Fisica do Corpo Humano
(4300325)

Prof. Adriano Mesquita Alencar
Dep. Fisica Geral
Instituto de Fisica da USP

Co03

Eletricidade
Aula l6e |7




Essential
Neurosc

NEURONIO

Conceitos Fundamentais de Neura

Allan Siegel
Hreday . Sapru

PHYSICAL BIOLOGY
OF THE CELL



Cargas Eletricas

Table 12.2. The molar conductance at infinite dilution Ao ; for different ions. (Using
data from [596])

ion Api (1/ohm-m-M)
HT 34.9
OH™ 19.8
Na™ 5.0
Cl™ 7.6

Table 12.3. Ionic concentrations in blood and cell cytoplasm of unbound ions.
(Using data from [597])

ion blood cytoplasm ratio
concentration concentration
Na™ 145 mM 12 mM 12:1
Kt 4 mM 140 mM 1:35
HT 40 nM 100 nM 1:2.5
Mg?™* 1.5mM 0.8 mM 1.9:1
Ca?™ 1.8 mM 100 nM 18:1
Cl™ 115 mM 4 mM 29:1

HCOg 25 mM 10 mM 2.5:1
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Table 12.4. Low frequency resistivity of some body tissues, in ohm-m ({2-m). (Using
data from [567, 573, 586])

tissue resistivity
cerebrospinal fluid 0.650
blood plasma 0.7
whole blood 1.6 (Het = 45%)
skeletal muscle

— longitudinal 1.25-3.45
— transverse 6.75—-18.0
liver 7
lung

— inspired 17.0

— expired 8.0
neural tissue (as in brain)

— gray matter 2.8

— white matter 6.8
fat 20
bone >40
skin

— wet 10°

—dry 107
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Tissue Resistivity [Q2m]
Blood 1.6
Hearnt muscle 2.5 (parallel to fibers)

5.6 (normal to fibers)
Skeletal muscle 1.9 (parallel to fibers)

13.2 (normal to fibers)

7]  Lungs 20
[ ] Fat 25
78  Bone 177

Fig. 12.6. Cross-section of the thorax, with the electrical resistivity of six types of
tissues. (From [586]. Used with permission)
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Neuronios sao células especializadas, eletricamente
excitaveis, que processam e transmitem informacao via
sinais elétricos e quimicos

Central nervous system Peripheral nervous system
Gray matter White matter
Nucleus | \ !//
ucleu
,- Axon Impulse —»
"/0\ anemtm M RGN e Y
- ¢4 > INode of /
| 2 ~1 mm| oUe 0 Synapse
/ Satellite Ranvier Schwanncells  (yith axon
. cells (myelin sheath terminals)
\/ surrounding the axon)
Dendrites

Fig. 12.7. Structure of a neuron. (From [592])
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Schwann cell Myelin

>

Fig. 12.8. The successive wrapping of Schwann cells about the axon of a neuron to
form the myelin sheath of a myelinated nerve. (From [592])

* Axonios sem mielina nao tem protegao em torno deles
* Essas protegoes sao formadas por celulas de Schwann
que enrolam os axonios

* Aproximadamente 2/3 das fibras de axonios no corpo
nao possuem Myelin

Dado umraio R |R[um] = 0.05 — 0.6um , v = 1.8\/R[um]m/s
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Schwann cell Myelin

>

Fig. 12.8. The successive wrapping of Schwann cells about the axon of a neuron to
form the myelin sheath of a myelinated nerve. (From [592])

* Axonios com Myelin sao mais grossos devido essa
protecao, de raio b

Rlpum| =0.5—10um, v =12(R + b)|um| = 17(R|um])m/s

R[pum] = 0.05 — 0.6um , v = 1.8y/R[um]m/s Sem Myelin
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e Mielina € um dielétrico (isolante)

* Comecga a ser produzido na decima quarta semana fetal

* O processo de Mielinagao € intenso na infancia e
continua ate a adolescencia

* Mielina e tipico nos animais vertebrados

* Mielina € branco e a gordura ajuda a isolar eletricamente
os axonios dos atomos e moleculas carregadas.

* Mielina faz parte do desenvolvimento infantil, conduzindo
uma evolugao rapida das criangas

* A fungao principal € aumentar a velocidade de
propagac¢ao dos impulsos nervosos.

