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Sensory Physiology

® Information from periphery to CNS
(Afferent=input)
--External environment: Sensory
--Internal environment: Visceral afferent

® Sensory Systems
1. Somatosensory system (General senses)
--Somatic — sensations of the skin
--Proprioception — perception of limb and
body positions
2. Special senses: Vision, Hearing, Equilibrium,
Taste and Smell




Fallibility of Perception

Conscious Interpretation of External World
TEGL)RZF BET

¢
¢ J

(a) (b) (c)
Do you see a Are the sides of the Duck or rabbit ?
square ? square straight ?




Sensory Receptors

To central
nervous system

T

Direction
Afferent of action
neuron potential
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To central
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gated
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for transmitter \ Transmitter

(promotes
Sensory —— transmitter
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cell j
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Specialized nerve ending or separate cell
that detects a sensory stimulus



Sensory Receptor Characteristics

Receptor class
Photoreceptors

Chemoreceptors

Thermoreceptors
Warm receptors
Cold receptors

Mechanoreceptors
Baroreceptors
Osmoreceptors

Hair cells

Sensation/visceral information
Vision

Taste

Smell

Pain

Blood oxygen

Blood pH

Warmth
Cold

Blood pressure
Osmolarity of extracellular fluid
Sound

Balance and equilibrium

Modality

Photons of light

Chemicals dissolved in saliva
Chemicals dissolved in mucus
Chemicals in extracellular fluid
Oxygen dissolved in plasma

Free hydrogen ions in plasma

Increase in temperatures between 30°C and 43°C

Decrease in temperatures between 35°C and 20°C

Stretch of specific blood vessel walls
Swelling (stretch) of receptor cells
Sound waves

Acceleration

»Nociceptors: Pain receptors that depolarize when tissues are damaged
--Stimuli can include heat, cold, pressure, or chemicals
--Glutamate and substance P are the main neurotransmitters
--Perception of pain can be enhanced by emotions and expectations
--Pain reduction depends on endogenous opioids




Slow vs. Fast Adaptation

Receptor
potential (mV)

Receptor
potential (mV)

Stimulus
strength
o

4 Time ¥

Stimulus Stimulus
on off

(a) Slowly adapting receptors
Tonic receptor

Off
response

Stimulus
strength
o

+ Time +

Stimulus Stimulus
on off

(b) Rapidly adapting receptors
Phasic receptor




General Sensory Pathway
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Cortical Sensory Areas

Vestibular 1-3 area
cortex Somatosensory

Gustatory
cortex (taste)

43 area

Olfactory cortex
28 area

Auditory cortex \
42,43 area



Somatosensory System

=General Senses

® Somatic Sensations

1. Somesthetic sensations (R % g %)
--Associated with skin

2. Proprioception (» ¥#=% 4 g ¥) = Proprioception
--Awareness of body’s position in space
® Somatosensory Receptors
1. Mechanoreceptors
2. Thermoreceptors
3. Nociceptors

10%

‘
20% g




Types of Skin Receptors

Receptor class

Mechanoreceptors

Thermoreceptors

Nociceptors

Type

Free nerve ending
Merkel’s disk 24 X
Pacinian

corpuscle

Meissner’s

corpuscle

Hair follicle

receptor

Ruffini's ending ﬁ%, X
Warm receptors

(free nerve endings)
Cold receptors
=Krause=$ =
Mechanical

(free nerve endings)

Thermal (free nerve
endings)
Polymodal (free
nerve endings)

Associated
afferent type

A-delta, C
A-beta
A-beta

A-beta

A-beta

A-beta
C

A-delta

A-delta

A-delta

Location
Superficial, all skin
Superficial, all skin

Deep, all skin

Superficial,
glabrous skin

Superficial,
hairy skin
Deep, hairy skin
Superficial,
all skin
Superficial,
all skin
Superficial,
all skin
Superficial,
all skin
Superficial,
all skin

Receptive
field size

Small
Small

Large

Small

Small

Large
Small

Small

Large

Small

Large

Adaptation
Slow

Slow

Rapid

Rapid

Rapid

Slow
Rapid

Rapid

Slow

Rapid

Slow

Modality
Light touch

Pressure

Vibration faSt

Vibration S|OQW

Bending of hair

Pressure \Warmth
Increase in

skin temperature
Decrease in skin
temperature
Intense mechani-
cal stimulus
Intense hot or
cold stimulus
Intense mechani-
cal or thermal
stimulus; specific
chemicals

—

Receptive field = # - g ¥ Rt

R gy TN B



Mechanoreceptors of SKin

HairyI skin

Glabrolus skin

— Epidermis
— Dermis
-
== [~ Hypodermis

Pacinian corpuscle

Meissner’s corpuscle

s Ruffini’s ending
Hair follicle receptor Free nerve ending



Thermoreceptor Responses

EZ Cold
»Free nerve endings
w /._
Pain: <10C & >45C % Warm
30-43C g

— Warm /

Frequency of action potentials (Hz)

o

20-35C s

e

Cold 2

e

[«}]

o

E

i)

£

] ] u—“,}

5 15 25 35 45

Skin temperature (°C) Time (sec)

(a) Response of thermoreceptors to static temperature (b) Response of thermoreceptors to changes in temperature



Somatosensory Pathways

Primary

somatosensory

Primary
somatosensory

\ =
)_ cortex i ll cortex
Third-order Third-order
neuron ' neuron
et N g
<& ,f ' Thalamus
| ' )
f / 1
Second-order - Second-order
neuron \ neuron
—————— porsal column
nuclei
{;" Medulla oblongata f
> ——Decussation of |
1 # medial lemniscus : |
/Dorsal columns
Spinal cord : LiGsiingis
First-order tract
neuron
€ €
faBraiy) £ ‘\j—ﬁ'—ﬁmterolateral
_’ : f 4 quadrant
First-order
; Nociceptors or i
Proprioceptors (afferent)

or
mechanoreceptors

(a) Dorsal column—-medial lemniscal pathway

thermoreceptors

(b) Spinothalamic tract



Nociceptors & Pain Response

® Free nerve endings: A delta (fast pain) or C
fibers (slow pain)

