAE AL, AZBNE LI il SR A% 3 2 L
PRI A it B4 BLASL TR LA R AR T8
MLBNTT, ANITAEAILETZE B U o 7= A 5
TERAL. WLEF YRR AR SR T R EARTE
Al o, R 1 AT LIS 3
SR TR R R s Sm I, A R
JERE . IBE AL e LA e, 5
VEHAL JUPAE [R] — I TE) =2, ki 51 F)
A A T AT 4 R A g B AL

Most muscle contractions involve the activation
of many motor units, whose currents sum to produce
signals detected by electromyography. In many
instances the electromyogram (EMG) signal is large
and can be easily recorded with electrodes placed on
the skin over the muscle. The timing and amplitude of
EMG activity, therefore, reflect the activation of
muscle fibers by the motor neurons. EMG signals are

useful for studying the neural control of movement and

for diagnosing pathology (see Chapter 14).

K2 BRI i 75 B H0E ¥ 2 12 3)
FAAT, ALHS P RES A I 1 BT X L8 A
ARG S . KM T, DHEES
R, TCEAENUA B L AR n] DL 5
WK TR R, LS BRI B AR
S 1 3E B 2 7ok LA 2 2 1 0 1
Blo WUHLE 5 0] H T8 S 2008 2l 4 il A1
CWIRRE. (L2 14 D
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In most mature vertebrate muscles, each fiber is
innervated by a single motor neuron. The number of
muscle fibers innervated by one motor neuron, the
innervation number, varies with the muscle type and
function. In human skeletal muscles it ranges from
average values of 5 for an eye muscle to 1,800 for a
leg muscle (Table 34-1). Because the innervation
number denotes the number of muscle fibers within a
motor unit, differences in innervation number indicate
differences in the average increment in force that
occurs each time a motor unit in the same muscle is
activated. Thus, the innervation number also indicates
the fineness of control of the muscle; the smaller the
innervation number, the finer the control achieved by

varying the number of activated motor units.

REHAE SR T, SR
Ukt — B & TTER . —MgEE
TCHT B LA e H , Bl R 2 SO 2
H, B NLAER RN ThBE MIAS [ A [
FENREHNLIH, FH E ARV E
5 FIBRALE 1800 AN5F (55 34-1) o Kyt
2SI H RN IS B AL LT 42
B, PR R R R RO R LA
figzh ey, PRl ErER. F
b, A 2 SCTC Bt AR R UL PAY 42 1l 7RG 4
FE: #hEBERD, @i eRis s g
A7 (1 T A ST A o ok A 4

Table 34-1 Innervation Numbers in the Human

Skeletal Muscles

R 34-1 NKH BRI R4 SR

Not all motor units in a muscle have the same
innervation number. Indeed, the differences can be
substantial. For example, motor units of the first dorsal
interosseous muscle of the hand have innervation
numbers ranging from approximately 21 to 1,770.
Consequently, the strongest motor unit in the hand's
first dorsal interosseous muscle can exert about the
same force as the average motor unit in the leg's medial

gastrocnemius muscle.

[l — LA, TR 1S 3 B AL
R el ORGSR o T S X (el )
MZESER. B, T —a mE
L, FL12 3 BT (A 4 SC OB K &4 21 3
1770 A& PRI, FHEE — B A AL
B RIS B B BT RE R 1 70 = 5 R A
MHE LT ia s AL Z A 2
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The muscle fibers of a single motor unit are
distributed throughout the muscle and intermingle
with fibers innervated by other motor neurons. The
muscle fibers of a single motor unit can occupy from
8% to as much as 75% of the volume in a limb muscle,
with 2 to 5 muscle fibers per 100 belonging to the same
motor unit. Therefore, the muscle fibers in a given
volume of muscle belong to 20 to 50 different motor
units. This distribution changes with age and with
some neuromuscular disorders. For example, muscle
fibers lose their innervation after the death of a motor
neuron and can be reinnervated by collateral sprouts

from neighboring axons.

FRLANIZ By B ) L PR 2T 4 53 A5 7 B
MR, 35 HAhig s 4 ot e 4F
PALVE kL. BB AL S r]
5 VU ULIALEL R (1) 8% 2 75%, 4§ 100 4>
W4t 2 2 5 Mg T [F-—igsh $ 47 .
ik, A rI g, WIAF4EE T 20

£ 50 MAIEMISE AL B R 1
KNS LA 22 JUL AL ARG, X P 43 AT
2 . B, —ANEERE AT
JG, WAk £ ARG, AR
S FE B SCBC LR 4

In some muscles the fibers of motor units are
confined to discrete compartments that correspond to
the regions of the muscle supplied by the primary
branches of the muscle nerve. Selective activation of
different compartments that exert forces in different
directions provides a biomechanical advantage.
Branches of the median and ulnar nerves in the
forearm, for example, innervate distinct compartments
in three multitendon extrinsic hand muscles that
enable the fingers to be moved relatively
independently. A muscle can therefore consist of

several functionally distinct regions.

FLEEHLAI R, 383 AT 2T A4 PR
THREBX=EN, ZEEHXESIRMEL
B ST SCRC AL X SAH o B 38 %
VB AS [t 73 05 18 1 X = B AT A
AL, Biltn, BT ARER Reh 4 o)
SCCHCHE =25 2 WU TFAMIL AN F] X =
XAETIRA AR A RS 5. i, —
BT LA H JUAS B REAS R X34

The Properties of Motor Units Vary

B BRI F
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The force exerted by a muscle depends not only on the
number of motor units that are activated during a
contraction but also on three properties of those motor

units: contraction speed, maximal force, and

fatigability. These properties are assessed by

JIL PRt 0 ) 73 AN R T Wi 4 i 32 3
(DA CLTENE- 6= SEP ANV Q7 s i =3 rrp) LK VA {
=Rt WL, B EMYEST
Yo 1315 A s A HL A7 (1 B AR O A
oA, A Bl A A I E AT,

examining the force exerted by individual motor units

in_response to variations in the number and rate of

evoked action potentials.

A SR Ay, VR iZE ) AR .

The response to a single action potential is known

as a twitch contraction. The time it takes the twitch to

reach its peak force, the contraction time, is one

Xt B A B A S 1) e M BRATE 24
e 246 35 B AR 0 P 7 RO IR TR, By it
J], ST R B Bl A LT AR e

measure of the contraction speed of the muscle fibers | £ (K bRk . 18 W45 32 B 87 1) U 45 15 18]
that comprise a motor unit. Slow-twitch motor units | £, HUs4E AL USRI )46 . — R B1ER
have long contraction times; fast-twitch units have | 3 i1 3 1 #0751 2 1K) B 0 46 9 Bk ol 77
shorter contraction times. A rapid series of action | E/£44ak 48 ETYCH

potentials elicits superimposed twitches known as a

tetanic contraction or tetanus.

Figure 34-2 The force exerted by a motor unit varies | B 34-2 i3l #A7 it (1) /1 BE S AE HELA )

with the rate of the action potentials.

HRMAL .

A. Traces show the forces exerted by fast- and slow-
twitch motor units in response to a single action
potential (top trace) and a series of action potentials
(set of four traces below). The time to the peak twitch
force, or contraction time, is briefer in the fast-twitch

unit.

A RN, PRUAE FTE I 4R 12 Bl A
Oy IR AN B AL (BT PSR IRER ) Al

—RANEERAL CRIT UL it &
R, MIREINE) /1. Pl 4iizsh b, 3

WK 4aik
GG

B AE 77 B s B 1] Q4 1))
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The rates of the action potentials used to evoke the
tetanic contractions ranged from 17 to 100 Hz in the
slow-twitch unit to 46 to 100 Hz in the fast-twitch unit.
The peak force for the 100 Hz tetanus is greater in the
fast-twitch unit. Note the different force scales for the
two sets of traces. (Adapted with permission from
Botterman et al. 1986; Fuglevand, Macefield, and
Bigland-Ritchie 1999; and Macefield, Fuglevand, and
Bigland-Ritchie 1996.)

fEW SEia s AL, BE 51 R 9 B
ZNAE A 17~100Hz; 751K 4612 2)
B, AR N 46~100Hz. 100HZ 58 B
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1986 4 Botterman %5 A ; 1999 4 Fuglevand,
Macefield A1 Bigland-Ritchie ; 1996 #F
Macefield, Fuglevand 1 Bigland-Ritchie)

B. Relation between peak force and the rate of action
potentials for fast- and slow-twitch motor units. The
absolute force (left plot) is greater for the fast-twitch
motor unit at all frequencies. At lower stimulus rates
(right plot) the force evoked in the slow-twitch motor
unit summed to a greater relative force (longer
contraction time) than in the fast-twitch motor unit

(briefer contraction time).

