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Let’s start our nice lecture:

Definitions:

I-Membrane potential (MP) = the difference in the net charges around the cell
membrane; hence, between inside the cell (the cytoplasm) and outside it.

Wiki def. of MP = is the difference in electric potential between the interior and the
exterior of a biological cell.

2-Resting membrane potential (RMP) = the difference in the net charges around the
cell membrane during rest. (At rest means when there is NO excitation). And it
measures between -60 to -70 mVs.

3-Threshold = the MP at which the cell fires (continues its depolarization)
spontaneously without further need of a signal.

4-Action Potential (AP) = A momentary change in electrical potential on the surface of
a cell, especially of a nerve or muscle cell, that occurs when it is stimulated resulting in
the transmission of an electrical impulse.

Goldman Equation:

Goldman Equation

L _RT. PIK] + P [Na'l +PICT ]
T CFRIK )+ PNa 1, + P ICT ]

We use this equation in order to measure the resting membrane potential for any cell.
We do NOT have to know, memorize, or work on it, but we have to know what do the
differences in the RMP mean. SO what is the difference between RMP= -70 and
RMP-= -80 and what effects does this value have on the cell?

Answer: As each cell determines its RMP, it also determines its specific threshold. This
means that if the RMP is changed, the cell may become farther or closer to the
threshold and this affects the probability of the cell getting excited. These changes also
affect the velocity and the frequency of the action potential.
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So the most important ions that affect the MP are: (those in the equation)

1- Na+ 2- K+ 3-Cl-

If there is a change in one or more of the previous ions, the RMP is going to change
and the cell membrane becomes either hyperpolarized or hypopolarized. Don’t forget
that the threshold and the excitability of the cell may also change. So due to these
changes in the RMP, threshold and excitability of the cell the entire functions of the
CNS and the muscles would get altered and modified.

RMP is different from one cell type to another. There are factors that determine it:
1-The cell proteins> it gives about -10 to -15 negative charges (consider it -10)

2-Sodium/potassium pump> which pump 3 Na+ to the outside and 2 K+ to the inside
> by this the cell loses some +ve charges > becomes more -ve >> it gives about -50

negative charges

3-The potassium leakage (from inside to outside) and this depends on the difference of
K+ conc. between inside and outside (specifically the conc. of K+ outside because it’s

affected easily by factors like increased potassium intake)

Other factors also affect and control the RMP like temperature and cell type.
Now, let’s go through the ions changes and their effects on the cell one by one:

The effect of K+ changes:

1- Hyperkalemia

e Definition: high conc. of potassium outside the cells

e The effect: the RMP of the cells became less negative, so the cell becomes easier to
excite and this affects the CNS. (since the hyperkalemia is generalized)

e Mechanism: more K+ outside > less leakage of K+ from inside to outside (because
there is some kind of resistance due to high +ve charge outside)> more K+ stays
inside the cell > the cell becomes more +ve (less negative) > the RMP becomes
closer to the threshold > more excitable cell ®
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Signs and symptoms:

a- General weakness in the muscles

b- Ascending paralysis: it means that the weakness and the paralysis starts at the

lower limb (from the lower feet) and then ascend up to the body

c- Cardiac arrhythmias: the cells are easier to excite > more excited cardiac cells

Hypokalemia

Definition: low conc. of potassium outside the cells

The effect: the RMP of the cells became more negative, so the cell becomes harder
to excite and this affects the CNS.

Mechanism: the dr. didn’t mention it but it is opposite to the previous one. So
less K+ outside > more leakage of K+ from inside the cell to outside (low +ve
charge outside)> less K+ stays inside the cell > the cell became less +ve (more
negative) > the RMP gets farther from the threshold > less excitable cell ®

Signs and symptoms:
a- General weakness in the muscles.

b- General fatigue: remember that the RMP becomes more negative and the cells
are harder to excite.

c- Motor paralysis.

d- Myopathies (muscles pain): like Myotonia. As we know K+ is responsible for the
relaxation and due to the low conc. of K+ there would be delay in the relaxation.
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The effect of Na+ changes:

We have to remember that the permeability of the cells to Na+ is minimal and so the

effect on the RMP is little. In addition to that the effect on the action potential here is

shown mostly by the velocity and width of the action potential. So the effect of Na+

changes is called combined because it affects both the RMP and the action potential

itself.