® Classes: Mechanical, Thermal and Polymodal

® Sensation produced by tissue-damaging

stimulus or stimulus that can potentially cause
tissue damage

® Pain elicits sensation, autonomic responses, and
emotional responses

@ Pain perception depends on past experiences

® Chemicals activating nociceptors: Potassium,
Histamine, Prostaglandins, Bradykinin and
Serotonin




Pain Pathways

® Afferents for pain
--A delta or C fibers
® Terminate In spinal cord dorsal horn

® Neurotransmitter of C fibers (maybe A delta)
IS substance P

® Specific pathways
--Spinothalamic tract
® Nonspecific pathway

--To reticular formation, hypothalamus, limbic
system

15



Gate-Control Theory of Pain

Strong signal
sent to thalamus

—— Second-order

neuron

® Central
+ D Inhibitory  goOTS
interneuron
. — C fiber
P al n 'g ate - O N Peripheral
nervous
From system
nociceptors

(a) Unmodulated pain

T — C fiber

From
nociceptors

Weak signal
T sent to thalamus

—— Second-order
neuron

Inhibitory
interneuron

+

Ap fiber

(b) Modulation of pain

Dorsal
columns

Pain-gate: OFF

From skin
mechano-
receptors
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Pain Modulation

@ (Endogenous Analgesia Systems) @

Stress | To thalamus

Cerebral T
aQueduct\!
Periaqueductal - Midbrain

PAG gray matter ' :
s~

Lateral reticular —— Spinothalamic

formation tract
_\ST 8 Y

Nuclous : Medulla

NRM raphe magnus /. ’
LI

Afferent

neuron Second-order neuron

’ Spinal cord
Skin

o

Nociceptor<"

\ &(3% Descending neuron
Afferent

nheuron ?:\ Interneuron
E Enkephalin

Substance P u;I:E,'G]ﬂ"\\}__;/Second-order neuron
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Proprioception
Skeletal Muscle Receptors = Proprioceptor

» Detect changes in muscle length

Alpha motor neuron

Gamma
motor neuron

Type la afferent

Intrafusal
fiber
Extrafusal
fiber
Type |l
afferent

Annulospiral
ending

Flower-spray
ending

~ Muscle Spindle

» Extrafusal fibers

--Contractile cells of the
muscle

--Responsible for skeletal
muscle contraction

--Innervated by alpha motor
neurons

» Intrafusal fibers

--Contractile cells of the
muscle spindle

--Adjust sensitivity of
muscle to stretch

--Innervated by gamma
motor units




Muscle Spindle Responses

Stretched
Relaxed

Contracted

Intrafusal
fibers

Extrafusal I
fibers {

Sensory
fibers

HAHHH HHH —

|
|
» Sensitivity can be adjusted by action of intrafusal fibers



Proprioception
Skeletal Muscle Receptors = Proprioceptor

» Detect changes in muscle tone

»Sensory capsules within
tendons

» Tendon stretch activates
GTO

» Reflex inhibition of

Solfierior muscle via Type 1b
allagen

e afferent neurons
» Protection against

% overactivity of muscle
=
)

Type Ib afferent

Golgi Tendon Organ 20



Integrated CNS Functions:

Reflexes
® Stretch reflex

® \\Vithdrawal and crossed-extensor reflexes

(3) Integration

> center
(CNS) h
@ Afferent @ Efferent
neuron neuron(s)
Reflex Arc
(5)Effector
@ Sensory organ
receptor

(muscle, gland)

! : :

Stimulus Response



Classes of Reflexes

Basis of classification

Level of neural processing

Efferent division controlling effector

Developmental pattern

Number of synapses in the pathway

Classes Example

Spinal Muscle spindle stretch reflex

Cranial Pupillary reflex

Somatic (Ske. m.) Muscle spindle stretch reflex

Autonomic Baroreceptor reflex to control blood pressure
Innate Muscle spindle stretch reflex

Conditioned (|ea|"ned) Salivation reflex of Pavlov’s dogs
Monosynaptic Muscle spindle stretch reflex

Polysynaptic All other reflexes

22




Stretch Reflex

Afferent
neuron

/ To brain
1 gm\ T

Quadriceps

~ Muscle
.\ spindle

Hamstrings

r Patellar
* tendon &
/
! i ' - Interneuron
e = Pl Efferent neurons
e il Vg
\ ’
\“ f \
20 ms

Knee-jerk Reflex
("% Bt & 5¢)



Withdrawal and Crossed-Extensor Reflexes

=Flexor reflex (& 3vF %) ' To thalamus
=1 e & Jy et >

Afferent
neuron

Nociceptor

-

Stimulus



Spinal Cord Tracts

Ascending Tracts Descending Tracts
(Sensory pathway) (Motor Pathway)
HFE ™I

Es HMEI Rz EHREE

(Fasciculus gracilis) (Lateral corticospinal tract)

BRARER HIAZES BEIS

(Fasciculus cuneatus) | . (Rubrospinal tract)
T8\ HIR B RS

(Posterior spinocerebellar (Anterior corticospinal tract)
tract)

IMABRAETR 1S HAHR S BEE

(Lateral spinothalamic tract)

BUFTHE/ ik

(Reticulospinal tract)

HIEEERETE
(Vestibulospinal tract)

FIERETR T . POEASERRIE
(Anterior spinothalamic tract) (Tectospinal tract)




Ascending Tracts of Spinal Cord

tract)