B. Pkt Fiig W4 ic 3 BT M iEE 71 5
EAE AR Z [5G R . PRILHE I 3
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The force exerted during a tetanic contraction
depends on the extent to which the twitches overlap
and summate. The force varies with the contraction
time of the motor unit and the rate at which the action
potentials are evoked. At lower rates of stimulation the
ripples in the tetanus denote the peaks of individual

twitches (Figure 34-2A).

Ar 246 B B AN T 10 R R S 5 B
Ae N A7 0 IXHP I BEE B Bl A e
I TR) AN A H 7 R AR FE T A AL . A28
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The peak force achieved during a tetanus varies
as a sigmoidal function of action potential rate, with
the shape of the curve depending on the contraction
time of the motor unit (Figure 34-2B). Maximal force
is reached at different action potential rates for fast-
twitch and slow-twitch motor units and is often greater

in fast-twitch units.

12 By FL AL 5 L WA I 7 (1 e 1 B
EhE AL ) Sigmoid BRI AR L, i3
Ay B (R W A I T s it &R AR (I
34-2B) . PR4E B AS 4E BLIE B B AR AN [F]
(FIsh 1 AR RIE B R AT, PRgsd s
B FIAEAEE R

The functional properties of motor units vary
across the population and between muscles. At one
end of the distribution motor units have long twitch
contraction times and produce small forces, but are
difficult to fatigue. These motor units are the first
activated during a voluntary contraction. In contrast,
the last motor units activated have short contraction
times, produce large forces, and are easy to fatigue. As
observed by Jacques Duchateau and colleagues, most
human motor units produce low forces and have

intermediate contraction times (Figure 34-3).

AN FENLA, iz Az
e IEAE . R — i, B3)
B EA B B B AN B), AR AR
JIBUN, ABA G557 . X LB RAAEH

FE IS A I T et s - e OG5
fr, FUAam B, PR T EECK,
{HZ S 955 . Jacques Duchateau A% H: 7] 5
RI, RZENFisazh Al =L 1) IR
N, W T A (B 34-3)

Figure 34-3 Distributions of motor unit properties.
(Reproduced, with permission, from Van Cutsem et al.

1997.)

B 34-3 izl @k nfn (4
38 H 1997 4 Van Cutsem 25 A\)
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A. Distribution of twitch torques for 528 motor units
in the tibialis anterior muscle.
B. Distribution of twitch contraction times for 528

motor units in the tibialis anterior muscle.

A. lEE
K177 o
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Because these contractile properties of a motor
unit depend on the characteristics of its muscle fibers,

we can distinquish different types of muscle fibers.

iz 2 A7 1) Wi 4 S BB UL AT 4 Y
b e Y, BRI, BRATTAT DR R I 50

Br AU, I IIL PR 21 4 F) 45 A4 AR

This distinction stems from structural specializations

R, XMW GERAFRIRAE. —
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and differences in the metabolic properties of muscle

fibers. All muscle fibers belonging to a motor unit

have similar biochemical and histochemical

properties.

iz B B P A L PR 21 4 8 B A RABL Y
A 2 AN G 2R

One commonly used scheme distinguishes
muscle fibers by their reactivity to histochemical
assays for the enzyme myosin adenosine
triphosphatase (ATPase), which is used as an index
of contractile speed. Based on histochemical stains
for myosin ATPase, it is possible to identify type |
and type Il muscle fibers. Slow contracting motor
units contain type | muscle fibers, and fast
contracting units include type Il fibers. The type 1l
fibers can be further classified into the least fatigable
(type lla) and most fatigable (type Ilb, 11x, or 11d).
Another commonly used scheme distinguishes
muscle fibers on the basis of genetically defined
isoforms of the myosin heavy chain. Those in slow
contracting motor units express myosin heavy chain-
I, those in fast contracting and least fatigable units
express myosin heavy chain-lla, and fibers in fast
contracting and most fatigable units express myosin
heavy chain-11b or -11x. There is a high degree of
correspondence between the two classification

schemes for muscle fibers.

DX o3 WLEF 4 i s T ) D7 2 LR
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JEfabR. FETHIEREH ATPase 2L
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VAT 4 & TP i i 2 a3 s . 1 UL
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Physical Activity Can Alter Motor Unit Properties

14 SIS AT DA AR I B B AL B R ik

Alterations in habitual levels of physical activity can
influence the three contractile properties of motor

units (contraction speed, maximal force, and

AT HE SR R AR = 5IE
B AL =R e O, &
RIFPEZTE) o FRH . BNARK
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fatigability). A decrease in muscle activity, such as
occurs with aging, bed rest, limb immobilization, or
space flight, reduces the maximal capabilities of all
three properties. The effects of increased physical
activity depend on the intensity and duration of the
activity. Brief sets of high-intensity contractions
performed a few times each week can increase
contraction speed and motor unit force, whereas
prolonged periods of low-intensity contractions can
reduce motor unit fatigability. Physical activity
regimens that involve such differences are often
described as strength training and endurance training,

respectively.

B PRI B RS KT
WLPITEE, 32 MR = RS

KIKFo RER G AR T iE SR Ti% 30
o B A Rp I 8] o B3 A BEAT T LU

(Y et 58 P i 2l T AR e i ek P AIE B
BTy, AR TR AR 5 i S T AR
RIS B AL R STV . XA AS [ 1
T3 B T3 S H A RRAE T T R GRS 7]
5.

Changes in the contractile properties of motor
units involve adaptations in the structural
specializations and biochemical properties of muscle

fibers. The improvement in contraction speed caused

VAT S e Ry S A A0 A A 4 1
B HU Bl AL R R AR
Bln, @A EIZ, A 4EpLBkE B

o> LRI 5m, NP 1 ILET Yk iR R4

by strength training, for example, is associated with

S, MR RIS . [FREY

an increase in the maximal shortening velocity of a

WAr i £ 1 B MR AN A8 i, LT 4R R

muscle fiber caused by the enhanced capabilities of

the myosin molecules in the fiber. Similarly, the

increase in maximal force is associated with the

enlarged size and increased intrinsic force capacity of

the muscle fibers produced by an increase in the

number and density of the contractile proteins.

AR, KA S, A, mk

kiR Yl

In contrast, alterations in the fatigability of a
muscle fiber can be caused by many different
adaptations, such as changes in capillary density, the

number of mitochondria, excitation-contraction

B, BYHME REE . LRA%L
B IR S BT AR e
SR, W RE S BTG T R
AT T TR T AR LR 1 A
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coupling, and the metabolic capabilities of the muscle
fibers. Endurance exercise can promote the
biogenesis of mitochondria and enhance the oxidative
capacity of a muscle fiber, thereby reducing its
fatigability. Although the adaptive capabilities of
muscle fibers decline with age, the muscles remain

responsive to exercise even at 90 years of age.

