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CONTEMPORARY TIS

Based on morphology and function:

Continual, avascular layers of cells with different
functions, oriented to open space, with specific
junctions and minimum of ECM and intercellular
space.

Derivates of all three germ layers

Epithelium

| Cytoskeleton > contraction

Mesoderm - skeletal muscle, myocard, mesenchyme
— smooth muscles

Rarely ectoderm (eg. m. sphincter a m. dilatator pupillae)

Muscle

& Neurons and neuroglia
& Reception and transmission of electric signals
¢ Ectoderm, rarely mesoderm (microglia)

Nerve

Dominant extracellular matrix
Connective tissue, cartilage, bone...
- Mesenchyme

Connective




GENERAL CHA

Hallmarks
= Unique cell architecture
= Excitability and contraction

= Mesodermal origin
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MUSCLE TISSUE

STRIATED SKELETAL
MUSCLE TISSUE



HISTOLOGY OF SKEL

— Composition: muscle cells + connective tissue, blood vessels

— Unique cell architecture — long multinuclear cells — muscle fibers
(rhabdomyocytes)

— Long axis of cells is oriented parallel with direction of contraction

— Specific terminology:
e cell membrane = sarcolemma
e cytoplasm = sarcoplasm
e sER =sarcoplasmic reticulum

e Muscle fiber — microscopic unit of skeletal muscle
e Myofibril = LM unit — myofilaments — unit of muscle fibers
e Myofilaments — filaments of actin and myosin (EM)



STRUCTURE OF
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CONNECTIVE TISS

— Containment Taloh

— Limit of expansion of the muscle \ ——

Endormysium
{betwaen

— Transmission of muscular forces

— Endomysium — around each muscle cell (fiber)

— Perimysium — around and among the primary
bundles of muscle cells

Bane VI fm\"“‘-uu Muscie fibar
L0 {cadl)
— Epimysium — dense irregular collagen c.t., " Perimysum il e
. . . il Biood WSiLIm
continuous with tendons and fascia Fm?‘.&n,; vessel
paTimySium
— Fascia — dense regular collagen c.t. |
-mysiums g S
(connective tissue coats of a skeletal muscle) endomys“lm eplmys"'lm

skeletal muscle fiber

endo - mysium

peri - mysium

epi - mysium
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CONNECTIVE TISS
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STRUCTURE O

— morphological and functional unit: muscle fiber (rhabdomyocyte) — elongated,
cylindrical-shaped, multinucleated cell (syncytium)

— nuclei are located at the periphery (under sarcolemma)
— myofibrils show cross striation
— diameter of muscle fiber: 25-100 um

— length: millimeters - centimeters (up to 15)




CLASSIFICATION OF

e Myosin heavy chain (MHC) type | and II

- distinct metabolic, contractile, and motor-unit propertles

SO NG VAT B o
- ATPase activity B N TN R ‘.'v'-#“"f"’-‘f
* Twitch type RIg Ny 6yl L 2T

- Fast vs. slow

* Fiber color

- Red vs. white

* Myoglobin content
* Glycogen content
* Energy metabolism

* Endurance




CLASSIFICATION OF

Properties

Motor Unit Type

Twitch Speed

Twitch Force

Resistance to fatigue

Glycogen Content
Capillary Supply
Myoglobin

Red Color

Mitochondrial density

Capillary density

Oxidative Enzyme Capacity

Z-Line Width

Alkaline ATPase Activity

Acidic ATPase Activity

Type I fibers

Slow Oxidative (SO)

Slow

Small

High

Low
Rich
High

Dark

High

High

High

Intermediate

Low

High

Type lIA fibers

Fast Oxidative/Glycolytic (FOG)

Fast

Medium

High

High
Rich
High

Dark

High

Intermediate

Intermediate-high

Wide

High

Medium-high

Type lIX fibers

Fast Glycolytic (FG)

Fast

Large

Low

High
Poor
Low

Pale

Low

Low

Low

Narrow

High

Low



ULTRASTRUCTUR

Muscle fiber = myofiber = syncitium = rhabdomyocyte

Muscle fiber — morphological and functional unit of skeletal muscle [J 25 — 100 um]
Myofibrils — compartment of fiber sarcoplasm [ 0.5 — 1.5 um]

Sarcomere — the smallest contractile unit [2.5 um], serial arrangement in myofibrils

Myofilaments — actin and myosin, are organized into sarcomeres [ 8 and 15 nm]

Nucleus

Sarcoplasm
Sarcolemma P

Muscle Fiber i
Filament(s) Thick Filament

(thick pink line)
4

Fascicle One Sacromere Thin Filament
|- | (thin grey line)
| . —
i =
A L — :
L L T m--ﬁj_\
Y Striations e | |
(4 | band Aband Iband
(to next thick filament) (to next thick filament)



ULTRASTRUCTU

Sarcolemma + t-tubules, e e S = T-tubule

=P terminal cisterna
< mitochondria

Sarcoplasm:

Nuclei,

Mitochondria,

Golgi apparatus,
Glycogen (P granules) sarcolemma
Sarcoplasmic reticulum i
(smooth ER) — reservoir of |y |-
Ca2+

Myofibrils (parallel to the

] myofibrils
length of the muscle fiber)

3 2 Triad 4 4 5 tubules + cisternae of sER



MYOFIBRILS

— elongated structures [@ 0.5 — 1.5 u] in sarcoplasm of muscle
fiber oriented in parallel to the length of the fiber,

¥ _Muscle fiber or cell Tra I"ISVEYSE
sections

Myofibril

j Z line
line

(thin filaments)|(thick filament)\ myosin

e e M e e i,

— Actin + myosin myofilaments

— Sarcomere
— Z-line
— M-line and H-zone L .|.
— I-band, A-band ?' ?. ........................
o eee [ Abpand

oo’ Sarcomere



MYOFIBRILS
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SARCOMERE

Sarcolemma

Mitochondrion
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Thin (actin) filament

Thick (myosin) filament

| band A band I band M line
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SARCOMERE

Thick filarments
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SARCOMERE




SARCOPLASMIC
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communicating intracellular cavities around myofibrils, separated from cytosol
terminal cisternae (“junction”) and longitudinal tubules (“L” system).
reservoir of Ca'* ions

T-tubules (“T” system ) are invaginations of sarcoplasm and bring action potential
to terminal cisternae change permeability of membrane for Ca'* ions