BRI Y

F171E UuE it Bh e D Be
BhatR IR
FEREHEE IR SENBERNER: RO 52E5% SERREHEEREIIRE
(Anterior spinothalamic B2 E £l PNl
tract)
NEEREEEE Hlzm BHHENERNZA #HOb E2E%F E8RERDEEEAKE
(Lateral spinothalamic tract) ISRV EAIEaEl A E =]
BT
B REARE 7R FENEBAME LEREZRE BEHFEE IR IER
(Fasciculus gracilis and 7T EOREHEE A %ER BEERERE  BEEOR
fasciculus cuneatus) B MEERX O ARIKE SEIFHREEE
RE
i) BB
ZERE T Rz BHRERERR X /N FEEENREGEIETH
(Posterior spinocerebellar N2 X AN - R IR
tract)
B RE S Bz BEEIRNEZRS. K BEGEMANREEET
(Anterior spinocerebellar BEGERY B VS ¢ B ER L P UGHE




Ascending Tracts of Spinal Cord

= | Primary
§ f - somatosensory
- ' \ )’ L\ cortex
Third-order s
neuron
ol N
- ,/ Thalamus

Second-order

FEEE TR

nesron ———=Dorsal column nuclei
\J f——Medulla oblongata
: Decussation of
| L medial lemniscus
/Dorsal columns
Spinal cord
First-order
neuron -
(afferent)

> PrOprloceptors

mechanoreceptors ﬁa 'f

Somatosensory
area of the

cerebral cortex

alamus =~ — ¥
\1
Medulla—
oblongata
¢
= -—Lateral
“. a2  spinothalamic
. T tract
} X 7
’ Pain A g —spinal cord
receptor

(nociceptorj OF thermoreceptor

Pain
receptor

Spinal cord
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Desending Tracts of Spinal Cord

REECE R P g 1 o £ XAt o) =8y
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(Anterior corticospinal 20%) » EERERXY
tract)
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(Rubrospinal tract) FTHYERERERS
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(Tectospmal tract)
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(Vestibulospinal tract) PRV ERSAERY
BAREEREE SRIERATE WAREE (Ll EEESEAREE
(Reticulospinal tract)  BI¥ Kigh)




Desendmg Tracts of Spinal Cord

Motor area of the
: cerebral cortex

Thalamus ——

- Corticospinal Tract
HADY (Pyramidal Tract)

——Medulla

oblongata
f

F—— Pyramids

* Anterior pyramidal tract

—Spinal cord :
é » Fine control (smaller
Skelotal W= | groups of muscles) of

muscle voluntary movement of

Spinal cord . ‘-
\Wﬁmm the distal extremities

y hands and fingers
& %" ( gers)

Skeletal —__. N ___Skeletal
muscle muscle

& |
/ P —
\___ ":

Lateral pyramidal tract




Desending Tracts of Spinal Cord

/_,..
5

%
i .
_ G , Extrapyramidal Tract
ot
: 44 > Supportive voluntary
) TN movement of the trunk,

éﬁperior colliculus  neck and prOXimaI

1 . Red nucleus -
’ / extremities
<y Rubrospinal tract -
| omame > CONtrolling large groups
S T—uvestibularnucteus ~ Of Muscles to maintain

Midbrain

Medulla oblongata

y, ;""'E_;f"_“et‘°”'a’f°’“‘at‘°“ posture and balance
i i ds | _vestibulospinal > Extrapyramidal
l it symptoms (EPS)
P & o 2 g s (DA |) B o

similar to PD’s symptoms



Clinical Application:
Pyramidal Tract Damage

) ! Up
II :

A Toes
et 2 down
(flexion)

Fanning
of toes

Extensor plantar response
(Babinski sign)

Babinskil Reflex

Normal T_‘Ii antar responsg



Vision
Anatomy of the Eye

Fibrous tunic Vascular tunic Retina
. A \Cornea Iris Ciliary ,_:,/\

body (/

|

g d \

Retina

S a b Choroid \\“ﬂ \
Fibrous Tunic Vascular Tunic Nervous Tunic
(outer layer) (middle layer) (inner layer)

32



Anatomy of the Eye

Tunic and Structure
Fibrous tunic

Sclera

Cornea

Vascular tunic (uvea)

Choroid

Ciliary body

Iris

Internal tunic

Retina

Lens (not part of any tunic)

Location

Outer layer of eyeball

Posterior outer layer; white of
the eye

Anterior surface of eyeball

Middle layer of eyeball

Middle layer in posterior portion
of eyeball

Anterior portion of vascular tunic

Anterior portion of vascular tunic;

continuous with ciliary body

Inner layer of eyeball

Principal portion of internal tunic

Between posterior and vitreous
chambers; supported by

suspensory ligament of ciliary body

Composition
Avascular connective tissue

Tightly bound elastic and
collagen fibers

Tightly packed dense connective
tissue—transparent and convex

Highly vascular pigmented
tissue

Vascular layer

Smooth muscle fibers and
glandular epithelium

Pigment cells and smooth
muscle fibers

Tightly packed photoreceptors,
neurons, blood vessels, and
connective tissue

Photoreceptor neurons (rods
and cones), bipolar neurons,
and ganglion neurons

Tightly arranged protein fibers;
transparent

Function
Gives shape to the eyeball

Supports and protects the eyeball

Transmits and refracts light

Supplies blood; prevents reflection

Supplies blood to eyeball

Supports the lens through suspensory
ligament and determines its
thickness; secretes aqueous humor

Regulates the diameter of the pupil,
and hence the amount of light
entering the vitreous chamber

Provides location and support for
rods and cones

Photoreception; transmits impulses

Refracts light and focuses onto fovea
centralis




Anatomy of the Eye

Fovea Blood vessels Optic disk

Cornea

Iris

Pupil

Anterior
segment \
(aqueous

humor)