* Mielina funciona como um duto onde fibras perifericas de
axonio pode se regenerar.



Message moves quickly (~400km/h)

Normal nerve - myelin sheath is intact

Onda propaga em saltos

s Message moves slowly (~4km/h)

Damaged nerve - myelin sheath is damaged or destroyed

Onda continua
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Saltatory conduction:

Nerve impulse propagation
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Alem de aumentar a velocidade do impulso
nervoso, a bainha de mielina ajuda a reduzir o
gasto de energia na zona de despolarizagao e,

consequentemente, a quantidade de ions de

sodio / potassio, que necessitam de ser
bombeados para trazer a concentragao de
volta ao normal, € diminuida.
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* Neurédnios aferentes (ou sensoriais): sinais nos axonios
seguem das zonas sensitivas para a espinha dorsal. Eles sao
afetados pelas condigoes externas - |0 milhoes deles.

* Neurdnios eferentes (ou motores): sinais nos axonios
seguem do cerebro para as zonas motoras - 0.5 milhoes.

* |00 bilhoes de neunonios no cerebro com |00 trilhoes
de sinapses.

There are approximately 1 — 2 x 10° optical nerves from the 1 — 2 x 10®
rods and cones in our eyes, 20,000 nerves from the 30,000 hair cells in our
ears, 2,000 nerves from the 107 smell cells in our noses, 2,000 nerves from the
10% taste sensing cells in our tongues, 10,000 nerves from the 500,000 touch-
sensitive cells throughout our body, and many (but an uncertain number of)
nerves from the 3 x 10° pain cells throughout our body.



Inside axon Membrane Extracellular fluid

' n,/n,
[Na*] = 145 9.7
[K*]1=5 0.03
[Misct] =5
[CI]=125 13.9
[Misc] = 30 0.2
V=0mV

Charge neutrality

Fig. 12.9. Ion concentrations (in mmol/L) in a typical mammalian axon nerve

cell (ni) and in the extracellular fluid surrounding it (n.), and their ratios (ni/no).
(Based on [581])
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__+401%
>
£ +20
©
% X Resti tential
S esting potentia
g -20 ~-70 mV
O _40 Repolarization
- . .
© / Hyperpolarization
g - 60 yas
% - 80 K N
Depolarization
>
Time (msec)

Fig. 12.10. The membrane resting potential of —70mV (inside the membrane rel-
ative to the always fixed 0 mV outside) — the polarized state, along with potential
disturbances showing depolarization (voltage increases from the resting potential
value), repolarization (returns to the resting potential), and hyperpolarization (de-
creases from the resting potential)




[Na*] = 145 9.7

[K*]=5 0.03

[Misc*] =5

[CI]=125 13.9

[Misc] = 30 0.2
V=0mV

Charge neutrality

Inside axon Membrane Extracellular fluid

\

Large net diffusion of K* out of cell

Small net diffusion of Na* into cell

3Na*

V=0mV
Charge neutrality

Fig. 12.11. Mechanisms for ion flow across a polarized cell membrane that deter-
mine the resting membrane potential
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Fig. 12.14. The (subthreshold) graded potentials and (above threshold) action
potentials
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(U )
* Potencial graded: sao pequenas perturbagoes no

potencial da membrana devido a adesao de
neurotransmissores, estimulo sensorial - depolarizagao ou
hiperpolarizagao.

* Potencial de a¢ao: grande depolarizagao de
aproximadamente |5 a 20 mV, levando a membrana acima
de um limiar aproximadamente -55mV.

* Nesse limiar; a membrana abre permitindo a entrada de
Na+ durante | 2 5 ms

* Com o potencial alto, estimula a saida de K+ da celula
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Os periodos refratarios relativos tornam possivel codificar a
informacgao através da conversao da intensidade de um estimulo para
a frequencia dos potenciais de agao. Um suprathreshold de gradded
potential pode produzir um numero maior de potenciais de agao
dentro de um determinado periodo de tempo que estimulos
menores.
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Fig. 12.15. The depolarization and repolarization of cardiac muscle, along with the
flows of Nat, Ca®", and KT ions. The inward flux of Na™ and Ca®" increases the
potential and the outward flux of K™ decreases it. (Based on [585])
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Fig. 12.16. The flow of ions across the membrane during action potential propa-
gation (a) at a given time and (b) at a later time
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Table 12.5. Typical parameters for unmyelinated and myelinated nerves. (From