SARCOPLASM
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ULTRASTRUCTU

Sarcolemma . J— : e Glial Cell

Sarcoplasm 1
Mitochondria « o _‘ N R R ey Ji ) ,,_" Synaptic Cleft

Motor End
Plate

— Synaptic
esicles

Sarcoplasmi
Reticulum

Terminal =
Cisterna

Transverse
Tubules

Sarcolemma

Myelin
Sheath

OUdo Savalli Motor Meuron



THIN MYOFILAME

 Fibrilar actin (F-actin), (< 7 nm, <1 um)
= Pmﬁlin‘
L ob

G-actin

*ATP-bEnding pocket

Gelsolin *_.-=_--'..- . o . B
>< Cofilin “ L ‘-gﬁ'
o 5 e 8
F-actin m “ ﬂ“" L

Tropomyosin — thin double helix in groove of actin double helix, spans 7 monomers
of G-actin

Positive 48
end

Troponin — complex of 3 globular proteins
« TnT (Troponin T) — binds tropomyosin
« TnC (Troponin C) — binds calcium
* Tnl (Troponin I) inhibits interaction between thick
and thin filaments

Head-to-tail
overlap



THICK MYOFILAME

* Myosin Il
- Large polypeptide, golf stick shape, (& 15 nm, <>1,5 um) actin Light
) . . bindi chains
- Bundles of myosin molecules form thick myofilament TP ot (Li+La)
Heavy - f;:';l:ptﬂr
Light meromyosin
meromyosin (HMM) /
v _ ESRInEe— v (LMM) S-1
L.__L_— e SRR, i N (Globular)
A S-2
1Y — _...__..'_7\'75 . — (Rod-like)
Zh eavy chains
* Nebulin
- 600-900kDa o z
- F-actinu stabilization

* Titin
- >MDa
- Myosin Il stabilization



MYOFILAMENTS ASS

CapZ

~——Titin

— Z-disk

Myosin
head

Relaxed Myosin
tail
d Actin
Contracte filament




MYOFILAMENTS ASSE

— Propagation of action potential (depolarization) via T-tubule (= invagination of
sarcolemma)

— Change of terminal cisternae permeability — releasing of Ca* ions increases their
concentration in sarcoplasm

— Myosin binds actin - sarcomera then shortens by sliding movement — contraction

— Relaxation: repolarization, decreasing of Ca?* ions concentration, inactivation of
binding sites of actin for myosin

The Cross Bridge Cycle. (anly one myosin head is shawn for clarity)

myosin

HiIEE ATE [: j— —— —— ——
“"?333 ) - ! = oo )
hitid _p.

" attac sﬂe s etac rRCOver

: SRR
thin filamert

actin ADP+F ATP

The Rowing Cycle

pull nu push



MECHANISM OF CON

Impulse along motor neuron axon

Depolarization of presynaptic membrane (Na* influx)
Synaptic vesicles fuse with presynaptic membrane
Acetylcholine exocyted to synaptic cleft
Acetylcholine diffuses over synaptic cleft
Acetylcholine binds to receptors in postsynaptic membrane
Depolarization of postsynaptic membrane and sarcolemma (Na* influx)
T-tubules depolarization

Depolarization of terminal cisternae of seR

10. Depolarization of complete sER

11. Release of Ca'"* from sER to sarcoplasm

12. Ca'"* binds TnC

13. Troponin complex changes configuration

14. Tropomyosin removed from actin-myosin binding sites . _ ‘
15. Globular parts of myosin bind to actin | LA
16. ATPase in globular parts of myosin activated
17. Energy generated from ATP—ADP + Pi

18. Movement of globular parts of myosin

19. Actin myofilament drag to the center of sarcomere
20. Sarcomeres contract (H-zone, I-band shorten)

21. Myofibrils contracted

22. Muscle fiber contracted

OO NOUAEWNRE

NEUROMUSCULAR JUNCTION




MECHANISM OF CO

http://highered.mheducation.com/sites/0072495855/student_view0/chapter10/animati
on__breakdown_of atp _and cross-bridge_movement_during_muscle_contraction.html


http://highered.mheducation.com/sites/0072495855/student_view0/chapter10/animation__breakdown_of_atp_and_cross-bridge_movement_during_muscle_contraction.html

Courtesy Dr. Pachernik, Faculty of Science MU
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PROPRIORECEP

Muscle spindles
=S %‘ - change in muscle elongation (stretch)
| I - modified perimysium
s - thin muscle (intrafusal) fibers

- sensory endings
- reflexes, coordination of muscle groups

Tendon
organ

Golgiho tendon organs

- myotendineous junction

- senzory endings synapsed with inhibitory
neurons

- tension, stretch




NEUROMUSCUL

Motor neuron

Action
potential

Axonal terminal

D Sarcolemma
" of the
\nuscle fiber

1 Myelinated axons

2 Neuromuscular junction
3 Capillaries

4 Muscle fiber nucleus

(a)
Myofibrils

Copyright @ 2001 Banjamin Curmmings, an imprnt of Addison Weskay Langiman, Ihe.



NEUROMUSCULAR JUNC




NEUROMUSCUL

Voltage-gated
Ca®* channel

Smooth ER

Membrane is
reclaimed as

'[ clathrin coated
vesicle

Synaptic
vesicle

voliage-galed¥’
Ma* channel

» | CHOLINE

Chaoline
acetyltransferase

@.'

Synaptic
cleft

Acetylcholine
receptors



NEUROMUSCULA

MYASTHENIA GRAVIS
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- _Sodium ions
Acetylcholine | )




Mitochondrion

-— Synaptic cleft

Protein receptor

() Curare | . - . i
() Curare Acetylcholinesterase
@ Na'




NEUROMUSCULA

Botulotoxin

Clostridium botulinum \: )

FOREHEAD
CREASES

FROWN

choling
a {Nl‘hi in
vesicles UNDER EYE

WRINKLES

LIP LINES

CHIN
~ WRINKLES

.~



COSTAMERES

Structural components linking myofibrils to sarcolemma
e Circumferential alignment

* dystrophin-associated glycoprotein (DAG) complex

* links internal cytoskelet to ECM

* Integrity of muscle fiber

Myofibrils

collagen
type IV
merosin
glycoproteins
focal adhesion
cosiamers vinculin
talin
actin
intermediates filaments (]
i . ~ sarcoglycan
il o complex
dystrophin
actin




COSTAMERES

Connective tissue or other myofibres

Sarcolemma
{cell membrane)
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COSTAMERES

a2 &8 Laminin 2

OO0 :
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Extracellular matrix Sarcoglycan M1/l : Dystroglycans
complex
Sarcolemma oLy P jo g
Sarcospan
....‘ M) Syntrophins
Cytoplasm . ;

.... nNOS binding sites
. Dystrophin

a-Dystrobrevin
Actin filaments

Nature Reviews | Genetics



COSTAMERES

. Collagen I, 1LV, 1X, and XI {fibrillar)
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........................................