1-Hypernatremia

Definition: high conc. Of Na+ outside the cells

Mechanism: high Na+ outside > high osmolarity > the extracellular fluids and the
blood became hypertonic > by this the water moves to outside of the cells >
shrinking of the cells > and this affects the RMP and the excitability of the cells.

Signs and symptoms:
a- Nausea and vomiting (N&V)

b- Altered mental status
c- Confusion

d- Neuromuscular excitability and hyper-reflexia (because Na+ conc. outside is
high, when the sodium channels open large number of Na+ ions would get inside
the cell leading to faster action potential > excitability and hyper-reflexia

e- [rritability

f- In serious conditions > coma (due to shrinkage of CNS cells). In chronic
conditions there would be shrinkage of the CNS as a whole, and the brain and
the brain stem descend down out of the foramen magnum to fill the space that
has been left behind by the shrunken cells. This causes more pressure on some
foramens leading to coma, seizures and death.

Clinical note: when doctors correct hypernatremia they have to be very carful to
NOT correct it rapidly, simply because rapid correction of hypernatremia may
cause rapid filling of the cells leading to either cells bursting or swelling large
enough to apply even more pressure on the surrounding foramens, in addition to
the pressure already applied by the descended brain and stem. This also leads to

many other problems like: brain edema, brain hemorrhage, seizures, permanent
brain damage or even death. So we do correction BUT SLOWLY. The
hypernatremia is corrected by HALF NORMAL SALINE (0.45).
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2- Hyponatremia
e Definition: low conc. of Na+ outside the cells

e The effect: they are minimal because, as we said, the cell membranes have low
Na+ permeability. The effect of hyponatremia on action potential is on the width

and the speed of it (NOT the length).

e Mechanism: low Na+ outside > low osmolarity > the extracellular fluids and the
blood become hypotonic > by this the water moves to inside the cells > swelling of
the cells > and this affects the RMP and the excitability of the cells by mechanisms
we do NOT have to know.

e Signs and symptoms :
a- Weakness

b- Lethargy

c- Confusion

d- Muscle cramps

e- Nausea and vomiting (N&V)

f- In serious conditions > coma (due to pressing of some swelled cells on nearby
cells) > seizures > death

-Clinical note: hyponatremia is a serious condition, however the most important

and most common serious problem associated with it is the correction of it. Usually,
when a patient with hyponatremia (and severe diarrhea) comes to the ER room, the
doctor gives him/her NORMAL SALINE (0.9) in order to correct the situation and
replace the fluids. In this procedure the doctor must be

cautious about the RAPID correction of hyponatremia by m':'?g;?';:&mnc%%
normal saline, which can lead to death! This occurs either %4’ 2
directly or more commonly through central pontine ) v
demyelination of nerve axons. Axons 2 ,‘7’ Y

\
P .
~ " normal "functional”
d/ P Myelin Sheath
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In this MRI image we can see the brain stem
and the pontine. The white thing in the
center of the Pons (pontine) is the
demyelination of the axons found in the
pontine (these axons, as we took with
Dr.faraj, come from the cortex to the stem to
the pontine and then descend to supply the
body). So due to this demyelination, the
function of these axons would be disrupted
and they don’t work very well, and this may

result in: paralysis and other symptoms.