Lens

Zonular fibers
‘ ; vessels

Ciliary body ~ Optic nerve

Vitreous chambe-r-'
(vitreous humor)

Retina

(a) @ Retina: Ophthalmoscope



1072 nm

10° nm

10° nm

104 nm
750 nm
350 nm

102 nm

1 nm

102 nm

Radio

Micro-
waves

Infrared

Ultra-
violet

X rays

Gamma
rays

Cosmic
rays

750 nm

Visible
light

350 nm

Light Waves

® Transduce light energy into nerve
Impulses (photoreceptor cells)

® Only a limited part of the
electromagnetic spectrum can excite
photoreceptors

Light
waves

Light Refraction by Eye

Electromagnetic Spectrum



Pupil and Iris

® Size of pupil regulates the amount of light entering
eye
® Iris consists of two layers of smooth muscle
--Inner circular muscle—constrictor

--Outer radial muscle—dilator
--Hole opening in center—pupil

ke
&=

; Sympathetic
=y stimulation of
) radial muscle

Outer radial
muscle
Iris
Inner cim : . "
muscle AN ' 7 : Parasympathetic
\ Y / Y \  stimulation of
7, circular muscle

Pupil

(a) Anatomy of iris and pupil (b) Pupillary constriction (c) Pupillary dilation
36



Ciliary body

Vitreous
humor

Aqgueous Humor

Aqueous
humor _—

/’/;’F
-
Iris /
/f'

cores @ Fills anterior chamber
Canal of
Schlemm
\<

g s @ Secreted by ciliary
| bodies to provide
camber | NoUrishment to lens and
— cornea

Constant IOP (15+3
mmHgQ)

Drains into scleral
Venous sinus

Inadequate drainage leads
to glaucoma (>20-25
i mmHg)




| ens

® Three main parts: the lens capsule, the lens
epithelium, and the lens fibers

® Suspended from suspensory ligaments
® Attached to muscles called ciliary bodies

Lens within
lens capsule

e — Conjunctiva

Ciliary muscle

Zonular fibers of Iris

suspensory ligament _

Zonular
fibers

Lens

(b)



The Eye: i
] Nearly paralle'l\
Focusing Far and Near R

9
Flattened lens /%(

for weak refraction

(a) Viewing a distant object
>0 m

Diverging
light rays

la

Round lens

for strong refraction N~

(b) Viewing a near object

<6m 39



| ens Accommodation

® Increasing lens curvature in order to focus on near

objects
® Mechanisms

--Under parasympathetic control

--Ciliary muscle contracts

--Decreased tension on zonular fibers
--Lens becomes rounder (refractive index increases)

Ciliary
muscle
(contracted)

Zonular
fibers
(slack)

Lens

(b) Accommodation for near vision

Ciliary
muscle —

Zonular \
fibers \'ﬁ
jar ;

|

Lens
Uounded)

Pu pll g y
(constricte / " 4
Cornea A\

Iris

Parasympathetic stimulation



| ens Accommodation

. Ciliary
. muscle
(relaxed)

Zonular
fibers
(tight)

Lens

(a) Far vision of distant objects

Ciliary
muscle
(contracted)

Zonular
fibers

(slack)
Lens

(b) Accommodation for near vision

Ciliary
muscle

Zonular
fibers

Lens

(flat) AT

Pupil

Cornea

Zonular
fibers

Lens L
(rounty

Pupil
(constrictey
Cornea

Parasympathetic stimulation



Retina

®Neural tissue contains photoreceptors

® Three layers: Outer—photoreceptors; Middle—
bipolar cells and Inner—ganglion cells

®Neuron axons In the retina are gathered at a point
called the optic disc (blind spot)

®Blood vessels also enter here

(a) (b)



Anatomy of the Retina

Photoreceptors _
Ganglion  Bipolar Retinal Sclera _
Axons of cells cells Cone Rod Pigment / Choroid
optic nerve Amacrine | Horizontal epithelium === _ Retina
FI cells cells / Fovea
NI Macula
e L L lutea
Light \
NN Optic
AN by, 4 " Optic nerve
SR | \Sclera
| i - ™~ Choroid
| T |
Inner layer Middle layer Outer layer
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Retinal Pigment Epithelium (RPE)

® |_ocated under the |
Photoreceptors ~ *.% # ; ;i wl ;hi’r’ww N *‘k,g
rods and cones e ﬂ
i Retinal Pigment Ehi
® Help vision by: Epitheiium
__Phagocytizing shed Bruch’s Membrane—

outer discs
--Absorbing scattered light

--Delivering nutrients to rods and cones
--Suppressing Immune attack in retina
--Participating in visual cycle of retina
--Stabilizing 1onic concentrations in area

44



Number of photoreceptors
per mm?2

Rod and Cone
Distribution

» Fovea centralis: vision Is
best at one point in the

retina
--Each cone hasa 1:1

Cones— ||

Optic disk

relationship with a
ganglion cell which
allows great visual
acuity

» Convergence of lots of

“<—Rods

rods onto a single ganglion

I
w0
o
o ||

m— o -’ N e S —
—45° 0° LI 45° 90°

Fovea

cell increases light
sensitivity

Position in retina (relative to fovea)



— _ _ » Consist of: Outer and

— | Flattened discs with Inner segment

— photciplgrlnent » Function of rods and

— mg kescu °S cones: Conversion of light
= 1S — Outer ;

= segment  ENErgy to nerve signals

(Phototransduction)
» Four photopigments
--Each has retinal and

- g --------------------- T opsin
& Nuclei | » Four different opsins
~ Inner --One for the rods
segment . - .
(black and white vision)
i LN - - - --Three for the cones
_______ Synaptic vesicles —ofS @IS0 I RCL (color vision)



retinaldehyde (retinal) and opsin

» Dark: Rhodopsin (photopigment)
(bleaching reaction)