Cullagen VI
{non-f' bnllar}

Elastin

% ) Tenascin-C
Collagen XV and XVIll R o ooen D Tenssan.
(multiplexing) commeg™ .

Collagen IV

g {nn-fibrillar)

Cnllagen I"u" :
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Collagen XlIl and XVII ()
(transmembrane)
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COSTAMERES

M\MWW
basal lamina
cell membrane

-
TlTlTlTlTlTlTlTlTlTlTlTlTlTlTlTlTlT lT

merosin = laminin -2 (o2, B1, y1)
B1 a7

B o7 |integrin

lTlTlTlTlTlTlTlTlTlTlTlTlTlTl TlTlTlTlTlTlTlTlTlT lTlTlTlTlTlTlTlTl

dystrophin

sg = sarcoglycan
dg = dystroglycan
bg = biglycan

syn = syntrophin

F-actin




COSTAMERES

DUCHENNE MUSCULAR DYSTROPHY

Partially functional Dystrophin protein is produced

e ___‘_‘—h_\_\_\“
- W__I___arge deletion, but reading frame is left int_algyi ?ﬁﬁﬁr

NMD degrades frameshifted transcript

-

Small deletion, but reading frame is changed

Duchenne
{severa)

S

e Lane 1: Becker dystrophy; Dystrophin has reduced abundance but normal size.
Lane 2: Becker dystrophy; Dystrophin has reduced size and abundance.
Lane 3: Normal; Dystrophin has normal size and amount.
Lane 4: Duchenne dystrophy; Almost no protein is present.

http://neuromuscular.wustl.edu/pathol/dmdpath.htm



COSTAMERES

Haalthy tathar  Healthy mathar
=1 ]

M
RN

Xy XX XY Xy
Heatthy son Healthy deuwghter Healthy daughter  Son with Duchanna
(noncarrier]| {carrier) Muscular Dystrophy
(DMD)
0 5 10 15 20 25 30

| |
 Walking problems |

Wheel chair - skeletal deformity

| Very limited use of arms

. Ventilation 24hrs

|
| Ventilation at night |
|
|

| Death

DMD patient age




MUSCLE TISSUE

CARDIAC MUSCLE TISSUE
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HISTOLOGY OF CA

* made up of long branched fiber (cells) — cardiomyocytes,

» cardiomyocytes are cylindrical cells, branched on one or both ends (Y, X
shaped cells),

« sarcoplasm: single nucleus in the center of cell, striated myofibrils, numerous
mitochondria,

 cells are attached to one another by end-to-end junctions — intercalated discs.




HISTOLOGY

chains of cardiomyocytes blood capillary with erythrocytes




HISTOLOGY OF CARDIA
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ULTRASTRUCTURE
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CARDIAC MUSCLE COMP

— no triads, but diads: 1 t-tubule + 1 cisterna

— t-tubules around sarcomeres at Z lines rather than at zone of overlap
— sarcoplasmic reticulum via its tubules contact sarcolemma as well as the t-tubules
— cardiac muscle cells are totally dependent on aerobic metabolism to obtain the energy

— large numbers of mitochondria in sarcoplasm and abundant reserves of myoglobin (to
store oxygen)

— abundant glycogen and lipid inclusions




INTERCALATE

. . intercalated disc Z dise
— fasciae adherentes (adhesion of cells) .
= e (e
— nexus (quick intercellular communication — =l —:"‘Z)E—
. . . L b L
transport of ions, electric impulses, e
information) S
A T —
— ,scalariform” shape of cell ends Eﬁ‘ =—_5d
;':31- s i v. IW e
Nucleus Intercalated discs  Cardiac muscle cell Gap junctions Fasciae adherens | \/ n[ﬂl‘cahtﬂﬂﬂlﬂﬂ
- Z dise CELL2
CELL1 mitachondria
Plasma membranes of adjacent Desmosome

cardiac muscle fibers

Cardiac

muscle cell : E Mitochondrion
Intercalated . [ Nucleus
disc — . -

Mitochondrion
T tubule

Sarcoplasmic
reticulum

Gap junction ‘ Action
Nucleus — - ¥
Sarcolemma—/ e — potential

© Brooks/Cole - Thomson Leaming Intercalated disc

(b}



INTERCALATE

Fascia Desmosome Gap junctions
adherens

Intercalated disc: nexus fascia adherens



MYOFIBRILS IN

e Actin + myosin myofilaments
* Sarcomere

e Z-line

* M-line and H-zone

* |-band, A-band

e T-tubule + 1 cisterna = diad (around Z-line)

Z-disc +——— Sarcomere ——— Z-disc



MYOFIBRILS IN CAR

SARCOLEMMA- T-TUBULE
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SPECIALIZE

B burdle
[bundle of His)

PURKINJE FIBERS

— are located in the inner layer of heart ventricle wall

— are specialized cells fibers that conduct electrical stimuli or
impulses that enables the heart to contract in a coordinated
fashion

w

Leftiright bundle branches

— numerous sodium ion channels and mitochondria, fewer

myofibrils

JaK EV. PURKYNE



http://upload.wikimedia.org/wikipedia/commons/3/31/Purkinje_fibers.jpg

SPECIALIZED

ATRIAL CARDIOMYOCYTES

* Natriuretic peptide A (ANP)
e atrial cardiomyocytes
* vasodilatation, diuresis
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MUSCLE TISSU

BLOOD
VESSELS

h . RESPIRATORY
= TRACT

o et SMOOTH MUSCLE
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UTERUS




SMOOTH MUSCLE TISS

* Cells — leiomyocytes - form layers - eg. in walls of hollow organs

— ;._-——Muscle cell \ 't b \ N I.
AR T Sy a A A AR
Nucleus % \ . s \,.‘ 4
L 1
Smooth muscle cells - e \ A
in cross-section i L LY el ‘ ‘.- h o ‘
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= —_— B
g gy
Longitudinal T .