The mechanism is complex and not needed from us, but one explanation of this
disorder states that because the myelin around the axons depends on the axons to
stay alive, during hyponatremia the cells get swelled, and by rapid correction the
axons shrink faster than the myelin sheath that surrounds them; so they get
separated. Then myelin dies and the nerve fiber is no longer functional and the white

color appears on the MRI.
(IMPORTANT NOTE: please please please take care about each single MRI we’re

going to take in this course)

When we became clinical students, 2n sha2 allah, they will tell us that one of the
most important things is fluid replacement and we have to be very carful when we
treat hyponatremia. To avoid the death of patients you should always remember that
the symptoms of hyponatremia affect the brain, and the treatment of it should
happen very slowly. Very slowly means we supply the patient with ImMol/liter/hour
of sodium or on average 8 to 12 mMol/liter/day.
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The effect of Ca+ changes:

In the books version of the equation, there is NO Ca+, BUT in the real equation we
can find Ca+ and that’s because it has an effect on the RMP. Its effect is because it
competes with Na+ on its ions channels. So when sodium channels open, the Na+
ions do NOT pass rapidly because Ca+ competes with it on its channels, and this

affects RMP as well as the velocity of the action potential.

1- Hypercalcemia
e Definition: high conc. of Ca+2 outside the cells

e The effects: less excitable cells

e Mechanism: high Ca+ outside > as we said Ca+ compete Na+ on its channels >
high Ca+ would lead to high competing of Na+ > less Na+ enter the cell when
Na+ channels open > less excitability

e Signs and symptoms:
a- Headache

b- Lethargy: due to less excitable BRAIN cells

c- Anxiety and depression: this happens when the brain tries to increase its

excitability a little more because it is already decreased due to high Ca+
d- In serious cases > coma
e- Insomnia &Y!

f- Cognitive dysfunction <!l ¥ & JSLis
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2- Hypocalcemia (more common than hypercalcemia)

e Definition: low Ca+2 outside the cells
o The effects: more and faster cell excitability (esp. muscle and CNS cells)

e Mechanism: (NOT mentioned by the Dr.) low Ca+ outside > as we said Ca+
compete Na+ on its channels > low Ca+ would lead to low competing of Na+ >
higher Na+ enter the cell when Na+ channels open > more excitability

e Signs and symptoms:
a- [rritability: due to easy excited CNS cells

b- Hyper-reflexia
c- Seizures
d- Psychosis
e- Hallucination
f- Tetany
‘Tests OF Hypocalcemia:

[- Trousseaus sign: if we reduce the amount of
ATP and O2 supplied, there would be

excitation of the cells because they are easier to

excite. If we tie the patient’s arm by a glove or a
pressure cuff so less blood flows in the hand,
this will lead to excitation and contraction of

the hand muscles. (As in this picture)

[I-Chvosteks sign: as we said, in hypocalcemia the nerves

and the muscles are easy to excite, so if the doctor taps
on one of the nerves then the nerve and the
corresponding muscle would be excited and it contracts.

So if the doctor taps on the corner of the cheek there

WOU1d be eXCltatlon In the faC1al mUSC].eS. Ask the patient to relax his facial nerves. Next, stand directly

in front of him and tap the facial nerve either just anterior to
the earlobe or below the zygomatic arch and the comer of the
mouth. A positive response varies from twitching of the lip at
the corner of the mouth to spasm of all facial muscles,
depending on the severity of hypocalcaemia

Written by : ‘ Amer ABU Shanab




Sheet #2 Central Nervous SystemDate: 1/2/2016
. Dr.Loa’y Zghoul

:::::::

The effect of Cl- changes:

Even though it is included in the equation, BUT changes in it have minimal effect
on both the RMP and action potential. Toxicity of Cl- could happen in infancy and

young adult but the mechanism is complex and we will NOT go through it now.

NOW, lets move to action potential topic:

This picture shows normal action potential (AP). Notice the following:

1- RMP (resting membrane Absolute

refractory period

Relative refractory period
[ — Eng (+60mV)

potential)