Yie i, MR 4EI AL RE /1, AT
BRI D7 . BRARAILETZE RS N RE /T BE
AU HIE RN RE, EARMES] T 90
%, WA IE A OB

Despite the efficacy of strength and endurance
training in altering the contractile properties of
muscle fibers, these training regimens have little
effect on the composition of a muscle's fibers.
Although several weeks of exercise can change the
proportion of type Ila and IIx fibers, there is no
change in the proportion of type | fibers. All fiber
types adapt in response to exercise, although to
varying extents depending on the type of exercise.
For example, strength training of leg muscles for 2 to
3 months can increase the cross-sectional area of type
| fibers by 0% to 20% and of type 1l fibers by 20% to
60%, increase the proportion of type lla fibers by
approximately 10%, and decrease the proportion of
type lix fibers by a similar amount. Furthermore,
endurance training may increase the enzyme
activities of oxidative metabolic pathways without
noticeable changes in the proportions of fiber types,
but the relative proportions of type Ila and I1x fibers
do change as a function of the duration of each
exercise session. Conversely, several weeks of bed

rest or limb immobilization do not change the

Sy AN 3R] DA SR LA
YRR, (HIX S X LA
YERIR U LA R o JLJE BB AT
PACKAR Na ZUFN 1x ZYAF4Ef L], (H2 |
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proportions of fiber types in a muscle, but they do
decrease the size and intrinsic force capacity of

muscle fibers.

Although physical activity has little influence on
the proportion of type I fibers in a muscle, more
substantial interventions can have an effect. Space
flight, for example, exposes muscles to a sustained
decrease in gravity reducing the proportion of type |
fibers in leg muscles. A few weeks of continuous
electrical stimulation at a low frequency causes a
marked increase in the proportion of type | fibers and
a substantial decrease in fiber size. Similarly,
surgically changing the nerve that innervates a
muscle alters the pattern of activation; eventually the
muscle exhibits properties similar to those of the
muscle that was originally innervated by the
transplanted nerve. Connecting a nerve that originally
innervated a rapidly contracting leg muscle to a
slowly contracting leg muscle, for example, will
cause the slower muscle to become more like a faster

muscle.

REEITESR LA | BLF4ER L
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Muscle Force Is Controlled by the Recruitment

and Discharge Rate of Motor Units

BB RN FEMNBRER RN

The force exerted by a muscle during a contraction
depends on the number of motor units that are
activated and the rate at which each of the active

motor neurons discharges action potentials. Force is

WAC &Pt FR AL 0 B 328 2 B A B )
B AEER i sh il g oo B Eh 1 fL Az
. AN, sshie
ZC4% {8 P 59 21 58 1)U 12— s s 2l

increased during a muscle contraction by the

activation of additional motor units, which are

AL, WLIARIAE K (& 34-4) , Bukis
B BT 75 B B/ 21 B K YR iE 8 R
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recruited progressively from the weakest to the

strongest (Figure 34-4). A motor unit's recruitment

GRS BfE . S HGE A B, IE3)
SR R G 2 ST, WU IZ

threshold is the force during the contraction at which
the motor unit is activated. Muscle force decreases
gradually by terminating the activity of motor units in
the reverse order from strongest to weakest.

/N,

Figure 34-4 Motor units that exert low forces are
recruited before those that exert greater forces
(Adapted with permission, from Desmedt and
Godaux 1977 and from Milner-Brown, Steinand

Yemm1973.)

& 34-4 Jodd 51N iash AL, T
5 VBRHE s AL, (ZBVFAT, Bt
H 1977 4 Desmedt 1l Godaux , ALK&

1973 4= Milner Brown. Stein 1 Yemm)

A. Action potentials in two motor units were
recorded concurrently with a single intramuscular
electrode while the subject gradually increased
muscle force. Motor unit 1 began discharging action
potentials near the beginning of the voluntary
contraction, and its discharge rate increased during
the contraction. Motor unit 2 began discharging

action potentials near the end of the contraction.

A. 2 AE RIS IMILA 1R, R
R AN IZ B AL BT HALAT— AL
WHR. B3R 1R E RIS A
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B. Average twitch forces for motor unitsl and 2 as
extracted with an averaging procedure during the

voluntary contraction.

|

B. £ HEM g 2R, R FbE
FEEASRis s FBAL 1 A0 2 14
A

C. The plot shows the forces at which 64 motor units
in a hand muscle of one person were recruited
(recruitment threshold) during a voluntary
contraction versus the twitch forces of the motor

units.

C. KRR, —PNAKFHIAS, 64
A BBl AL ISR 0 TR e S5 A 1
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The order in which motor units are recruited is

highly correlated with several indices of motor unit

B3 PALAHHE 5 B 5 18 B HLAL
PN (=5 Ol PR R L e K b |
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size, including the size of the motor neuron cell
bodies, the diameter and conduction velocity of the
axons, and the amount of force that the muscle fibers
can exert. Because the recruitment threshold of a
motor unit depends on the membrane resistance of
the motor neuron, which is inversely related to its
surface area, a given synaptic current will produce
larger changes in the membrane potential of small-
diameter motor neurons. Consequently, increases in
the net excitatory input to a motor nucleus cause the
levels of depolarization to reach threshold in an
ascending order of motor neuron size: The smallest
motor neuron is recruited first and the largest motor
neuron last (Figure 34-5). This effect is known as the
size principle of motor neuron recruitment, a

principle enunciated by Elwood Henneman in 1957.

FARI /N R 1 B AR AN S,
LI LT 4E BT RE M N i) SRR 38
B4 22 70 HEL H BH YR 12 B HA (1 HH 55 1
6, MRS RRmAs L, —E
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HA = AR AR . Rk, I83h %
MAFPERINIE N, B IRIEEh 4 T
MNEIR IS BRAE : B/ NE B
(DRSTRIE S N N LR TIEL e
& (H34-5) o X PpERRAEIZ B
2 uBAERR/NEN, - 1957 4 Elwood

Henneman 2 .

Figure 34-5 The response of a motor neuron to

synaptic input depends on its size.
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Two motor neurons of different sizes have the same
resting membrane potential (Vr) and receive the same
excitatory synaptic current (lsyn) from a spinal
interneuron. Because the small motor neuron has a
smaller surface area, it has fewer parallel ion
channels and therefore a higher resistance (Rnigh).
According to Ohm's law (V = IR), lsyn in the small
neuron produces a large excitatory post-synaptic
potential (EPSP) that reaches threshold, resulting in

the discharge of an action potential. The small motor

neuron has a small-diameter axon that conducts the

PSR R /ANRE B 22 0 BA A R )
BB EHRAL (Vo) FEMERER R TG
PSR B 06 B M A IR (lsyn) o
T/NRGEF I O R TIAEU N, Bl
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(EPSP) , IHIAIERISME, 74
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action potential at a low velocity (Vsiow) to fewer
muscle fibers. In contrast, the large motor neuron has
a larger surface area, which results in a lower
transmembrane resistance (Riow) and a smaller EPSP

that does not reach threshold in response to Isyn.

LU RMMAER, XFEGF A
(Riow) BU&, EPSP #/, RiLF|GEM]
R lsyn FRTERE

The size principle has two important
consequences for the control of movement by the
nervous system. First, the sequence of motor-neuron
recruitment is determined by spinal mechanisms and
not by higher regions of the nervous system. This
means that the brain cannot selectively activate
specific motor units. Second, motor units are
activated in order of increasing fatigability, so the
least fatigable motor units available produce the

initial force required for a specific task.

KNE RS2 R Gz s 5 A P
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As suggested by Edgar Adrian in the 1920s, the
muscle force at which the last motor unit in a motor
nucleus is recruited varies between muscles. In some
hand muscles all the motor units have been recruited
when the force reaches approximately 60% of
maximum during a slow muscle contraction. In the
biceps brachii, deltoid, and tibialis anterior muscles,
recruitment continues up to approximately 85% of
the maximal force. However, because the recruitment
threshold of motor units decreases with contraction
speed, during a rapid contraction most motor units in
a muscle are recruited with a load of approximately
33% of maximum. Beyond the upper limit of motor

unit recruitment, muscle force can still be increased

20 4 90 44X, Edgar Adrian #2
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SR AEE T et e pr Y a3 ]
PEAG. PRI, FEPREArd R, F4E
JULIA 8K 22 HoE 5l B A 77 BEA 304
{61 33%. Rz z) i 54 b
BR, I AR IS B 2 o B R HLA I
2, PRRTLE Ly . 354 BRI
W, BT IR I B AL, 38T A

54




g W YN 2 TR R VAT

by varying the rate of action potentials in the motor
neurons. Below the upper limit of recruitment, the
rate of firing can also be varied in addition to
increasing the number of active motor units (Figure
34-6). In fact, beneath the upper recruitment limit
variation in discharge rate can have the greater

influence on muscle force.