SMOOTH MUSCLE T

* spindle shaped cells (leiomyocytes) with myofilaments not arranged into myofibrils (no
striation), 1 nucleus in the centre of the cell

* myofilaments form bands throughout the cell

 actin filaments attach to the sarcolemma by focal adhesions or to the dense bodies
substituting Z-lines in sarcoplasm

* sarcoplasmic reticulum forms only tubules, Ca'"* ions are transported to the cell via
pinocytic vesicles

* zonulae occludentes and nexuses connect cells

e calmodulin




CAVEOLS

* caveolae are equivalent to t-tubules
* transmembrane ion channels

Caveoli

Sarcoplasmic
reticulum




CAVEOLS

caveolae of
" endothelial cell
lumen of arteriole (involved in transendothelial transport)
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CONTRACTION

Intermediate
filament

Thick filament
Thin filament

Membrane
dense area

Dense body

Mechanical junction

Relaxed smooth muscle cell :
coupling cells

Gap junction for
electrical and
chemical communication

Contracted smooth muscle cell



INNERVATION

Synapses Nerve fibers

Multiunit Smooth Muscle

Varicosities

Nerve fiber

Single-unit Smooth Muscle



CONTRACTION OF L

© Brooks/Cole - Thomson Learning

Calmodulin ;» Ca®* -calmodulin

Inactive myosin kinase

Active myosin kinase

ADPD

Phosphorylated myosin

ECF Caz : :
Inactive myosin : : ;
[] [] 4 (can bind with actin)
Sarcoplasmic g
3 w
[HacH o Intrace"u'a.r Ca - Smooth muscle Skeletal muscle
concentrations increase
when Ca?* enters cell . .
Ca2 Caz and is released from Muscle excitation Muscle excitation
;J i sarcoplasmic reticulum. l i
K — Rise in cytosolic Ca?* Rise in cytosolic Ca®*
P, Ca?* binds to (mostly from extracellular (entirely from intracellular
Caz* @ calmadulin (CaM). fluid) sarcoplasmic reticulum)
Inactive l -L
MLCK § : T
0 Ca?*—calmodulin Series of biochemical events Rhysical repositioning of
: ! S troponin and tropomyosin
Active activates myosin light
ATP MLCK o chain kinase (MLCK). l l
?’ﬁ : . Uncovering of cross-bridge
= \ Eht?‘?g‘h:’"';ﬂ“?gg? of myeein binding sites on actin in
) . : MLCK Phosr_’howlatfm thin filament
— , —_— light chains in myosin
Inactive myosin Active myosin heads and increases i t
ATPase myosin ATPase activity.
Binding of actin and myosin Binding of actin and myosin
at cross bridges at cross bridges
Actin
Active myosin l l
crossbridges slide
Increased along actin and create Contraction Contraction
muscle musele tension.
© Brooks/Cole - Thomson Learning

tension




SMOOTH MUSC

Inactive state
(light chains not phosphorylated)

4 Myosin light chains

Myosin
heavy chains

Myosin light

chain kinase <;

Active state
(light chains phosphorylate

Actin-binding
site

released



SUMMARY

Hallmark |Skeletalmuscle [ Cardiacmusdle  |Smoothmuscle |
Cells Thick, long, cylindrical, Branched, cylindrical Small, spindle-shaped
non-branched

Nuclei Abundant, peripherally | 1-2, centrally 1, centrally

Filaments ratio 6:1 6:1 12:1

(thin:thick)

sER and Regular sER around Less regular sER, Less regular sER,

myofibrils myofibrils myofibrils less apparent | myofibrils not
developed

T tubules Between A-l band, triads | Z lines, diads Not developed

Motor end plate

Present

Not present

Not present

Motor regulation

Voluntary control

No voluntary control

No voluntary control

Other

Large multinucleated
cells in bundles, c.t.

Intercalated discs,
working and specialized
cardiomyocytes

Caveoli, overlapping
cells in layers




EMBRYONIC DEVELOP
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EMBRYONIC D

Ventrolateral lip

Lo

Mot

1

ochurd

Meural crest

Dorsal medial
lip

TRENDS in Cell Biology




EMBRYONIC DEVEL

Wnt4
Wnt6
G i) SE Wnt7a

Midline

Bmp4

Early somite

Dorsal

Claudal 2 e

Whnt

FGF

Medial Lateral

JCSHY

PERSPECTIVES

Rostral i) Limb bud



LIMB MUSCLES

Head ' Dermomyotome

Forelimb
level

Hindlimb
level

Skeletal muscles

Mesenchymal

differentiation to
constituent tissue

Zone of
proliferation

/

Apical ectodermal
ridge

Zone of
polarisating activity




TRUNK MUSCLES

Wnt4
c ) E Wnt6

Midline

Bmp4

Early somite

Dorsal
B Claudal e
1
W
e Medial : Lateral

1
Rostral = ¥

Ventral

Rostral i) Limb bud

ectoderm Deep back muscles

neural crest

Spinocostal muscles
neural

tube

sclerotome

Surface back muscles: limb origin
®

notochord

Intercostal muscles



TRUNK MUSCLES

Deep intervertebral
Epaxial muscles
muscles

Long muscles of back

Dorsal ramus

Hypaxial of spinal nerve

muscles-

Ventral ramus
of spinal nerve

L

o

M "
e

i e

ZEERE

s
S e

i
Bl

Fi

S
‘«&*

R
&

i
&
i

Three layers
of abdomina
muscles

Rectus
abdominis
muscle




PRUNE BELLY S

*\/ - Vertebral anomalies

 Absence of abdominal muscles «A - Anorectal malformations

. . .- . *C - Cardiovascular anomalies
* Failure of hypaxial spe.uflcatlon. | T - Tracheoesophageal fistula
 VACTERL and aneuploidy association *E - Esophageal atresia