2- Threshold

Depolarisation

3- Raising phase (due td

sodium influx

4- Falling phase
/ Resting potential (-75 mV/)
5- The hyperpolarization area  Polarized state A
......;;..............({.es,tlng) Hyperpolarising Ey (-95mV)

afterpotentiat

As we know,

o the general AP shape is somewhat constant (for the same cell type),

e it follows “All or None” rule,

e if the Membrane potential reaches the threshold, an action potential would be
the result,

e RMP, AP and threshold are different between cells, for eg. The threshold could
be (-50, -20, -60, ...) and what determines the threshold is: the VOLTAGE
GATED SODIUM IONS CHANNELS. This channel has many versions; each
one has its own threshold. Once the Membrane potential reaches this specific
threshold, the corresponding voltage-gated sodium ion channel version would
open, Na+ gets inside the cell and an action potential is formed.
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Now let’s take some examples showing some differences between different

types of cells:

l-in this diagram, we can see 2 action
potentials with different “thresholds”. We
said that the threshold is mainly
determined by the type of the Na+

hreshld

threshold

channels expressed on the cell.

2- In this diagram we can see 2 action

potentials with different “altitudes”, let’s

say one reach +30 and the other reach
+20. The cells can manipulate this also
by the type of the sodium channel and
depends on when does this channel |

_threshold RN

open or close (different types of

channels have different values). Notice T T —
that we can NOT find a cell that has 2

different types of channels.

3- In this diagram we can see 2 action

potentials with different “velocities”

which affects the width of the AP. So in
both APs the same amount of Na+
enters, BUT one of them (the left one)
need less time than the other one (the
[treshold |

right one). And again, this is because

these 2 Cells have dlfferent Channel ...................... N —— e ——

versions. One important note, is that the

width (the velocity) also determines the
frequency of the AP (logic © ).

channel type)
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The AP does NOT change its height in the

) — Subthreshhold = Suprathreshold
same cell type because it follows all or none current injection  depolarizing current
rule. So how can we change the stimulus in
Overshoot - Repolarizing
order to produce different responses of the o / phase
e S )
same cell type!? This could be achieved by Upstroke =" Spike height

changing the frequency of the stimulus
NOT the magnitude of it. By changing the

Vlhresh\

1nA AHP

frequency, we can control the relative

information that is carried by the stimulus.

Extra explanation: if we decrease the magnitude of the stimulus > NO action

potential is going to happen (remember all or none rule). And if we increase the
magnitude of the stimulus > the cell is going to fire an action potential once it
reaches the threshold and we will get an action potential with the same height of
normal stimulus (No benefit from the increase in the stimulus magnitude). BUT if
the width of the AP is increased > the frequency of the stimulus decreases and the
number of AP per unit of time would be less. On the other hand if the width of the
AP decreases > the frequency of the stimulus increases and the number of AP per
unit of time would be more. So there is an effect if we change the frequency of the

stimulus but there is NO effect if we change the magnitude of the stimulus.

So, what determines the width (hence, the frequency) of the action potential 7

1- The conc. of the sodium (Na+) around the cell (as we saw before©®©).

-High conc. Of Na+ > once the voltage gated sodium channels open > huge amount
of Na+ enters the cell within a short time > high velocity > small width > high
frequency of AP.

-Low conc. Of Na+ > once the voltage gated sodium channels open > small amount
of Na+ enters the cell within a unit of time > low velocity > large width > low

frequency of AP.
2- The number of VOLTAGE GATED SODIUM IONS CHANNELS.
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Now, have a look at the following diagram and notice the different types of AP
shapes in different cell types. Remember that the AP shape is constant in the same
cell type but could be different in different types of cells and this is dependent on:

- The function of the cell

- The differences between the dendrites and the cell bodies and other cell part
organizations

- The type of ion channels the cell has on its surface and how it spliced the genes
coding for those channels in order to specify their function

(B) (©)

+40
Rising [\ Overshoot phase

hase
P S

0

—40

Time (ms)

In figure (D) in the previous diagram you can see an AP of the inferior olive cells in

the brain stem of the brain. (Yes, its resembles cardiac cell AP)

We already talked about the importance of the channels in the process of the AP. So
any genetic mutation in one of these channel lines would cause a loss of function of

those channels. These are called Channalopathies.