AR R . (K] 34-6) o L,
55 EIRVIAN, JRCRER AT L
AT SN

Figure 34-6 Muscle force can be adjusted by varying
the number of active motor units and their discharge

rate.

B 34-6 @i AR S KIS Bl B I HUR
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A gradual increase and then a decrease in the force
(blue line) exerted by the knee extensor muscles

involved the concurrent activation of four (out of

many) motor units. The muscle force was changed by
varying both the number of motor units that were
active and the rate at which the motor neurons
discharged action potentials. Motor unit 1 was
activated when muscle force reached 20% of
maximum. Initially the motor neuron discharged
action potentials at a rate of 9 Hz. As force increased,
the discharge rate increased up to 15 Hz, when both
the force and discharge rate declined, and the motor
unit was inactivated at 14% of maximal force. Motor
units 2, 3, and 4 were activated at greater forces but
discharge rate was modulated similarly.
(Reproduced, with permission, from Person and

Kudina 1972.)
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The Input-Output Properties of Motor Neurons

Are Modified by Input from the Brain Stem

i T R\ R IE S 2 T TR —H
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The discharge rate of motor neurons depends on the
magnitude of the depolarization generated by
excitatory inputs and the intrinsic membrane
properties of the motor neurons in the spinal cord.
These properties can be profoundly modified by input
from monoam-ergic neurons in the brain stem. In
the absence of this input, the dendrites of motor
neurons passively transmit synaptic current to the cell
body, resulting in a modest depolarization that
immediately ceases when the input stops. Under these
conditions the relation between input current and

discharge rate is linear over a wide range.
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The input-output relation becomes nonlinear,
however, when the monoamines serotonin and
norepinephrine activate L-type Ca= channels on the
dendrites of the motor neurons. The resulting inward
Ca=currents can enhance synaptic currents by five-
to tenfold (Figure 34-7). In an active motor neuron
this enhanced current can sustain an elevated
discharge rate after a brief depolarizing input, a
behavior known as self-sustained firing. A
subsequent brief inhibitory input at a low velocity

returns the discharge rate to its original value.

SR, 40 2R 1 37 2 A0 25 H
FIRFEWOE T s s e o S L AL
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Figure 34-7 Effects of monoaminergic input on

motor neurons. (Data from C. J. Heckman.)
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A. Membrane currents and potentials in spinal motor
neurons of adult cats that were either deeply
anesthetized (low monoaminergic drive) or
decerebrate (moderate monoaminergic drive). When
monoaminergic input is absent or low, a brief
excitatory input produces an equally brief synaptic
current during voltage clamp (upper record). This
current is not sufficient to bring the membrane
potential of the cell to threshold for discharging
action potentials (lower record). During high levels
of monoaminergic input the same brief excitatory
input activates a persistent inward current in the
dendrites, which amplifies the synaptic current and
generates a long-lasting tail current (upper record).
This persistent inward current causes a high
discharge rate during the input and the tail current
sustains the discharge after the input ceases (lower
record). A brief inhibition will return the cell to the

resting state.
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B. With high levels of monoaminergic input the
persistent inward current produces a much higher

discharge rate for a given amount of current.
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C. When the entire motor pool innervating a muscle
is considered, the monoamine-induced increase in the
rate of motor neuron discharge produces a much
larger force for a given amount of input and maximal
force is achieved with less input to the motor neuron

pool.
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Because the properties of motor neurons are
strongly influenced by monoamines, the excitability
of the pool of motor neurons innervating a single
muscle is under control of the brain stem. Moderate
monoaminergic input to the motor neurons of slow
contracting motor units promotes self-sustained
firing. This is probably the source of the sustained
force exerted by slower motor units to maintain
posture. During sleep, when monoaminergic drive is
withdrawn, excitability decreases, thus helping to
ensure a relaxed motor state. Monoaminergic input
from the brain stem can adjust the gain of the motor
unit pool to suit the demands of different tasks. This
flexibility does not compromise the size principle of
orderly recruitment because the threshold for
activation of the persistent inward currents is lowest
in the motor neurons of slower motor units, which are
the first recruited even in the absence of

monoamines.
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Muscle Force Depends on the Structure of Muscle

MRS RE LS

Muscle force depends not only on the amount of
motor unit activity but also on the arrangement of the

fibers in the muscle. Because movement involves the

A R T8 3 AL )% 77, 3B
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controlled variation of muscle force, the nervous WiEs), & RGN FENA I
system must take into account the structure of muscle | #J.

to achieve specific movements.

The Sarcomere Contains the Contractile Proteins | Il & B WREEH

Individual muscles contain thousands of fibers that

vary from 1 to 500 mm in length and from 10 to
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60um in diameter. The variation in fiber dimensions
reflects differences in the quantity of contractile
protein. Despite this quantitative variation, the
organization of contractile proteins is similar in all
muscle fibers. The proteins are arranged in repeating
sets of thick and thin filaments, each set known as a
sarcomere (Figure 34-8). The physiological length of
a sarcomere, which is bounded by Z disks, ranges
from 1.5 pm to 3.5pum. Sarcomeres are arranged in
series to form a myofibril, and the myofibrils are

aligned in parallel to form a muscle fiber.

FEFATE, Wi s AR mAR. ]
BHXMEE LIRS, FUE A4t
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JEYEHN 1.5 % 35 fick, 1 Z e
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The force that each sarcomere can generate
arises from the interaction of the contractile thick and
thin filaments. The thick filament consists of a few
hundred myosin molecules arranged in a structured
sequence. Each myosin molecule comprises paired
coiled-coil domains that terminate in two globular
heads. The myosin molecules in the two halves of a
thick filament point in opposite directions and are
progressively displaced so that the heads, which
extend away from the filament, protrude from the
entire thick filament (Figure 34-8C). To maximize
the interaction between the globular heads and the
thin filaments, six thin filaments surround each thick

filament.

AN FrRe - A Wi 71, ok
VT V2 AR . 22 B
JUEMVIERE A TAHR, Fra ke
PG T IS . A Bk E
731 FH ORI e 45 ) el 1
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The primary components of the thin filament are
two helical strands of fibrous F-actin, each of which
contains approximately 200 actin monomers.

Superimposed on F-actin are tropomyosin and
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troponin, proteins that control the interaction between
actin and myosin. Tropomyosin consists of two
coiled strands that lie in the groove of the F-actin
helix; troponin is a small molecular complex that is
attached to tropomyosin at regular intervals (Figure

34-8C).

HAMPLERE A 2 18 A BAF R R A
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The thin filaments are anchored to the Z disk at
each end of the sarcomere, whereas the thick
filaments occupy the middle of the sarcomere (Figure
34-8B). This organization accounts for the alternating
light and dark bands of striated muscle (Figure 34-
8A). The light band contains only thin filaments,
whereas the dark band contains both thick and thin
filaments. When a muscle is activated, the width of
the light band decreases, but the width of the dark
band does not change, suggesting that the thick and
thin filaments slide relative to one another during a
contraction. This led to the sliding filament
hypothesis of muscle contraction proposed by A.F.

Huxley and H.E. Huxley in the 1950s.
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The sliding of the thick and thin filaments is

triggered by the release of Ca®* within the sarcoplasm

S{E A BE LA 48 DUED
Ja, PSETREANBINALENIE, fidk 1

of a muscle fiber in response to an action potential at

the fiber's membrane, the sarcolemma. Varying the

amount of Ca?* in the sarcoplasm controls the
interaction between the thick and thin filaments.
Under resting conditions the Ca?* concentration in
the sarcoplasm is kept low by active pumping of Ca®*

into the sarcoplasmic reticulum, a network of
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longitudinal tubules and chambers of smooth
endoplasmic reticulum (Figure 34-8A). Calcium is
stored in the terminal cisternae, which are located
next to intracellular extensions of the sarcolemma
known as transverse tubules. The transverse tubules,
terminal cisternae, and sarcoplasmic reticulum
constitute an activation system that transforms an

action potential into the sliding of the filaments.