R - Renal (Kidney) and/or radial anomalies
L - Limb defects

Vertical Skin
Septum

hos,

Horizontal

Septum Hypaxial

Muscles

/
Vertebra




EMBRYONIC DEV

"""h")? 7
. Embryonic

‘\progenitors
[ Satellite
AW
-~ stem cells .
NNt .~ Committed
Mo e \ satellite cells
o Y P e . e—
-~ Y
- AY
= -
= ——— ~. Myoblasts
3] = =TT = S~
o] = = L ~
g £ § 2 ~~.  Myocytes
3 s 2 B Early T "7 laie "~~_ Myotubes/myofibers
&8 O £ o differentiation differentiation ™ = —

sa] e

Y

Lineage progression



REGENERATION

Satellite cell Myoblasts fuse
| to form a skeletal
E— muscle fiber

Satellite cell

Muscle fiber

Motor
neuron

Myonucleus

=

Basal lamina
&

Muscle

7G5y

PERSPECTIVES




REGENERATION

Embrionic Satellite cell Myoblast  Myocyte Myotube
Progenitor . .
Quiescent Commited

o0

Pax3*  Pax7* Pax7* -~ 4, Desmin*
Pax7* Myf5* MyoD* MyH*
Myogenin* a-actinin*




DIFFERENTIATI

Adult cells

Genes inserted to
induce reprogramming

iPS cells

Reprogram into
ES like-cells






TISSUE ENGINEERIN

Pacemaker
system

Mesoglea

— =

Swimming muscle
.
D
Er=
& 5
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lellyfish
oS
faanoday

Anisotropic muscle  Lobed bell

Elastomer

Engineered muscle

)

Medusoid
ayous
Auanoday

https://www.nature.com/news/artificial-

https://www.nature.com/articles/nbt.2269 jellyfish-built-from-rat-cells-1.11046
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Nerve tissue

Nerve tissue

Neuron

Synapse

Neuroglia

Nerve

Saltatory signal propagation
Development of nerve tissue
Nerve regeneration

Brno, April 2020



Nerve tissue — general 1

Controls and integrates all body activities within limits that maintain life

Key functions
* sensing changes with sensory receptors
« interpreting and remembering those changes

» reacting to those changes with effectors

W —) ‘

«
JJ‘

Somatic
X
Autonomous (vegetative)



Anatomical organization of nervous system 1

Central nervous system - CNS

Definition:

Unpaired, bilaterally symmetrical
structures extending along the
longitudinal axis of the midsagittal
plane of the body.

Structures arising directly from the
neural tube.

Includes:
. Brain
+ Spinal cord

Peripheral nervous system - PNS

Definition:
Made up of transmission pathways carrying information
between the CNS and external/internal environments.

Afferent (sensory) pathways:
Carry information to the CNS.

Efferent (motor) pathways:
Carry information from the CNS.

Includes:

Cranial nerves (12 pairs)
Spinal nerves (31 pairs)
Peripheral nerves
Ganglia



Anatomical organization of nervous system 2

PERIPHERAL
NERVOUS SYSTEM

GRAY MATTER

Ganglia
Collections of
neuron cell bodies
in the PNS

WHITE MATTER

Nerves
Bundles of axons
in the PNS

RECEPTORS

5 l}/-l/ [ &\\7

Copyright © 2007 Pearson Education, Inc., publishing as Benjamin Cummings

CENTRAL NERVOUS SYSTEM
GRAY MATTER ORGANIZATION

Neural Cortex

Centers

Gray matter on
the surface of
the brain

Nuclei

Collections of
neuron cell bodies
in the CNS; each
center has specific
processing
functions

Collections of
neuron cell bodies
in the interior of
the CNS

Higher Centers

The most complex
centers in the brain

WHITE MATTER ORGANIZATION

Tracts

Columns

Bundles of CNS

axons that share
a common origin,
destination, and
function

Several tracts that
form an anatomically
distinct mass

EFFECTORS

PATHWAYS:

Columns and tracts that connect
the brain with other organs and
systems in the body.

Sensory (ascending) pathway s
Motor (descending) pathway




Nerve tissue — General — Neuron 1

Nervous tissue is made up of just 2 types
of cells:

* Neurons
 Neuroglia - glial cells (supporting cells)

* Neurons are the basic functional units of
nervous tissue.

« They are highly specialized to transmit nerve
impulses.




Neuron 2

1. Perikaryon (neurocyte)

2. Processes:
(one-way signal conduction)

- axon
(always only one; centrifugal conduction)

- dendrit(es)

(centripetal conduction)

— Nucleus

g %mm,ﬁ = "_ﬁ
g e 13
Myelin sheath of X
segment / ; '

Schwann cell  a, 00 illock Nucleolus
Neurolemma of i . ’
Schwann call Mitochondrion
ol MNeurofibril - y
i | Neurofibril
i Nucleus of il
: Schwann cell Cytoplasm
g Myelln sheath
| Cytoplasm of
| | Schwann cell
l Meurolemma of (a) Parts of a motor neuron
I | | Schwann cell

I\, Nucleus \
] {ol Schwann ;k— £ /—Noﬂe of Ranvier
cell b

Axon:

- “—ﬂﬂﬂj— Axoplasm

Axolemma

(b} Sections through a
:.' iy 1 myelinated axon

Cytoplasm of - \ a4 . L
Schwann call  §- A

Axon terminal
Synaptic end bulb



Position: Neuron 3 - Perikaryon
CNS - grey matter

PNS - ganglia
b A S P e R Y
Shape: .3—'3“ neuroglial ﬁfai» ‘&"E‘l

pyramidal, shpherical, ovoid, peer-shaped -, huclei

Size:

51to 150 um

Organelles:

. Nuclues — large + pale + prominent nucleoli

. Nissl substance — rough ER

. Neurofibrils (neurofilaments + neurotubules + actin)
. Lipofuscin pigment clumps

Smooth
endoplasmic
reticulum

.Dendrite

—— Ribosomes

Lysosomes

— Nissl substance

J%

.~ Synaptic vesicle

g -
Golgi / /
Microtubule

Axon /



Neuron 4 - Perikaryon

Nissl substance in TEM

Cell and Tissue Ultrastructure — A Functional Perspective;
1993; Cross and Mercer, Freeman and Co.; Page 127



Neuron 5 - Perikaryon

J

Neurofibril

Silver nitrate




Neuron 6 - Perikaryon

Cilium derived from
unused centriole



Neuron 7 — Neurites / Processes

Dendrites

Collaterals

(axon branching, telodendria)

IIPHERAL
tRVOUS
WSTEM

Axon




Neuron 7 — Neurites / Processes

Dendrites

Conducts impulses towards the cell body

Typically short, highly branched & unmyelinated
Surfaces specialized for contact with other neurons
Contains neurofibrils & Nissl bodies