» Light: Dissociation of rhodopsin

Absorbs green light best

Components of Rods




Phototransduction of Rods: Dark

In the dark =
UL ==
\ (RIS L { 7" ==
WSS g 1 17
\\\\\\\\\\\\\\\\\\“‘ S /f/{//l///"///ff Plasma
S 7z membrane
S e ==
SS 2 ==
= Rhodopsin == ==
== = ==
== S = =
27 S =
Ly WL ==
/////u}i//; 1 m;mnm\l\“\\\\\\\‘\ Disc in outer =
A 1NDIID rod segment =
I ==
\ G-proteins ==
11-cis-retinal ==
@ Dark e
current ==
. -Na*
Phosphodiesterase
(inactive)
cGMP

(URERIATRTRTRIRIRVRUM]
(ARARARARARARARANARAY)

Transmitter

Bipolar cell ——

l

@ cGMP levels in the
cytosol are high

Na* (2) Sodium channels are open

@ Sodium enters the cell,
causing a depolarization
that spreads from the outer
segment to the terminal

@ Calcium channels open in
response to depolarization

@ Calcium enters the cell,
triggering exocytosis
of transmitter

@ Transmitter causes graded
potentials in bipolar cell



Phototransduction of Rods: Light

@ Light is absorbed by photopigment

Retinal

All-trans form

@ Retinal and opsin dissociate

@ Transducin is activated

(4) Phosphodiesterase is activated
@ cGMP levels in cytosol decrease
(6) Sodium channels close

Light

In the light ® ==
== - " " .
CRRARARRAR; = —==»K* (7) With less sodium entering the
\L\\\ [f { E:‘—_- o -
\\\\\\\\Sg\mmuuulHm”“f“wwm,f,ij;;;ff,,, = cell, the cell hyperpolarizes
{ot ==
St Y, ==
N 7 ==
e S ==
s T o N ——
i Ny ==
/’//7’7/// 7 \\\\\\:\\\\ ==
/I//’fﬁ/"" "1y / iy \\\\‘ » ==
s RETATALAIAAIN ==
M - i ==
b 8 (5) Dark current
stopped, causing .
) hyperpolarization o Calcium channels close
== a

NN
IARARAY:

!

@O

Phosphodiesterase
(active)

all-trans-retinal @‘ GMP
= Na*
- cGMP (

@ Transmitter release is decreased

( ) Graded potential in bipolar

|, ( cell gets smaller

EATARATRTATRTRTANATANA!
IARARARRRARARARARARARAL!



Visual Cycle of Retinal

Rod disc in outer segment 7
/Rhodopsm
I O S molecule

Light adaptation

Light

Disc
membrane
() Cis-retinal

binds to opsin
(regeneration)

¢ b Isomerization
o ~ ofretinal
d§ Colored
“cis-  photopigment
retinal (rhodopsin)

trans-
retinal [

trans-

PPSI 4 retinal

Dark adaptation

Retinal :
Trans-retinal

isomerase separates
converts trans- fmpm opsin
to cis-retinal opsin (bleaching)

Colorless products 50



Rod and Cone Sensitivity

-6 -4 -2 0 2 4 6 8
| s | | | | | | Luminance

(log cd/cm?)

Indoor
Starlight Moonlight lighting Sunlight
| | l | | | | | | | | Luminance of
! ' ' ' natural light
on white
Scotopic Mesopic Photopic
e ' ' ' | Type of vision

Highest
visual acuity

» Scotopic vision: rods
»Mesopic vision: rods and cones
» Photopic vision: cones

o1



Absorbance Spectra of Rods & Cones

100

~J
(%) |

Light absorbance
(% of maximum)
(9]
o

25

L
Rods: __ cores » Rods are high sensitive to

light (black and white
vision—500 nm), but
lower visual acuity
» Cones are less sensitive to
light, but allow color
vision and greater visual

acuity

3 types of cones
v'Blue—responds best to 420 nm
v’ Green—responds best to 530 nm

400 430 500 530 560 600 v'"Red—responds best to 560 nm
Wavelength (nm)




Characteristics of Rods & Cones

Rods Cones
Types of vision Black and white; Color; day
night (dim light) (bright light)
Sensitivity to light High Low
Abundance 100 million per 3 million per
retina retina
Visual acuity Low High
Site of greatest Periphery of Fovea
concentration retina
Degree of High Low
convergence with
bipolar cells




Neural Processing in the Retina

® Transmitter released from rods and cones

® Communicates with bipolar neurons

--More NT in dark
--Some inhibitory, some excitatory
--Graded potentials only (some hyperpolarizations=IPSP,
some depolarizations=EPSP)
®Bipolar cells synapse with ganglion cells
--Some excitatory, others inhibitory
®Ganglion cell is first cell in pathway to generate
action potentials
--Axons of ganglion cells = cranial nerve ||

--Convergence of excitation and inhibition gives complex
receptive fields (On-center or Off-center field)




Ganglion Cell Receptive Fields

On-center Field Off-center Field

| On
0 Spot of light —_ .
kKihE v

Light on center stimulates, Light on center inhibits,

light on surround inhibits, light on surround stimulates,
ganglion cell ganglion cell

On
- - Picli o
LRAK

Bar of light

Light across both center
and surround is less effective
at stimulating ganglion cell




Receptive Fields of Ganglion Cells
/’s’ﬂ:ﬁd

Surround </
cone

Bnuﬂar———#
cell r’L\

\0) This allows enhancement of

¢ L
1 edges (lateral inhibition),
j@” improving visual clarity
— 8::‘::3:?;m \ To optic nerve
On-center field  ganglioncen 56