AU RSE R R T — DN Bs R 5 Kl
TR AL LT

As an action potential propagates along the
sarcolemma it invades the transverse tubules and
causes the rapid release of Ca?* from the terminal
cisternae into the sarcoplasm. Once in the sarcoplasm
Ca?* diffuses among the filaments and binds
reversibly to troponin, which results in the
displacement of the troponin—tropomyosin complex
and activates the sliding of the thick and thin
filaments. Because a single action potential is
insufficient to release enough Ca?* to bind all
available troponin sites in skeletal muscle, the
strength of a contraction increases with the action

potential rate.
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The sliding of the filaments depends on
mechanical work performed by the globular heads of
myosin, work that uses chemical energy contained in
adenosine triphosphate (ATP). The actions of the
myosin heads are regulated by the cross bridge cycle,
a sequence of detachment, activation, and attachment
(Figure 34-9). In each cycle a globular head
undergoes a displacement of 5 to 10 nm. Contractile
activity continues as long as Ca®* and ATP are

present in the cytoplasm in sufficient amounts.

FILELL I8 A7 BT LER 2R I BRAR 3k
fREURT), IRHE =B (ATP) itk
FRNMEHUTI B 77 WK E L
ENVESZ BEBF AT, X —A )
B WOEAIE TS (K 34-9) o
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Figure 34-8 (Opposite) The sarcomere is the basic
functional unit of muscle. (Adapted, with permission,
from Bloom and Fawcett 1975 and from Patel and

Lieber 1997.)
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A. This section of a muscle fiber shows its
anatomical organization. Several myofibrils lie side-
by-side in a fiber, and each myofibril is made up of
sarcomeres arranged end-to-end and separated by Z
disks (see part B). The myofibrils are surrounded by
an activation system that includes the transverse
tubules, terminal cisternae, and sarcoplasmic

reticulum.
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B. Sarcomeres are connected to one another and to
the muscle fiber membrane by the cytoskeletal lattice.
The cytoskeleton influences the length of the
contractile thick and thin filaments, maintains the
alignment of these filaments within a sarcomere,
connects adjacent myofibrils, and transmits force to

the extracellular matrix of connective tissue through

costameres. The consequence of this organization is
that the force exerted by the contractile elements in a
sarcomere can be transmitted along and across
sarcomeres (through desmin and skelemin), within
and between sarcomeres (through nebulin and titin),

and to the costameres. The Z disk is a focal point for

many of these connections.
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C. The thick and thin filaments consist of various
contractile proteins. The thin filament includes
polymerized actin along with the regulatory proteins
tropomyosin and troponin. The thick filament is an
array of myosin molecules; each molecule includes a
stem that terminates in a double globular head, which

extends away from the filament.
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Figure 34-9 The cross bridge cycle.

Figure34-9 H##7r A 1.

Several nonactivating states are followed by several

activating states triggered by Ca?*. The cycle begins

at the top (step 1) with the binding of adenosine
triphosphate (ATP) to the myosin head. The myosin

JIANIEERIR S 2 J5 B % &t Ca?*fik
KT BEEIRES . BN TG
1. =R (ATP) SHLERE L4

I
=1 o

head detaches from actin (step 2), ATP is hydrolyzed

2. UEREE L S E B .

to phosphate (P;) and ADP (step 3). and the myosin

becomes weakly bound to actin (step 4). The binding

3. ATP JKfit NiEIfR (P A1 ADP.
4. PIEREASNSEHEES.
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of Ca?* to troponin causes tropomyosin to slide over

actin and enables the two myosin heads to close (step

5). This results in the release of Pj and the extension

5. Ca?t SV F1%ifr, SEURNIRIE £
(EMLEE 1 b, (AR E
EALiRe

of the myosin neck, the power stroke of the cross

bridge cycle (step 6). Each cross bridge exerts a force
of about 2 pN during a structural change (step 7) and
the release of adenosine diphosphate (ADP) (step 8).

(+. strong binding: ~. weak binding: M, cross bridge

force of myosin: and M™ . force-bearing state of

myosin.)

6. b SH P AR, IR
MR 7 AN, BV JE S R 2

o

7. PR RSCE AR, AR 0K
2] 2pN 177,

8. ADP_ M fifEg .

Co: BREEG: ~: 55454 M. JJIIRE
7. M. JIBREE (52 IR

o )

0. o

(Adapted, with permission, from Gordon, Regnier,

and Homsher 2001.)

(&Y, M4 H 2001 4F Gordon.
Regnier A1 Homsher. )

Noncontractile Elements Provide Essential

Structural Support

g TR RN E I S

Structural elements of the muscle fiber maintain the
alignment of the contractile proteins within the fiber
and facilitate the transmission of force from the
sarcomeres to the skeleton. A network of proteins
(nebulin, titin) maintains the orientation of the thick
and thin filaments within the sarcomere, whereas
other proteins (desmin, skelemins) constrain the
lateral alignment of the myofibrils (Figure 34-8B).
These proteins contribute to the elasticity of muscle
and maintain the appropriate alignment of cellular

structures when the muscle is loaded.
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Although some of the force generated by the
cross bridges is transmitted along the sarcomeres in
series, some travels laterally from the thin filaments
to an extracellular matrix that surrounds each muscle
fiber, through a group of transmembrane and
membrane-associated proteins called a costamere
(Figure 34-8B). The lateral transmission of force
follows two pathways through the costamere and
other through vinculin and members of the integrin
family. Mutations of genes that encode components
of the dystrophin-glycoprotein complex cause

muscular dystrophies in humans.
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Contractile Force Depends on Muscle Fiber

Activation, Length, and Velocity

WA SRS R BERNEBE v W de 77

The force that a muscle fiber can exert depends on
the number of cross bridges formed and the force
produced by each cross bridge. These two factors are
influenced by the Ca?* concentration in the
sarcoplasm, the amount of overlap between the thick
and thin filaments, and the velocity with which the
thick and thin filaments slide past one another. The
influx of Ca?* that activates formation of the cross
bridges is transitory because continuous pump
activity quickly returns Ca?* to the sarcoplasmic
reticulum. The release and reuptake of Ca®* in
response to a single action potential occurs so quickly
that only some of the potential cross bridges are
formed. This explains why the peak force of a twitch

is less than the maximal force of the muscle fiber (see

JULPAET- 44 it e 542 (14 7 B g BibT (4 4
BB LM ST, AR
PUR = miimi . LB Ca ik iz, FHAH
JUL 22 5 B DA SR AR L 22 A0 B3 AT [ 3
o Ca* AL T RN AL, (HiX R 2
R, ORI ARG SR T Ca?
EEAUTIN . —ASshfE AL T2 Ca* 1Y
FEBOR L, X R R AR,

DN RE An = SRR v SN
TN AR AR /N T LRI T 4E
wARJ) (LK 34-2A) . RfAEEL— RS
ZEHRAL, AERFALBTT Ca® iRIE, 4 hE
KUK T, W S5 KBRS A Rl

o

65




24 MR YN 2T e L VAT

Figure 34-2A). Maximal force can be achieved only
with a series of action potentials that sustains the
Ca?* concentration in the sarcoplasm, thus

maximizing cross bridge formation.