Receptive surface for synaptic junctions

Contain MAP-2 (distinction from axon)

Tens of thousands of synapses on large dendrites
Dendritic spines located on surface of some dendrites

Spines diminish with age and poor nutrition

Axon (nerve fiber)

1 axon projects from cell body at axon hillock
Axon hillock - pyramid shaped region of the soma that is devoid of RER
Some axons are up to 100 cm

Initial segment = Spike trigger zone (a portion of axon from its origin to
the beginning of myelin sheath)

At spike trigger zone trigger zone summation of excitatory and inhibitory
impulses occurred

Collateral branches, Terminal arbor
Myelinated or Unmyelinated
Conduct impulses away from cell body

Swollen tips called synaptic knob (terminal button) contain synaptic
vesicles filled with neurotransmitters

Cell membrane = axolemma

Cytoplasm = axoplasm

White matter: areas of myelinated axons
Gray matter: areas of unmyelinated axons, cell bodies, and dendrites



Neuron 8 — Neurites / Processes

Neuron in TEM




Neuron 9 — Axonal transport

Why?

many proteins made in soma must be
transported to axon and axon terminal to repair
axolemma, serve as gated ion channel proteins,
as enzymes or neurotransmitters

How?

axonal transport — two-way passage of proteins,

organelles, and other material along an axon

 anterograde transport — movement down the
axon away from soma (dynein)

* retrograde transport — movement up the axon

tawagidhars@sort: 1-5 mm/day
* (kinesin)

» Fast transport: 200-400 mm/day



Nerve tissue — Neuropil 1

All the material filling space
among the bodies of neurons
and glial cells + ECM

WA e Y L

pyramidal cells - impregnation o . SRR
motoneurons — combined method



Nerve tissue — Neuropil 2

Neuropil in TEM




Neuron — Classification 1

According to the number of the processes

Multipolar

several dendrites & one axon
(most common cell type)

[ N

" Trigger zone
——— Axon

T Axon
T~ AN/ terminal

Bipolar

one main dendrite & one axon
(in retina, vestibular and cochlear ganglion)

& 5 AL A q ¥ ¥
b N AN A 2 Y ”
NNV 4
o e WS, | Y ¥ F
% |

W

N/

\ /

}— Dendrite

'[l' Axon
P terminal
A1 N\ /

N

e

Unipolar (pseudounipolar)
one process only
(develop from a bipolar)

(always sensory, in spinal ganglia)

AN W< s

\-z=5="Dendrites
/II.L* Trigger

zone

i Axon
i

"
e N

A " Cell body
e '3 ]
“\\
7 1NN Axon
NN e / terminal




Neuron — Classification 2

According to the function

axon hody

Sensory
Receptors

*

L] *
o .
...........

Effector (Muscle)

Motor (efferent) neurons:
» conduct impulses to
muscles, neurons, glands

Sensory (afferent) neurons:
* receive sensation

Interneurons:
 |local circuit neurons


http://i3dlearning.pbworks.com/Neuron-Discussions

Synapse 1

Definition

Synapses are highly specialized intercellular junctions, which link the neurons of each nervous pathway

e axon

termin
bouto

al
n

microtubule — i neu

synaptic
vesicle

—

— mitochondrion

_ * Axon terminal forms bouton terminal

rofilament

* Presynaptic membrane - contains mitochondria, and an abundance
of synaptic vesicles with neurotransmitter

endosomal

FISmine » Presynaptic dense projections - are associated with synaptic

vesicles form active sites of synapse

surface of
postsynaptic

presynaptic
membrane

membrane

receptor
thickening

postsynaptic
thickening

» Synaptic vesicles (smaller + larger — storage)

5"2@““ » Postsynaptic membrane - contains receptors and some dense
= materials
"{f}j:ﬂ*’;;f“;“ + Synaptic cleft - 20-30 nm width, occupied by fine filaments

» Gilial cells increase synaptic efficacy
dendrite

From Allen and Bamres, Nature 2009

» Asymmetric synapses are excitatory (a thick postsynaptic
membrane and a 30 nm synaptic cleft)

» Symmetric synapses are inhibitory (thin postsynaptic membrane
and a 20 nm synaptic cleft)

» Need special staining to see by light microscopy



Synapse 2

Axon —\\

. Excitatory synapses iilischenddon \ ——
postsynaptic Na+ channels open k";’obp '
influx of Na+ .

_— . Synaptic
depolarizition of membrane of postsynaptic neuron vesicles ™
X Endoplasmic -
reticulum
Inhibitory synapses _

. . Presynaptic .|
postsynaptic Cl- (or other anion) channels open membrane
influx of anions =
hyperpolarizition of membrane of postsynaptic neuron e Postsynaptic Synaptic

membrane cleft

Copyright & 2007 Pearson Education, Inc., publishing as Benjamin Cummings

Neurotransmitters
* Acetylcholine
« Amioacids — gluatamate, glycin, GABA (gamma-amminobutyric acid)
 Monoamines — serotonin, catecholamines, dopamine, adrenaline, ...
* Neuropeptides — enkefalin, somatostatin, neurotensin, ....

 Others — adenosine, nitric oxide



Synapse 3

Dense
Dense presynaptic peg Presynaptic lattice pastsynaptic evtaplasm

Agranular A
endoplasmic Endocytic 4
Mierotubule reticulum vesicle Synaptic
cleft
TERMINAL
AXONAL .
BRANCH Presynaptic
membrane
Postsynaptic
membrane
2T ———pc
A CRE DENDRITIC
et TR SPINE

Mitochondrion

Intramembraneous
protein

Dense-cored
vesicle

Small clear wsr’dz Discharging presynaptic vesicle
TERMINAL BOUTON



ynapse 4

Synapse in TEM

AR




Synapse 5

Classification according to the constitution

Spine
apparatus

Axodendritic
Axosomatic
e Axoaxonic
N
288 _Y Ny
. :
o sz; /rf/ ¢ \‘-\"\
axo-dendritic | s VLY
[ I." |'l|l ,r'} ,.'/ \'. 4
L)\
R e -'_" | e I|
R . = T ) i # b
_ e j:._ s \\axo somatic serial ||
. N.Ote' fe 5 ; N axo-axonic | |
Neuromuscular junction — synapse between e
neuron and effector muscle fibre X 1 AT o~ ey
Bl __.x"__ ';‘/ dX0=-axanic (v "x,\ \
o . T il TR " ~J



Synapse 7

o
S 3

& _— One neuron may have

1 000 to 10 000 synapses !!!