Visual Pathway

® Ganglion Cells Binocular visual field
--Optic nerve quistel il Rightvigy,, ey,
--Optic chiasm
--Optic tract

® LGB synapses

® Optic radiations

® \/isual cortex synapses
(70-80%))

® Superior colliculus of the
midbrain synapses (20-
30%): helps with eye and
body movements

® Right visual field to left
cortex; vice versa

Nasal retina
Temporal retina

Optic nerve

Optic chiasm
Optic tract

Lateral geniculate
body of thalamus
Optic radiations

(area 17)

Primary visual cortex
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Hearing & Equilibrium
Anatomy of the Ear

Semicircular canals
Ear ossicles _
T Oval window
¢ . : .. \ i ::-"d:‘ f-. ..-;-_"‘.'-_

External auditory
meatus
(ear canal)

Vestibulocochlear
nerve
(cranial nerve VIII)

Cochlea

Pinna

Eustachian tube

Tympanic membrane Round

(eardrum) window N\ To
pharynx
Entry of sound'waves Transduction of sound energy
I I I |
Exterrial ear Middie ear Innelr ear

Amplification of sound waves




Properties of Sound Waves
S RASTKD,

Frequency = 4 Hz (Iorvz;:;;?th Characterized by:
> | = --Frequency,
E, measured in hertz
= (Hz). Higher
o 1' frequencies have
Time (sec) higher pitches
Frequency = 12 Hz (higher pitch) _(Human range iS
. 20—20,000 Hz)
G \ANAANNNANNANNNAND
ﬁ/‘ --Intensity (loudness),
VVVVVVVVVV VI measured in decibels

Timg.(ssec) 1 (d B)



Anatomy of Middle Ear
First level of amplification

| | Second level of amplification
Malleus Incus Stapes Round window
- - F . _ pr

Cochlea

Tympanic
membrane

Inner ear

¥ Eustachian
' tube

Middle ear

External ear



Signal Transduction of Sound Waves
v'Conversion of sound energy to action potentials

v'Occurs in cochlea of inner ear (Labyrinth)

“““““

BIEFRE égf / A BEHEE

Semicircular canals: J . 4 Semicircular ducts of the
gl Anterior - membranous labyrinth
1% Posterior g B

@l Lateral

1. Bony Labyrinth
2. Membranous Labyrinth

TEEE
Utricle

BRAREE

Saccule

FIEE Cochlear nerve

Vestibule

- AR

Eif

Cochlea

B
Membranous ampullae:
B Anterior
{8 Lateral
& Posterior

HIfE

Cochlear duct

Connection to
cochlear duct
ERE RS E

Apex of cochlea E 4]



Sound Transduction: Cochlea

Cochlea

-—f, E‘é_fiéb Middle turn
Scala vestibuli
(contains perilymph)

Cochﬁl? E:t

(contains
endolymph)

From oval window

Vestibular membrane

Scala tympani
(contains perilymph)

L fp

Basal turn

Basilar membrane

Spiral organ
(of Corti)

Vestibulocochlear
nerve (V)



Functional Anatomy of Cochlea

Tectorial

Hair Cells of the Organ of Corti e
P Stereocilia o il Inner

hair cell
2 Outer hair

e "‘\-\\ \\\\l - :m" ce"s
. Scala vestibuli N
G 0mv G 4 p
|
4 L]

Vestibular membrane

Scala media

Tectorial
membrane

Organ of Corti

Scala tymparh b2 Supporting Basilar Fibers of
g cells membrane cochlear nerve

Basilar membrane

0mVv Ve

® Receptor cells for sound
® Stereocilia
--Tips embedded in tectorial
membrane
--Oriented short to tall




Inner Halir Cells: Sound Conduction

Perilymph in
scala vestibuli

£
/

Malleus

Basilar

Tympanic membrane

membrane

Endolymph in
scala media

Perilymph in
scala tympani

Sound waves
in ear canal window

=" Vestibular |
membrane

Tectorial
' membrane — Scala

media

sasiar | COChlear duct

membrane _|

(a)

Stereocilia

Hair cell

Cochlear
nerve

(b)



Mechanism of Sound Transduction

® Stereocilia of hair cells connected
by protein bridges

® Mechanical stress moves protein
bridges, causing the opening or
closing of cation channels

® Cation channels allow cations,
especially potassium, to move
through

® Potassium high in endolymph;
therefore enters cell causing
depolarization

Tip
link

K+
Protein
bridge lﬂ’ JLEH

gated K* (1)

Y

Mechanically —;i

channels \ ‘




Hair Cells: Sound Transduction

Vestibular membrane
0mV

Tectorial membrane

Protein
bridge Lr

Stereocilia

Mechanically —jy,
gated K*

channels
Ca®*
Voltage-gated
() i calcium
- channels
Tk p
wus—) Glutamate
N / w
|/ ¥,
L) /
[ s =
8 = 2= S
=> > e
cE 2E 2E
o s o
=] o o
E L | ] L | ] E ] | L | L | | | | | | ] g
] D =
E - E - ~
Time Time Time 57

(a) At rest (partially depolarized) (b) Depolarized (c) Hyperpolarized



Intensity

Coding for the Qualities of Sound

® Intensity (dB) coding = loudness (z 2 =%#)
--Amplitude is coded by the degree of deflection

and opening of 1on channels in stereocilia
®Frequency (Hz) coding = pitch (3 #=% #)

--Coded by where on the basilar membrane the
deflection occurs

Frequency = 4 Hz (lower pitch) Frequency = 12 Hz (higher pitch)

Wavelength

| : >

7]

c

2

/\/\/\/\ 5

0.5 1 0.5

Time (sec) Time (sec)