Mutations in one or more ion channel genes change the function of the ion channels

due to changing their shape, and this happens mainly in:
1-Na+ channels and K+ channels (most common two)

2-Cl- channels and Ca+ channels
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In some disorders (like epilepsy or seizures), the doctors failed to determine thé [\éla(uljlsxe
of the disorder until they tested the patients genetically and found that they have
some genetic mutations in their ion channel producing genes. These mutations
usually affect the splicing of the ion channels leading to a change in function by

changing the threshold, width, or other characteristics.

To be more specific

1- Most channelopathies that affect “peripheral” channels (in the limbs and the

muscles) > the net result changes are neuromuscular effects like:

Hyper-reflexia Myotonia
Hypertonia Periodic paralysis
Fatigue Pain

Myasthenia Erythema

Fetal akinesia

And they also can affect the sensory neurons producing something called ataxia.
(Note: Ataxia is typically defined as the presence of abnormal uncoordinated
movements)

2- Most channelopathies that affect “central” channels (in the spinal cord and the
brain) > the net result changes are different central effects including:

-mood effects eg. depression

-seizures effects

- ataxial effects

Some specific central effects include:
Epilepsy (brain effect) Ataxia (spinal cord effect)

Migraine (brain effect) Hyperexflexia(spinal cord effect)

IMPORTANT NOTE: there are many tables that show the channelopathy disorders
and the affected channel in each one, BUT we do NOT have to memorize any of
these tables except those in page 84 and 85 of “neuroscience 3™ edition by Dale
Purves” (not the same as our recommended book). There are yearly questions on

these pages so study them well.

And here are the two pages:
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84 Chapter Four

Box D

Diseases Caused by Altered lon Channels

Several genetic diseases, collectively (A) Ca®* CHANNEL
called channelopathies, result from small
but critical alterations in ion channel
genes. The best-characterized of these dis-
eases are those that affect skeletal muscle
cells. In these disorders, alterations in ion
channel proteins produce either myotonia
(muscle stiffness due to excessive electri-
cal excitability) or paralysis (due to insuf-
ficient muscle excitability). Other disor-
ders arise from ion channel defects in
heart, kidney, and the inner ear.

Channelopathies associated with ion T
hannels localized in brai h o i
channels localized in brain are muc « CSNB
more difficult to study. Nonetheless, = Paralysis

voltage-gated CaZ* channels have re-
cently been implicated in a range of neu- (g) Na+* CHANNEL

rological diseases. These include episodic i I 1 v
ataxia, spinocerebellar degeneration,
night blindness, and migraine head-
aches. Familial hemiplegic migraine (FHM)
is characterized by migraine attacks that
typically last one to three days. During
such episodes, patients experience severe
headaches and vomiting. Several muta-
tions in a human Ca?* channel have been

identified in families with FHM, each B subunit
having different clinical symptoms. For /‘ &
example, a mutation in the pore-forming N u
region of the channel produces hemi- v GEFS
plegic migraine with progressive cerebel- ol .
lar ataxia, whereas other mutations cause = Paralysis
only the usual FHM symptoms. How
2 .
these altered Ca=* channel properties (C) K* CHANNEL (D) CI- CHANNEL

lead to migraine attacks is not known.
Episodic ataxia type 2 (EA2) is a neuro-
logical disorder in which affected indi-
viduals suffer recurrent attacks of abnor-
mal limb movements and severe ataxia.
These problems are sometimes accompa-

Genetic mutations in (A) CaZ* channels, (B)
Na™ channels, (C) K* channels, and (D) Cl-

channels that result in diseases. Red regions
indicate the sites of these mutations; the red

N
circles indicate mutations. (After Lehmann- ¢ BENC

Horn and Jurkat-Kott, 1999.)
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Mutations in Na* channels slow the rate of
inactivation of Na* currents. (After Barchi,
1995.)

nied by vertigo, nausea, and headache.
Usually, attacks are precipitated by emo-
tional stress, exercise, or alcohol and last
for a few hours. The mutations in EA2
cause Ca?* channels to be truncated at
various sites, which may cause the clini-
cal manifestations of the disease by pre-
venting the normal assembly of Ca%*
channels in the membrane.