Neuroglia

General features

non-neuronal cells of several types
support and protect the neurons
bind neurons together and form framework for nervous tissue
in fetus, guide migrating neurons to their destination
if mature neuron is not in synaptic contact with another neuron it is covere
prevents neurons from touching each other
gives precision to conduction pathways

' ~ ' 3pecial staining

Only nucl( Number of neurons: about 100 billions to 1 trillion
* there are Number of glial cells: 50x more then neurons

= .t _"p_n_ " _ "« _ Y N .

Central neuroglia _ _
Peripheral neuroglia

« Astrocytes [:::]
» Oligodendrocytes « Schwann cels

* Microglia « Satelite cells
 Ependymal cells



v
v

Neuroglia - Astrocytes

perivascular

most abundant glial cell in CNS
covers entire brain surface and most
non-synaptic regions of the neurons in
the gray matter of the CNS

diverse functions:
form a supportive framework of nervous tissue
have extensions (perivascular feet) that contact
blood capillaries that stimulate them to form a
tight seal called the blood-brain barrier
convert blood glucose to lactate and supply this
to the neurons for nourishment
nerve growth factors secreted by astrocytes
promote neuron growth and synapse formation
communicate electrically with neurons and may
influence synaptic signaling
regulate chemical composition of tissue fluid by
absorbing excess neurotransmitters and ions
astrocytosis or sclerosis — when neuron is
damaged, astrocytes form hardened scar tissue
and fill space formerly occupied by the neuron
contains GFAP

feet

(D

myelin
sheath

perineural
feet

Membrana limitans gliae...

...superficialis

...perivascularis



Neuroglia - Astrocytes

Blood Perivascular
vessel foot

Protoplasmic Fibrous
astrocyte astrocyte

protoplasmic astrocyte fibrous astrocyte

(predominant in grey matter) (predominant in white matter)



Neuroglia - Oligodendrocytes

v smaller than astrocytes; darker, round nucleus, abundant RER, well developed golgi apparatus

v' form myelin sheaths in CNS

v one cell serves more then one axon

v cannot migrate around axons (unlike Schwann cells) must push newer layers of myelin under the
older ones so myelination spirals inward toward nerve fiber

v nerve fibers in CNS have no Schwann sheath (neurilemma) or endoneurium

v each arm-like process wraps around a nerve fiber forming an insulating layer that speeds up signal

conduction
v' damaged in multiple sclerosis

—ﬁ— Nerve fibers

Myelin sheath

Process of
oligodendrocyte

aligedendrocyte oell body




v
v
v
v
v

Neuroglia - Microglia

smallest neuroglial cell
small, dark, elongated nuclei
possess phagocytotic properties

when activated — antigen presenting cell

originate in bone marrow (mesodermal origin)



Neuroglia — Ependymal cells

AN NN

line ventricles of CNS and central canal of spinal cord
cuboidal or low columnar shape

no basal lamina

secrete cerebrospinal fluid (CSF)

some are ciliated, facilitate movement of CSF

participate in formation of Choroid plexus




Neuroglia — Central - Summary

u s

Capiﬁary oty
é 0 2
e '
—
Astrocyte ~y
Oligodendrocyte
l'v/
@ - g
- ~
Perivascular feet — — < : : 4 Myelinated axon
@ i /
@
0 /

/"

fb, 2
Cerebrospinal fluid \N“ O

Myelin (cut)

Microglia

o O

Copyright © The McGraw-Hill Companies, Inc. Permission required for reproduction or display.



Neuroglia in PNS — Schwann cells 1

« cells that encircle all axons in PNS
« provide structural and metabolic support to axons
« provide guidance for axonal growth

Small diameter axons Large diameter axons
Enveloping by only cytoplasm Wrapping by myelin sheaths

Schwann cell

X Mesaxon —2
;

Basal lamina

Schwann cell

Axons

only Schwann sheath — gray nerve fiber Schwann + myelin sheath— double contoured nerve fiber



Neuroglia in PNS — Schwann cells 2

Copyright £ The MoGraw-Hill Companies, Inc. Permission reguired for repreduction or display.

Schwann
cell cytoplasm
Myelin
Sh =101

Myelinated
axon

Basal
lamina

Neurilemma

Unmyelinated
axon




Neuroglia in PNS — Schwann cells 3

Small diameter axons :> Non-myelinated fibers

(typical for autonomous nerve system)

only Schwann sheath — gray nerve fiber

on-myelinated
axons

nucleus
Schwann cell

One Schwann cell can ensheath multiple axons




Neuroglia in PNS — Schwann cells 4

Large diameter axons :> Myelinated fibers

Myelination
» begins 14th week of development
* proceeds rapidly during infancy
i » completed in adolescence

miyelin

cytoplasm

mesgaxon

? g major dense
Mmesaxan

lirz

Myelin sheath

Mesaxon




Neuroglia in PNS — Schwann cells 5

Schwann sheath
Double contoured nerve fiber |:> + = Neurilemma

Myelin sheath




Neuroglia in PNS — Schwann cells 6

Myelin sheath is segmented = Many Schwann cells are needed to cover one nerve fibre

Internode
200 — 1500 pm
Schwann cell Node of Ranvier S
@ ;"Schmidt- ", j;’?»l‘o;e. of %
", Lanterman clefts ,* +, Ranvier &'

VA

—_—— 1
““_.--'F ---.f...
¢ Schmidt-Lanterman cleft = Schwann cell cytoplasm

1

Schmidt-Lanterman clefts

- Schwann cell cytoplasm trapped within the lamellae of myelin



Neuroglia in PNS — Schwann cells 7

Axon

Nodes of
Ranvier

Myelin sheath
Axon

Schmidt-Lanterman clefts



Neuroglia — Functional effect of myelination

Signal propagation

Non-myelinated axons — slow (0.5 — 2 m/s)

Myelinated axons — fast (15 — 20 m/s)

Propagation

PR A A A T K T O

+++++++ A A F A+

Propagation

Saltatory (salta=jump)




Peripheral nerve — Organization 1

Consists of 100’s to 100,000’s of myelinated and unmyelinated
axons (nerve fibers).
. Axon Connective tissue layers
. Neurilemma composing nerves:

 Endoneurium - surrounds

Epineurium

Fascicle

Blood
vessels

(b} .
Copyrighl 2001 Banjamin Curmmings, an imprnl of Addison Wesley Longman, Inc.