570, 571, 581])

unmyelinated myelinated

axon inner radius (m)
membrane /myelin thickness (m)

axoplasm resistivity (ohm-m) o .

membrane dielectric constant (s/ohm-m) KEQ 6.20 x 10~ 6.20 x 10~

membrane /myelin resistivity (ohm-m) Pm 107 107

resistance per unit length of fluid® r 6.37 x 10° 6.37 x 10°
(ohm/m)

conductivity /length axon membrane

(mho/m)
capacitance/length axon (F/m)

“Fluid both inside and outside the axon.
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(U )

Resistencia dentro do axonio sem myelin por unidade de

comprimento:

Oi 0.5 ohm-m 9 5
i = = = 6.4 x 107 oh = 6.4 x 10° oh :
= (5 % 100 m)? ohm /m ohm /um

Para a membrana:

 Pm 1.6 x 10" ohm-m
- 2mab 27(5x 1075 m)(6 x 107 m)

= 8 x 10" ohm/m = 8 x 10" ohm/um,

T'm

Capacitancia na membrana do axonio sem myelin por
unidade de area:

Cparallel plates — Uparallel plates/Laf — KJEO/b
= (6.20 x 10~ **s/ohm-m)/6 x 10™” m
— 0.01 F/m>.
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Fig. 12.17. Distributed circuit model of an axon, with resistance inside the axon
ri, membrane resistance r,, and capacitance cy,, and resistance outside the axon r,,

each per unit length
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Table 12.5. Typical parameters for unmyelinated and myelinated nerves. (From
570, 571, 581])

unmyelinated myelinated
axon inner radius (m) a 5x 107° 5x 107°
membrane/myelin thickness (m) b 6 x 107 2 x 107°
axoplasm resistivity (ohm-m) Pi 1.1 1.1
membrane dielectric constant (s/ohm-m) KEQ 6.20 x 10~ 6.20 x 10~
membrane/myelin resistivity (ohm-m) Pm 10” 107
resistance per unit length of fluid® r 6.37 x 10° 6.37 x 10°
(ohm/m)
conductivity /length axon membrane Jm 1.25 x 10* 3 x 1077
(mho/m)
capacitance/length axon (F/m) Cm 3 x 1077 8 x 1071

“Fluid both inside and outside the axon.
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Signal propagation Signal propagation

< >
0.25m| 0.15m 0.25mI
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i,

Recording Val s Stimulus /7
electrode Stimulus 1 Recording Recording
Stlmulus 2
l l l electrode 1 electrode 2
~1 mVI ~1 mVI \/\ﬁ *
4. O msec 7 msec j/\/_
< > t —»
8 0 msec 7.0 msec
(a) Motor nerve (b) Sensory nerve

Fig. 12.22. Measuring the conduction speed along the lower arm and hand of (a)
a motor nerve and (b) a sensory nerve, along with associated EMG signals. The

conduction speed of the motor nerve in (a) is 62.5m/s, and the conduction speed of
the sensory nerve in (b) is 58.1 m/s (see Problem 12.18). (Based on [568])
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Fig. 12.25. In one mechanism for hair cell response, the hair bundle moves to- 8 E
ward the kinocilium (hair with the bead) opening channels that are permeable to 8_ 2 :
Na™ (which is depolarization), as shown in (b). Resting activity is seen in (a) and 3 .

hyperpolarization in (c). (From [593]) a4 ) R /
!
|
2 [ !

I | | I I
Fig. 12.26. Membrane potential vs. hair displacement (in position and angle). -20 -10 0 10 20

Positive displacements are toward the kinocilium. (Based on [574, 583]) Displacement (um)
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Turning motion of the head

——
Hyperpolarization Depolarization of
of hair cells hair cells
4
A Ampulla —7

Movement of fluid

Fig. 12.27. The sense of balance is seen by examining the pair of horizontal semicir-
cular canals, by looking at the head from above. When you turn your head clockwise
there is counterclockwise motion of the cochlear fluid that depolarizes the hair cells
in the semicircular canal in the right ear and hyperpolarizes them in the left ear.

(Based on [574])