Sound Frequency Coding

Oval window

Round window —[
High-fr;equency sound Lo;v-frequency sound
)
x5 ~ ] Near
=k :
£7 S helicotrema
E sE | basilar
= membrane is
Near oval Wld.e and
window basilar — [ . , .| flexible
membrane is 20,000 Hz 1500 Hz 500 Hz 20 Hz
narrow and Near oval window Near helicotrema

stiff Frequency of vibration at different regions of the basilar membrane



Neural Pathways for Sound

Vestibulocochlear nerve =»Medulla oblongata =2Inferior
colliculus of midbrain = Medial geniculate nucleus of thalamus
—>Auditory cortex of temporal lobe

| \ Cerebral
j Thalamus ) cortex
\( \) PJ/ ‘J.) )
7 '} ) . ]ﬂ/-’x (.*1 .—-//
- _ ~Auditory cortex  Correspondence between the 'k 7 7 4
Inferior — e g ) / (temporal lobe)  cochlea and the acoustic /
n Ie}nolr - : ¥ area of the cortex:
colliculus \} / Medial geniculate Blue—Ilow tones
Midbrain ————= ) body of thalamus  gay medium tones
Yellow—nhigh tones
Cochlear nucleus S
- £
> Tonotopic = areas represent //
Misdiiila - \,{ 74 Cochlea

oblongata

different sound frequencies \

Vestibulocochlear

nerve From spiral organ

(of Corti)



Inner Ear and Equilibrium
~ Vestibular Apparatus

Anterior
canal

Consists of:
--Otolith organs
Utricle and saccule
--Semicircular canal

_| Lateral
canal

Posterior
canal

Semicircular canals

Utricle
Cochlea

Saccule

71

Cupula Ampullae



Semicircular Canals
Transduction of Rotation

lllllll
aaaaaa

® Three semicircular canals oriented ( - |
perpendicular to each other =\ A..T

1. Anterior canal '

--Detect movement of head up or down
2. Posterior canal

--Detect movement of head up and down to the side
3. Lateral canal

--Detect movement of head from side to side

® Receptor cells = hair cells
--Located in ampulla

uuuuuuuuuuuuuu
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Semicircular
canal

Endolymph

Stereocilia

Cupula

< T e f ]
Hair cell -h), - Cristae

T Vestibular nerve Afferents of the

vestibular nerve

(a)

Pressure
from endolymp
] Vestibular "~ N .M
Ampulla \'J, / afferent Head rotation Head rotation \‘*

Membrane
potential (mV)

Time

Membrane
potential (mV)

Membrane
potential (mV)

Time

Time

{c) Rest or constant rate of motion (d) Acceleration (e) Acceleration

» Rotation makes the endolymph circulate, pushing the
cupula and bending the hair cells




Utricle and Saccule
Transduction of Linear Acceleration

lllllll ?

aaaaaa

aaaaa

4
® Bulges between semicircular canals { .
and cochlea =L

® Oriented to detect linear acceleration

--Utricle—detects forward and backward motion ~
(horizontal)

--Saccule—detects up and down motion (vertical)

® Receptor cells = hair cells

®_ocated in gelatinous material (otolithic membrane)
covered by otoliths

74



Anatomy of Utricle and Saccule

Kinocilium

Stereocilia

Hair cell

» Specialized epithelium called the
macula houses hair cells

Otoliths

Gelatinous layer
Otolithic membrane

Support cells

\\‘-—_:“\
- Afferents of the

vestibular nerve

75



Coding for Linear Acceleration

Membrane
potential (mV)

Time

(b) Rest or constant motion

02 oS

cE cE

22 ‘ ‘ ‘ £t | ‘

g"g | B B | g'%-’- | |
mime Horjzontal Acceleration Tme

(c) Forward acceleration (d) Backward acceleration



Coding for Head Tilting

> S
2E 2E
S8 S8

b — h
55 5 5
. =3l

Time Time

(e) Head upright (f) Head tilted forward
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Neural Pathways for Equilibrium

I Nerve

Vestibular afferents

!

Vestibular nuclei
(brainstem)

Cerebellum

y

Balance and
equilibrium

Sensory systems

Y
Cortex

!

Perception

)

Eye movements




<=’spinning

Clinical Application:
Vertigo

® A sensation of spinning while stationary (dysfunctlon of the
vestibular apparatus in the inner ear)

® It is commonly associated with vomiting or nausea, unsteadiness,
and excessive perspiration

® Three types of vertigo:

1. Objective— the patient has the sensation that objects in the environment
are moving

2. Subjective— patient feels as if he or she i1s moving

3. Pseudovertigo— intensive sensation of rotation inside the patient's head
® Benign paroxysmal positional vertigo (BPPV: the most common

cause; mechanical malfunction of the inner ear), Vestibular

migraine, Méniere's disease, Vestibular neuritis (viral infection
of the inner ear), Motion sickness and Alcoholic beverages




1#&& (structure)

{1 E (location)

Ifge (function)

4vE (External ear)

E#% (pinna; ear)

SVEE (external auditory

meatus; earcanal )

g (tympanic

membrane; eardrum )
FE (Middle ear)

$#8E (Malleus) »
FEE (incus) »
$£% (stapes)
RE : B8 (innerear;
cochlea)
OIE® (oval window )

BUERE (scala
vestibular )
250 ( scala vestibular)

Ei#f%E (Cochlear duct,
scala media )

EJEE (Basilar
membrane )

fF K28 (organ of
Corti)

E1p7ERE (Tectorial

membrane )
B% (Round window )

WE : gk (Inner Ear:

Vestibular Apparatus )
3B (Semicircular
canals)

#WEEZE (Utricle)

/\E& (Saccule)
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Taste (Gustation)

® = it g (papillae) = + & %

Iy A 4
1. & & 3 8¢ (foliate papillae) :