X-linked congenital stationary night
blindness (CSNB) is a recessive retinal dis-
order that causes night blindness,
decreased visual acuity, myopia, nystag-
mus, and strabismus. Complete CSNB
causes retinal rod photoreceptors to be
nonfunctional. Incomplete CSNB causes
subnormal (but measurable) functioning

of both rod and cone photoreceptors.
Like EA2, the incomplete type of CSNB
is caused by mutations producing trun-
cated Ca* channels. Abnormal retinal
function may arise from decreased Ca**
currents and neurotransmitter release
from photoreceptors (see Chapter 11).

A defect in brain Na™ channels causes
generalized epilepsy with febrile seizures
(GEEFS) that begins in infancy and usu-
ally continues through early puberty.
This defect has been mapped to two
mutations: one on chromosome 2 that
encodes an o subunit for a voltage-gated
Na* channel, and the other on chromo-
some 19 that encodes a Na* channel
subunit. These mutations cause a slow-
ing of Na* channel inactivation (see fig-
ure above), which may explain the neu-
ronal hyperexcitability underlying GEFS.

Another type of seizure, benign famil-
ial neonatal convulsion (BFNC), is due to
K" channel mutations. This disease is
characterized by frequent brief seizures
commencing within the first week of life
and disappearing spontaneously within
a few months. The mutation has been
mapped to at least two voltage-gated K*
channel genes. A reduction in K* current
flow through the mutated channels prob-
ably accounts for the hyperexcitability
associated with this defect. A related dis-
ease, episodic ataxia type 1 (EA1), has
been linked to a defect in another type of
voltage-gated K* channel. EA1 is charac-
terized by brief episodes of ataxia. Mu-

tant channels inhibit the function of
other, non-mutant K™ channels and may
produce clinical symptoms by impairing
action potential repolarization. Muta-
tions in the K™ channels of cardiac mus-
cle are responsible for the irregular heart-
beat of patients with long Q-T syndrome.
Numerous genetic disorders affect the
voltage-gated channels of skeletal mus-
cle and are responsible for a host of mus-
cle diseases that either cause muscle
weakness (paralysis) or muscle contrac-
tion (myotonia).
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In short, ion channels are integral membrane proteins with characteristic
features that allow them to assemble into multimolecular aggregates. Collec-
tively, these structures allow channels to conduct ions, sense the transmem-
brane potential, to inactivate, and to bind to various neurotoxins. A combi-
nation of physiological, molecular biological and crystallographic studies
has begun to provide a detailed physical picture of K* channels. This work
has now provided considerable insight into how ions are conducted from
one side of the plasma membrane to the other, how a channel can be selec-
tively permeable to a single type of ion, how they are able to sense changes
in membrane voltage, and how they gate the opening of their pores. It is
likely that other types of ion channels will be similar in their functional
architecture. Finally, this sort of work has illuminated how mutations in ion
channel genes can lead to a variety of neurological disorders (Box D).
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We said that the genetic mutations produce channelopathy disorders, and now we
add the environmental factors. Environmental factors can change the ion channel
function. One example of such factors is TOXINS, so some toxins can block certain

ion channels affecting their ability to work, and this affects the nervous system.

One of the commonest toxins is TETRATOXIN, which is a sub-sort of toxins found
in jellyfish and scorpions. It blocks VOLTAGE GATED SODIUM IONS
CHANNELS, so by this blockage NO more action potential can be generated,

resulting in paralysis.

We, as doctors, are going to use some sub-types of these toxins in ANESTHESIA
procedures during surgery (specifically local anesthesia). One of the sub-types we use
is LIDOCAINE (we took it with Dr.Muneer if you remember) which can block the
voltage gated sodium ions channels “temporally and locally” preventing their

induction during surgeries.

And that’s it,
[ know it was such a long sheet, BUT as I said in the beginning, this is CNS ©©
This sheet is dedicated to A & S & R

Best of luck all, and always remember,
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Yours Sincerely,

Amer ABU Shanab
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