Although Ca?" activates formation of the cross
bridges, cross bridges can be formed only when the
thick and thin filaments overlap. This overlap varies
as the filaments slide relative to one another (Figure
34-10A). At an intermediate sarcomere length (Lo)
the amount of overlap between actin and myosin is
optimal, and the relative force is maximal. Increases
in sarcomere length reduce the overlap between actin
and myosin and the force that can be developed.
Decreases in sarcomere length cause the thin
filaments to overlap, reducing the number of binding
sites available to the myosin heads. Although many
muscles operate over a narrow range of sarcomere
lengths (approximately 94 #13% L,, mean £SD),
among muscles there is considerable diversity in

sarcomere lengths during movement.
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Because structures that connect the contractile
proteins to the skeleton also influence the force that a
muscle can exert, muscle force increases with length
over its operating range. This property enables
muscle to function like a spring and to resist changes
in length. Muscle stiffness, which corresponds to the
slope of the relation between muscle force and
muscle length (N/m), depends on the structure of the
muscle. A stiffer muscle, like a stronger spring, is

more resistant to changes in length.
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Once activated, cross bridges perform work and
cause the thick and thin filaments to slide relative to
one another. Because of the elasticity of intermediate-
length filaments and the extracellular matrix,
sarcomeres can shorten even when the length of the
muscle fiber is held fixed. The direction and rate of
change in sarcomere length depend on the amount of
force relative to the magnitude of the load against
which the sarcomere acts. Sarcomere length
decreases when the force exceeds the load
(shortening contraction) but increases when the force
is less than the load (lengthening contraction). The
maximal force that a muscle fiber can exert decreases
as shortening velocity increases but increases as

lengthening velocity increases (Figure 34-10B).
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The maximal rate at which a muscle fiber can
shorten is limited by the peak rate at which cross
bridges can form. The variation in fiber force as
contraction velocity changes is largely caused by
differences in the average force exerted by each cross
bridge. For example, the decrease in force during a
shortening contraction is attributable to a reduction in
cross bridge displacement during each power stroke
and the failure of some myosin heads to find
attachment sites. Conversely, the increase in force
during a lengthening contraction reflects the
stretching of incompletely activated sarcomeres and
the more rapid reattachment of cross bridges after

they have been pulled apart.
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The rate of cross bridge cycling not only
depends on contraction velocity, but also on the
preceding activity of the muscle. For example, after a

brief isometric contraction the rate increases. When a

R 0 00 ) 3 A AN S - i ok
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muscle is stretched while in this state, such as would

PATPERS IR AL T, WIANIEEE o5, X

occur during a postural disturbance, muscle stiffness

enhanced, and the muscle is more effective at

resisting the change in length. This property is known

as short-range stiffness. Conversely, the cross bridge
cycling rate decreases after shortening contractions,

and the muscle does not exhibit short-range stiffness.
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Figure 34-10 Contractile force varies with the

change in sarcomere length and velocity.
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At an intermediate sarcomere length, Lo, the amount
of overlap between actin and myosin is optimal and
the relative force is maximal. When the sarcomere is
stretched beyond the length at which the thick and
thin filaments overlap (length a), cross bridges cannot

form and no force is exerted. As sarcomere length

decreases and the overlap of the thick and thin
filaments increases (between lengths a and b). the
force increases because the number of cross bridges

increases. With further reductions in length (between
lengths ¢ and e) the extreme overlap of the thin
filaments with each other occludes potential

attachment sites and the force decreases.
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B. Rate of change.

B. AL

Contractile force varies with the rate of change in
sarcomere length. Relative to the force that a
sarcomere can exert during an isometric contraction
(zero velocity), the peak force declines as the rate of
shortening increases. At the maximal shortening

velocity (Vmax) muscle force reaches a minimum.
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In contrast, when the sarcomere is lengthened while
being activated, the peak force increases to values
greater than those during an isometric contraction.
Shortening causes the myosin heads to spend more
time near the end of their power stroke, where they
produce less contractile force, and more time
detaching, recocking, and reattaching, during which
they produce no force. When the muscle is actively
lengthened the myosin heads spend more time
stretched beyond their angle of attachment and little
time unattached because they do not need to be
recocked after being pulled away from the actin in

this manner.
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Figure 34-11 Five commom arrangement of tendon
and muscle. (Reproduced, with permission, from

Alexander and Ker 1990.)
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Muscle Torgue Depends on Musculoskeletal

Geometry
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The anatomy of a muscle has a pronounced effect on
its force capacity, range of motion, and shortening
velocity. The anatomical features that influence
function include the arrangement of the sarcomeres in
each muscle fiber, the organization of the muscle
fibers within the muscle, and the location of the
muscle on the skeleton. These features vary widely

among muscles (Figure 34-11).
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At the level of the single muscle fiber the
number of sarcomeres in series and in parallel can
vary. The number of sarcomeres in series determines
the length of the myofibril and thus the length of the
muscle fiber. Because one sarcomere can shorten by
a certain length with a given maximal velocity, both
the range of motion and the maximal shortening
velocity of a muscle fiber are proportional to the
number of sarcomeres in series. The force that a
myofibril can exert is equal to the average sarcomere
force and is not influenced by the number of
sarcomeres in series. The force capacity of a fiber,
however, depends on the number of sarcomeres in
parallel and hence on the diameter or cross-sectional

area of the fiber.
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At the level of the muscle, the functional

attributes of the fibers are modified by the orientation

of the fascicles to the line of pull of the muscle and
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the length of the fiber relative to the muscle length. In
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most muscles the fascicles are not parallel to the line
of pull but fan out in feather-like (pennate)
arrangements (Figure 34-11). The relative
orientation, or pennation angle of the fascicles,
ranges from O degrees (biceps brachii, sartorius) to
approximately 30 degrees (soleus). Because more
fibers can fit into a given volume as the pennation
angle increases, muscles with large pennation angles
typically have more myofibrils in parallel and hence

large cross-sectional areas.
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Given the linear relation between cross-sectional area
and maximal force (~0.25 N mm), these muscles
are capable of a greater maximal force. However, the
fibers in pennate muscles are generally short and
have a lesser maximal shortening velocity than those

In nonpennate muscles.

ST AR AR K /) (~0.25N mm™)
IR R R, XL K )T
PABE K. R, PRIRWLAF4E— M,
SAESPRIVEFHEAR LE, S5 bR e 3 P A

BN

The functional consequences of this anatomical
arrangement can be seen by comparing the contractile
properties of two muscles with different numbers of
fibers and fiber lengths. If the two muscles have
identical fiber lengths, but one has twice as many
fibers, the range of motion of the two muscles will be
similar because it is a function of fiber length, but the
maximal force capacity will vary in proportion to the
number of muscle fibers. If the two muscles have
identical numbers of fibers but the fibers in one
muscle are twice as long, the muscle with the longer
fibers will have a greater range of motion and a
greater maximal shortening velocity, even though the
two muscles have a similar force capacity. Because
of this effect, the muscle with longer fibers is able to
exert more force and produce more power (the
product of force and velocity) at a given absolute

shortening velocity (Figure 34-12).
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Figure 34-12 Muscle dimensions influence the peak
force and maximal shortening velocity. (Reproduced,

with permission, from Lieber and Fridé 2000.)
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A. Muscle force at various muscle lengths for two
muscles with similar fiber lengths but different
numbers of muscle fibers (different cross-sectional
area). The muscle with twice as many fibers exerts
greater force.
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B. Muscle force at various muscle lengths for two
muscles with the same cross-sectional area but
different fiber lengths. The muscle with longer fibers
(about twice as long as those of the other muscle) has
an increased range of motion (left plot). It also has a
greater maximal shortening velocity and exerts

greater force at a given absolute velocity (right plot).
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Muscle fiber lengths and cross-sectional areas
vary substantially throughout the human body, which
suggests that the contractile properties of individual
muscles also differ markedly. In the leg, for example,
fiber length ranges from 20 mm (soleus) to 460 mm
(sartorius), and cross-sectional area ranges from 200
mm?2 (sartorius) to 5800 mm? (soleus). Functionally
coupled muscles tend to have complementary
combinations of these properties. For example,
muscles characterized by large pennation angles,
large cross-sectional areas, and short fibers
(quadriceps femoris) are often functionally coupled
with those that have smaller cross-sectional areas and

longer fibers (hamstrings).
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Movement is the muscle-controlled rotation of
adjacent body segments, which means that the
capacity of a muscle to contribute to a movement also
depends on its location relative to the joint that it
spans. The rotary force exerted by a muscle about a
joint is referred to as muscle torque and is calculated
as the product of the muscle force and the moment
arm, the shortest perpendicular distance from the line
of pull of the muscle to the joint's center (Figure 34-

13).
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Figure 34-13 Muscle torque varies over a joint's

range of motion.
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A muscle exerts a torque about a joint that is the
product of its contractile force (F) and its moment
arm at the joint (d). The moment arm is the shortest
perpendicular distance from the line of pull of the
muscle to the joint's center of rotation. Because the
moment arm changes when the joint rotates, muscle
torque varies with angular displacement about the
joint. The net torque about a joint, which determines
the mechanical action, is the difference in the torques
exerted by opposing muscles, such as extensors (ext)
and flexors (flex). Similarly, a force applied to the
limb (Fioad) Will exert a torque about the joint that

depends on Fiead and its distance from the joint (dseg).
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The moment arm usually changes as a joint
rotates through its range of motion; the amount of
change depends on where the muscle is attached to
the skeleton relative to the joint. If the force exerted
by a muscle remains relatively constant throughout
the joint's range of motion, muscle torque varies in
direct proportion to the change in the moment arm.