Copyright © 2008 Pearson Educaton, Inc.
jpubkshing as Benjfamin Cummings.



Peripheral nerve — Organization 2

endoneurium

epineurium

perineurium



Peripheral nerve — Organization 3

£
S
=
S
o
c
®)]
g,
c
)

Axony s
myelinovou
pochvou



Nerve tissue — Development 1

Gastrulation
Formation of the three germ layers

| Epiblast
- Mesoderm

- Endoderm

Ectoderm: outside, surrounds other layers later
in development, generates skin and
nervous tissue.

Mesoderm: middle layer, generates most of the
muscle, blood and connective tissues of

e o

the body and placenta.

Endoderm: eventually most interior of embryo,
generates the epithelial lining and
associated glands of the gut, lung, and
urogenital tracts.

Epiblast

Endoderm
16 days |

Schoenwolf et al: Larsen's Human Embryology, 4th Edition.
Copyright © 2008 by Churchill Livingstone, an imprint of Elsevier, Inc. All rights reserved



Nerve tissue — Development 2

Neural Induction

In addition to patterning the forming mesoderm, the primitive node also sets up the neural plate

Prechordal

g Oropharyngeal 1
Oropharyngeal P O . Neura.l..""'- membrane 1
membrane (o] 2 plate ¢ Prechordal é) D '
» Do
" Neural
1 -, groove —£
l:'fi""i“"e“’:// ' Regressing
“,..streak “..' 15 Days prlmltwe
""""" J ¢ streak
B Notochord
Prechordal
@ TCloacal plate .,
peus " Neural =
19 Days _fold
Neural plate Réij?é's'é'ing !
primitive \
¥ streak .
Notochordal Egcr;'gllve * |
process o "o . \
/ ..... Cloacal plate - ———
Primitive 20-21 Days
streak
18 Days

~7'=== Auman Embryology and Developmental Biology, 4th Edition.
Copyright © 2009 by Mosby, an imprint of Elsevier, Inc. All rights reserved.

4 N

Endoderm + Mesoderm

BMP-4

Ectoderm to Skin

\_ /
X

/ Primitive node \

noggin
chordin
follistatin

BMP-4 antagonists

victoderm to Nerve tissue J




Nerve tissue — Development 3

Neurulation
Folding and closure of the neural plate

_ Neural fold

* neural folds close

Median
hinge

* neural crest delaminates and migrates away

* closure happens first in middle of the tube
and then zips rostrally and caudally

* anterior neuropore closes around day 25

Median * posterior neuropore closes around day 28
inge point
Neural crest

Lo J Cut edge of amnion

i
‘—;L Posterior neuropore

C 23 days

Copyright & 905ttt | Health | Lippincott Williams & Wilki



Nerve tissue — Development 4

The early neural tube is a pseudostratified epithelium

* The “apical” portion abuts the central canal
* The “basal” portion abuts the surrounding tissue (e.g. somites, notochord, etc.).

»  Cell division occurs in the apical portion.

Ectoderm Neural

‘ :\‘ ‘,"
S X External
T ~ limiting
SR membrane
=Sl . (basement ;
2o . membrane) s
oe| =
Neural "‘“‘:"f’éfﬂ%‘*@f@@? / N
tube SEEEETS Dividing s Intermitotic ™,
i neuroepithelial ; i neuroepithelial :
Notochord ~.._cell -, cell

Carlson: Htrman Embryology an@_pe@éiupmental Biology, 4th Eﬁ:liti.c.;n_ Lt
Copyright @ 2009 by Moaly,"8h imprint of Elsevier, Inc. All rights résemed. ... .o



Nerve tissue — Development 5

Neural crest
the “4t germ layer”

Dorsal
root ganglion

Neural crest

Sympathetic
ganglion

Developing |
suprarenal ——_
gland |

Urogenital
ridge

Copyright @ 2010 Wolters Kluwer Health | Lippincett Williams & Wilkins

Signals from:
* Mesoderm
« Adjacent skin
eural pl

Neural crest cells

Down-regulate cadherin
Delaminate from
neuroepithelium

Transform into migratory
mesenchymal cells

Give rise to many cell types



Nerve tissue — Development 5

Neural crest derivatives

Non-NC
derivatives

I“ccc-‘...c.---..---..--.---c.---..-l-ooo mood‘mssms

I A 20 (Smooth
& LA ) muscles)
() []
Peripheral nervous system : | 8
ammnt® o : oooooooooo
EEEEEEE g . :
Sympathetic <cac)oc;ocu:)c)oooO '
ganglia . .
(Adrenal medulla) °°°> s
3 .
Sc::v"asnn o SREEE - Bone marrow
L ]
_ Sensory neurons [°°9] (Glia) .
Cephalic NC .
Cartilage - :
Bone : - .
Smooth muscles Parasympathetic o .
i [}
Connective tissues ganglia § :
oooooooooooooooooooooooo bs
Melanocytes .

[
00000000000000 KR

i i i Mesenter
Enterlc gang“a QOOOOOOOOOOOOOOOOO y



Nerve tissue regeneration - CNS

Stem / progenitor cells resiging in some areas of adult brain

Life-long plasticity of CNS

» Sprouting new dendrites D
» Synthesis of new proteins
» Changes of synaptic contacts
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Nerve tissue regeneration - PNS

Axons and dendrites may be repaired if:
* Neuron cell body remains intact
» Schwann cels remains active and form tube

- QA'\F +:f\f‘l 1/ AAI\I‘ Hl-j' £ o L B L
F e
. <
‘.-IJ ''''' L. b,
- Injury ko 2K
- .
v v;
ol
| @
L =
AGS S msy o =

Breakdown of axon
Breakdown of myelin sheath

c 3 weeks

Schwann cells divide

Axon begins to grow

(1.5 mm/day)

Navigaion by Schwann cells
Collaterals will die
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Thank you for your attention !

Questions and comments at:
ahampl@med.muni.cz



THANK YOU FOR ATTENTION

pvanhara@med.muni.cz

http://www.med.muni.cz/histology