LG RE 0 5 A BT E A RIS

= (viaCN IX) -
2. s 4k L g8 (filiform papillae) :
(I R R X S VAN

£F 5 2/3 20 1 o

3. ¥} 5L 8 (fungiform papillae) :

EFRF 0 S WA TR 2/330 1=

(via CN VI1)

4. @A 5 2 (circumvallate papillae) :

Lhot - B BT 98~121F

) L L el Y
WERIMEVER LG FrrF A

Bl ¢ (viaCN IX) o

®» Taste depends on chemicals

In food binding to
chemoreceptors

Tongue

o / Palatine Tonsil

4 ; ™

& Lingual Tonsil
Circumvallatg =
Papillae o \

Foliate Fapillae

;un ifor =~Filiform Papillae
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Taste Buds

cell

.Over 10,000 taSte bUdS Receptor Microvilli Pore Support

--Tongue (CN VII and IX)
--Pharynx (CN X)

® Pore exposed to saliva In

mouth

® 50-150 taste receptors Yo
cells per bud + support

cells

--Modified epithelial cells Yol o Y, e X

--Microvilli respond to Epithelium
tastants (chemicals)

T '&Taste afferents
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Signal Transduction In
Five Primary Tastes

Salty Sour Sweet and Umami Bitter
Nat+ through ion channel H+ through ion channel Binds to membrane Binds to membrane
(and other effects) receptor I receptor
g Utamate Quinine @

Na‘@ H*@ Sugars

Close K+

Opens channels |

Ca2+
channels §&

Sensory neuron stlmulated Sensory neuron stimulated Sensory neuron stlmulated Sensory neuron stimulated
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Neural Pathway for Taste

® Sensory neurons = CN VI,
1 X, and X

® Terminate In brainstem
gustatory nucleus

® Second-order neurons to
thalamus

® Third-order neurons to
gustatory cortex (area 43)
In parietal lobe near mouth
region of somatosensory
cortex

Thalamus

Sensory
Cortex

|

Hypothalamus

Brain Stem

Cranial .
nerves

laste Nerve Pathway



Smell (Olfaction)

Olfaction depends on chemicals in air which bind
to chemoreceptors in olfactory epithelium

® | ocated In nasal cavity ® Olfactory receptor cells
® Three cell types are bipolar neurons
1. Supporting cells which are replaced
--Secrete mucus continuously
--Oxidize hydrophobic volatile @ Cilia project into mucus
odors --Have chemoreceptors

2. Basal stem cells

--Precursor cells for new receptor
cells

2. Receptor cells
--Neurons that respond to odorants

® Olfactory binding proteins
--L.ocated In mucus

--Transport odorants to
receptors




Olfactory Epithelium:
Receptor Cells

/Axon of
olfactory

T 0% @ (o trete W )| @ T2t 2T Y[ o= g DErve
e Cribriform AL E;,‘. SO | ISP T :i:r;(;
atry i ., & raude & s . deg, ALL) ‘i ibri
2 ./ plate D | P oL | B3 TTX N | $CCE CIrI:)rlform
AR, Olfactory i I g e Plate
. _!.‘.r'.—-j‘;\- - L | 5\ 910 _1_ oY .
q R bulb " Bowman's 7 ”m }Lamina
gland A oA propria
y cavity = epithelium ) Vel / J I8 Basal
\ o) ] - - cell
| _ _ ]'. / |j
,,,,,,, 1 | }’ ] ) \ R /£ f - Supporting
YT e B | & 7 J\
Olfactory —| | J H | ) | f JI ool
ith I_ry 1 IR | ) '.H " 4 —Receptor
gpunglium 1By % | / v cell
1 | ARl B | .
)(l L] \) ' J ) Cilia of
i t;" ) | | ( ‘ | / receptor cell
| ' Mucus layer




Signal Transduction in Smell

® Air-borne chemical must dissolve in mucus

® Chemical (odorant) binds to specific receptor
--Activates G protein called G
--Activates adenylate cyclase = cAMP
--cCAMP directly binds cation channels, opening them
--Na* and Ca?* enter cell = depolarization

Ca?+ Na*

Odorant , Odorant Adenylate @ e

receptor cyclase Nat/Ca2+

channel
10| LT ORI IRTII
AL ] \I\\ll\I\lll\@f}"‘ﬁil\l(l || ANVRVAVRERTATR AR TR AN (AR
B @ CAMP
G protein-coupled Receptor . atp J Q

cAMP
Cilia of olfactory receptor cell



Neural Pathway for Olfaction

® Olfactory neurons are
unmyelinated (CN 1) and
synapse on a glomerulus
In the olfactory bulb
--Each type of olfactory
receptor synapses on a
particular glomerulus

® Neurons from the
olfactory bulb synapse on
the prefrontal cortex,
medial temporal lobes,
hippocampus, and
amyqgdala

Olfactory bulb

Mitral cell 1§ 1} w2
X

act
0\’&3&“"[y g

= —--_—~_.____,____ — _J,_/ .

Glomeruli Axons of
' —heurons

'rrc o RS ":_r-r- i 1 o ‘f' + K
Pleq ¢ 1 gt 4% ¢ e ', Ty e Nl S
ff ((I"( ‘ fr (((‘r * rc" (((‘( -‘.".r' ((('(

Cribriform plate

(‘ ,/?r:fic;’rr J (‘ ,f -';( ( "r.: | p(“‘ (;‘,',-é '(c r"(.,f ( (fft( ‘
Lamina
propria L . 7 & B ' 0Tl
oAl A 4 Y [ 1) )] i/
Olfactory — ecep or ‘\III | g J | \
epithelium CG“S) : ) \ \J ),lll - )| ) l'. ‘ | il ,\ ' )
. In'.. \ ! II\‘. |
Cilia=—" —

Inhaled air containing
odor molecules
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