For many muscles the moment arm is maximal in the
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middle of the range of motion, which usually IS B L D B R

corresponds to the position of maximal muscle force

and hence greatest muscle torque.

Different Movements Require Different Activation | /S [E )23 5 EA B ) B0E K g

Strategies

The human body has approximately 600 muscles,
each with a distinct torque profile about one or more
joints. To perform a desired movement the nervous
system must activate an appropriate combination of
muscles with adequate intensity and timing of
activity. The activation must be appropriate for the
contractile properties and musculoskeletal geometry
of many muscles, as well as the mechanical
interactions between body segments. As a result of
these demands, activation strategies differ with the

details of the movement.
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Contraction Velocity Can Vary in Magnitude and

Direction
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Movement speed depends on the contraction velocity
of a muscle. The only ways to vary contraction
velocity are to alter either the number of motor units
recruited or the rates at which they discharge action
potentials. The velocity of a contraction can vary in
both magnitude and direction (see Figure 34-10B).
To control the velocity of a contraction the nervous
system must scale the magnitude of the net muscle
torque relative to the load torque, which includes
both the weight of the body segment and any load
applied externally to the body.
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When muscle torque exceeds load torque, the
muscle shortens as it performs a shortening
contraction. When muscle torque is less than load
torque, the muscle lengthens as it performs a
lengthening contraction. For the example shown in
Figure 34-13, the load is lifted with a shortening
contraction of the flexor and lowered with a
lengthening contraction. Both types of contractions
are common in daily activities.

Shortening and lengthening contractions are not
simply the result of adjusting motor unit activity so
that the net muscle torque is greater or less than the
load torque. When the task involves lifting a load
with a prescribed trajectory, activation of the motor
units must be aligned so that the summed rise times
match the desired trajectory during the shortening
contraction, whereas the lengthening contraction

requires that the summed decay times be matched.
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The nervous system accomplishes this by varying the
descending input and sensory feedback during the
two contractions. Because of these differences, some
people, such as older adults and persons performing
rehabilitation exercises after an orthopedic procedure,
have greater difficulty performing lengthening

contractions.
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The amount of motor-unit activity relative to the
load also influences the contraction velocity. This
effect depends on both the number of motor units
recruited and the maximal rates at which the motor
units can discharge action potentials. For example,
the maximal rate of increase in muscle torque during
a submaximal contraction increases after several
weeks of physical training and is associated with a
marked increase in the initial discharge rates of the
activated motor units. Physical training increases the
rate at which motor units can discharge trains of
action potentials, an effect that can be mimicked by
the rapid injection of current into a motor neuron.
Changes in the maximal shortening velocity of a
muscle after a change in the habitual level of physical
activity are the result, at least partly, of factors that
influence the ability of motor units to discharge

action potentials at high rates.
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Movements Involve the Coordination of Many

Muscles
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To achieve a prescribed trajectory the nervous system
must activate not only the muscles that produce the
desired displacement but also muscles that prevent
unintended actions. For example, the elbow flexor
muscles are used to rapidly rotate the forearm about
the elbow joint. But unless the muscles that cross the
wrist are also activated to stabilize the wrist joint,
rotation of the forearm would cause the hand to flail

about the wrist joint.
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In the simplest case muscles span a single joint
and cause the attached body segments to accelerate
about a single axis of rotation (Figure 34-14A).
Because muscles can exert only a pulling force,
motion about a single axis of rotation requires at least
two muscles or groups of muscles. Thus, the flexion-
extension motion about the knee joint involves the
hamstring muscles to exert force in the direction of
flexion and the quadriceps to exert force in the

direction of extension.
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However, many muscles attach to the skeleton
slightly off center and can cause movement about
more than one axis of rotation. If one of the actions is
not required, the nervous system must activate other
muscles to control the unwanted movement. For
example, activation of the radial flexor muscle of the

wrist can cause the wrist to flex and abduct.
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If the intended action is only wrist flexion, then the
abduction action must be opposed by another muscle,
such as the ulnar flexor muscle, which causes wrist
flexion and adduction. Depending on the geometry of
the articulating surfaces and the attachment sites of
the muscles, the multiple muscles that span a joint are
capable of producing movements about one to three
axes of rotation. Furthermore, some structures can be
displaced linearly (eg, the scapula on the trunk),

adding to the degrees of freedom about a joint.

N SRR BN AE X 2 o e iy, A4 b
e E LA 5 — PR Cin RE L,
WA RA AW KX hi. HHE <
T U AR FONL R B 00, %
TR [F]— AR 2 AL Re 8 21y 3 A4
WIS 1~3 ek iz s, i, —
LS NN R, (AR R IR
PR, BERRSCT Y R R

This organization enhances the flexibility of the
skeletal motor system, for the same movement can be
achieved by activating different combinations of
muscles. However, this additional flexibility comes
with a cost in the corresponding variation in the
unwanted actions that must be controlled. A solution
used by the nervous system is to organize relations
among selected muscles to produce specific actions.
A particular balance of muscle activations that
changes over time is known as a muscle synergy, and
movement is produced through the coordinated
activation of these synergies. For example,
electromyographic recordings suggest that a range of
human movements, such as grasping objects with the
hand, reaching and pointing in different directions,
and walking and running at several speeds, are

controlled by approximately five muscle synergies.
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The number of muscles that participate in a
movement also varies with the speed of the
movement. For example, slow lifting of the load
shown in Figure 34-13 requires only that the muscle
torgue slightly exceed the load torque, and thus only
the flexor muscle is activated. This strategy is used
when lifting a handheld weight with the elbow flexor
muscles. In contrast, to perform this movement
rapidly with an abrupt termination, both the flexor
and extensor muscles must be activated. First the
flexor muscle is activated to accelerate the limb in the
direction of flexion, followed by activation of the
extensor muscle to accelerate the limb in the direction
of extension, and finally a burst of activity by the
flexor muscle to reduce the angular momentum of the
limb and the handheld weight in the direction of
flexion so that it arrives at the desired joint angle
(Figure 34-14B). The amount of extensor activity
increases with the speed of the movement.

Increases in movement speed introduce another
factor that the nervous system must control,
unwanted accelerations in other body segments.
Because body segments are interconnected, motion in
one segment can induce motion in another. At the
beginning of the swing phase in running, for
example, the hip flexor muscles are activated and
accelerate the thigh in a forward direction (Figure 34-

15A).
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The motion of the thigh causes the lower leg to rotate
backward about the knee joint. To control the
backward displacement of the lower leg, the
quadriceps muscles are activated to accelerate the
lower leg in the forward direction.

As the lower leg rotates backward, the quadriceps
muscles perform a lengthening contraction that
becomes a shortening contraction to rotate the lower

leg forward in the middle of the swing phase.
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Figure 34-14 Muscle torque must overcome inertia

when a movement is started and stopped.
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A. According to Newton's law of acceleration (force
= mass x acceleration), force is required to change
the velocity of a mass. Muscles exert a torque to
accelerate the inertial mass of the skeletal segment
around a joint. For angular motion, Newton's law is
written as torque = rotational inertia ><angular

acceleration.
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B. The angular velocity for movement of a limb from
one position to another has a bell-shaped profile
reflecting Newton's law of acceleration. Acceleration
in one direction is followed by acceleration in the
opposite direction--the flexor and extensor muscles

are activated in succession.
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The records here show the activation profiles and
associated muscle torques for an elbow flexion
movement. Because contractile force decays
relatively slowly, the flexor muscle is usually
activated a second time to counter the prolonged
acceleration generated by the extensor muscle and to

stop the limb exactly on target.
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Figure 34-15 A single muscle can influence the

motion about many joints.
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A. Muscles that cross one joint can accelerate an
adjacent body segment. For example, at the
beginning of the swing phase while running, the hip
flexor muscles are activated to accelerate the thigh
forward (red arrow). This action causes the lower leg
to rotate backward (blue arrow) and the knee joint to
flex.To control the knee joint flexion during the first
part of the swing phase, the knee extensor muscles
are activated and undergo a lengthening contraction
to accelerate the lower leg forward (red arrow) while

it continues to rotate backward (blue arrow).
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B. Many muscles cross more than one joint to exert
an effect on more than one body segment. For
example, the hamstring muscles of the leg accelerate
the hip in the direction of extension and the knee in
the direction of flexion (red arrows). At the end of the
swing phase during running, the hamstring muscles
are activated and undergo lengthening contractions to
control the forward rotation of the leg (hip flexion
and knee extension). This strategy is more
economical than activating individual muscles at the
hip and knee joints to control the forward rotation of

the leg.
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Muscles that span more than one joint can be
used to control the motion-dependent interactions
between body segments. At the end of the swing
phase in running, activation of the hamstring muscles
causes both the thigh and lower leg to accelerate
backward (Figure 34-15B). If a hip extensor muscle
was used to accelerate the thigh backward instead of
the hamstring muscles, the lower leg would
accelerate forward, requiring activation of a knee
flexor muscle to control the unwanted motion so that

the foot could be placed on the ground.
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Use of the two-joint hamstring muscles is a more
economical strategy, but one that can subject the
hamstrings to high stresses during fast movements,
such as sprinting. The control of such motion-
dependent interactions often involves lengthening
contractions, which maximize muscle stiffness and

the ability of muscle to resist changes in length
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For most movements the nervous system must
establish rigid connections between some body
segments for two reasons. First, as expressed in
Newton's law of action and reaction, a reaction force
must provide a foundation for the acceleration of a
body segment. For example, in a reaching movement
performed by a person standing upright, the ground
must provide a reaction force against the feet. The
muscle actions that produce the arm movement exert
forces that are transmitted through the body to the
feet and are opposed by the ground. Different
substrates provide different amounts of reaction
force, so ice or sand substantially alter movement

capabilities.
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Second, uncertain conditions are usually
accommodated by stiffening the joints through
concurrent activation of the muscles that produce
force in opposite directions. Coactivation of opposing
muscles occurs often when a support surface is
unsteady, when the body might experience an
unexpected perturbation, or when lifting a heavy
load. Because coactivation increases the energetic
cost of performing a task, one characteristic of skilled
performance is the ability to accomplish a task with
minimal activation of muscles that span associated

joints.
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Muscle Work Depends on the Pattern of

Activation
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Limb muscles in healthy young adults are active 10%
to 20% of the time during waking hours. For much of
this time the muscles perform constant-length
(isometric) contractions to maintain a variety of static
body postures. In contrast, muscle length has to
change during a movement so that the muscle can
perform work to displace body segments. A muscle
performs positive work and produces power during a
shortening contraction, whereas it performs negative
work and absorbs power during a lengthening
contraction. The capacity of muscle to do positive
work establishes performance capabilities, such as

the maximal height that can be jumped.
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The nervous system enhances the work capacity
of muscle by commanding a brief period of negative
work before positive work. This activation sequence,
the stretch-shorten cycle, occurs in many movements.
When a person jumps in place on two feet, for
example, the support phase involves an initial stretch
and subsequent shortening of the ankle extensor and
knee extensor muscles (Figure 34-16A). The forces in
the Achilles and patellar tendons increase during the
stretch and reach a maximum at the onset of the
shortening phase. As a result, the muscles can
perform more positive work and produce more power

during the shortening contraction (Figure 34-16B).
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Figure 34-16 An initial phase of negative work
enhances subsequent positive work performed by the
muscle. (Reproduced, with permission, from Finni,

Komi, and Lepola 2000 and from Gregor et al. 1988.)
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A. The force in the Achilles tendon and patellar
tendon vary during the ground-contact phase of two-
legged hopping. The feet contact the ground at
touchdown (TD) and leave the ground at toe-off
(TO). For approximately the first half of the
movement the quadriceps and triceps sure muscles
lengthen, performing negative work (negative
velocity). The muscles perform positive work when

they shorten (positive velocity).
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B. The force exerted by the soleus muscle of a cat
running at moderate speed varies from the instant the
paw touches the ground (TD) until it leaves the
ground (TO). The force exerted by the muscle during
the shortening contraction is greater than the peak
forces measured when the muscle contracts
maximally against various constant loads (isotonic
loading). Negative velocity reflects a lengthening
contraction in the soles muscle. The power produced
by the soleus muscle of the cat during running is
greater than that produced in an isolated-muscle
experiment (dashed line). The phase of negative
power corresponds to the lengthening contraction just
after the paw is placed on the ground (TD), when the
muscle performs negative work. Although negative
work involves an increase in the length of the muscle,
the length of the fascicles in the muscle often remains
relatively constant, which indicates that the
connective-tissue structures are stretched prior to the

shortening contraction.
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Thus the capacity of the muscle to perform more
positive work comes from strain energy that can be
stored in the tendon during the stretch phase and
released during the subsequent shortening phase. The
ability of a muscle to benefit from this strategy
depends on its morphological characteristics and is

greatest in muscles with long tendons.
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An Overall View
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Movement involves the coordinated interaction of the
nervous system and muscle. The basic functional unit
of motor control is the motor unit, which consists of a
motor neuron and the muscle fibers that it innervates.
The force exerted by a muscle depends in part on the
number and properties of the motor units that are
activated. These properties include contraction speed,
maximal force, and fatigability, all of which can be
altered by physical activity. The rate of firing in each
active motor neuron is also a factor in muscle force.
Motor units tend to be activated in a stereotypical
order that is highly correlated with motor-neuron

size.
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Muscle force depends not only on the
characteristics of motor-unit activity, but also on the
arrangement of the muscle fibers. The sarcomere is
the smallest element of muscle to include a complete
set of contractile proteins. A transient connection
between the contractile proteins myosin and actin,
known as the cross bridge cycle, enables muscle to
exert a force. The organization of the sarcomeres
within a muscle varies substantially and has a major

effect on the contractile properties of the muscle.
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For a given arrangement of sarcomeres, the
force a muscle can exert depends on the activation of
the cross bridges by Ca?*, the amount of overlap
between the thick and thin filaments, and the velocity
of the moving filaments. The functional capability of
a muscle depends on the torque that it can exert,
which is influenced both by its contractile properties
and by the location of its attachments on the skeleton

relative to the joint that it spans.
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To perform a movement the nervous system
activates multiple muscles and controls the torque
exerted about the involved joints. The nervous system
can vary the magnitude and direction of a movement
by altering the amount of motor unit activity, and
hence muscle torque, relative to the load acting on the
body. Increases in movement speed, however, enhance
motion-dependent interactions  between  body
segments, producing unwanted accelerations that must
be controlled by the nervous system. Furthermore, the
nervous system must coordinate the activity of
multiple muscles to provide a mechanical link between
moving body segments and the required support from
the surroundings. The patterns of muscle activity vary
substantially between movements and often include

strategies that augment the work capacity of muscles.
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