



[image: cover]






[image: Image]


PRECLINICAL
PHYSIOLOGY
REVIEW
2023


FOR USMLE® STEP 1 AND
COMLEX-USA® LEVEL 1


USMLE® and United States Medical Licensing Examination® is a joint program of the National Board of Medical Examiners (NBME) and the Federation of State Medical Boards (FSMB), which are not affiliated with Kaplan and were not involved in the production of, and do not endorse, this product.
COMLEX-USA® is a registered trademark of the National Board of Osteopathic Medical Examiners, Inc. (NBOME), which is not affiliated with Kaplan and was not involved in the production of, and does not endorse, this product.






USMLE® and United States Medical Licensing Examination® is a joint program of the National Board of Medical Examiners (NBME) and the Federation of State Medical Boards (FSMB), which are not affiliated with Kaplan and were not involved in the production of, and do not endorse, this product.


COMLEX-USA® is a registered trademark of the National Board of Osteopathic Medical Examiners, Inc. (NBOME), which is not affiliated with Kaplan and was not involved in the production of, and does not endorse, this product.


This publication is designed to provide accurate information in regard to the subject matter covered as of its publication date, with the understanding that knowledge and best practice constantly evolve. The publisher is not engaged in rendering medical, legal, accounting, or other professional service. If medical or legal advice or other expert assistance is required, the services of a competent professional should be sought. This publication is not intended for use in clinical practice or the delivery of medical care. To the fullest extent of the law, neither the publisher nor the editors assume any liability for any injury and/or damage to persons or property arising out of or related to any use of the material contained in this book.


All rights reserved. The text of this publication, or any part thereof, may not be reproduced in any manner whatsoever without written permission from the publisher.


© 2023 by Kaplan North America, LLC


Published by Kaplan Medical, a division of Kaplan North America, LLC.
1515 West Cypress Creek Road
Fort Lauderdale, Florida 33309


10 9 8 7 6 5 4 3 2 1


Course ISBN: 978-1-5062-8461-3
Course Kit ISBN: 978-1-5062-8465-1


Retail ISBN: 978-1-5062-8459-0
Retail Kit ISBN: 978-1-5062-8460-6


Kit items come as a set and should not be broken out and sold separately.


Kaplan Publishing print books are available at special quantity discounts to use for sales promotions, employee premiums, or educational purposes. For more information or to purchase books, please call the Simon & Schuster special sales department at 866-506-1949.









Editors


L. Britt Wilson, PhD
Professor
Department of Pharmacology, Physiology, and Neuroscience
University of South Carolina School of Medicine
Columbia, SC


Contributors


Raj Dasgupta, MD, FACP, FCCP, FAASM
Assistant Professor of Clinical Medicine
Assistant Program Director of Internal Medicine Residency
Associate Program Director of Sleep Medicine Fellowship
Department of Medicine, Division of Pulmonary, Critical Care and Sleep Medicine
Keck School of Medicine of USC, University of Southern California
Los Angeles, CA


Frank P. Noto, MD
Internal Medicine
New York, NY







We want to hear what you think. What do you like or not like about the Notes?
Please email us at medfeedback@kaplan.com.




PART I


FLUID DISTRIBUTION AND EDEMA




1
Fluid Distribution and Edema


LEARNING OBJECTIVES

[image: image] Interpret scenarios on distribution of fluids within the body

[image: image] Answer questions about review and integration

[image: image] Use knowledge of microcirculation

[image: image] Interpret scenarios on edema (pathology integration)

[image: image] Interpret scenarios on volume measurement of compartments



DISTRIBUTION OF FLUIDS WITHIN THE BODY

Total Body Water (~60% of body mass)


	Intracellular fluid (ICF): ~2/3 of total body water

	Extracellular fluid (ECF): ~1/3 of total body water

	Interstitial fluid (ISF): ~3/4 of the extracellular fluid

	Plasma volume (PV): ~1/4 of the extracellular fluid

	Vascular compartment: contains the blood volume, which is plasma and the cellular elements of blood, primarily red blood cells



It is important to remember that membranes can serve as barriers. The 2 important membranes are shown below. The cell membrane is a relative barrier for Na+, while the capillary membrane is a barrier for plasma proteins.


[image: Image]
Figure I-1-1. Body Compartments




Solid-line division represents cell membrane

Dashed line division represents capillary membranes



Osmosis

The distribution of fluid is determined by the osmotic movement of water. Osmosis is the diffusion of water across a semipermeable or selectively permeable membrane. Water diffuses from a region of higher water concentration to a region of lower water concentration. The concentration of water in a solution is determined by the concentration of solute; the greater the solute concentration, the lower the water concentration.

The osmotic properties are defined by:


	
Osmolarity:

	
mOsm (milliosmoles)/L = concentration of particles per liter of solution





	
Osmolality:

	
mOsm/kg = concentration of particles per kg of solvent (water being the germane one for physiology/medicine)







It is the number of particles that is crucial. As shown below, there are 2 compartments separated by a membrane that is permeable to water but not to solute.


[image: Image]
Figure I-1-2. Osmosis



Side B has the greater concentration of solute (circles) and thus a lower water concentration than side A. As a result, water diffuses from A to B, and the height of column B rises, and that of A falls.

If a solute does not easily cross a membrane, then it is an “effective” osmole for that compartment, i.e., it creates an osmotic force for water. For example, plasma proteins do not easily cross the capillary membrane, so they serve as effective osmoles for the vascular compartment.

Sodium does not easily penetrate the cell membrane, but it does cross the capillary membrane, thus it is an effective osmole for the extracellular compartment.

Extracellular Solutes

A basic metabolic profile/panel (BMP) includes the common labs provided from a basic blood draw, often with normal values for the solutes.


[image: Image]
Figure I-1-3. Basic Metabolic Profile/Panel




NOTE

Normal values will be provided on the exam, so memorizing these numbers is not required. However, knowing them can be useful for time management.



*Value provided for chloride is the one most commonly used, but it can vary depending upon the lab


RANGES

Na+: 136–145 mEq/L

K+: 3.5–5.0 mEq/L

Cl–: 100–106 mEq/L

HCO3–: 22–26 mEq/L

BUN: 8–25 mg/dL

Cr (creatinine): 0.8–1.2 mg/dL

Glucose: 70–100 mg/dL



Osmolar Gap

The osmolar gap is the difference between the measured osmolality and the estimated osmolality using the equation below. Using the data from the BMP, we can estimate the extracellular osmolality using the following formula:

[image: Image]

The basis of this calculation is:


	Na+ is the most abundant osmole of the extracellular space.

	Na+ is doubled because it is a positive charge, and thus for every positive charge there is a negative charge (chloride being the most abundant, but not the only one).

	The 18 and 2.8 are converting glucose and BUN into their respective osmolarities (their units of measurement are mg/dL).



Determining the osmolar gap (normal ≤15) is helpful for narrowing the differential diagnosis. While many things can elevate the osmolar gap, some of the more common are ethanol, methanol, ethylene glycol, acetone, and mannitol. Thus, an inebriated patient has an elevated osmolar gap.

Graphical Representation of Body Compartments

It is important to understand how body osmolality and the intracellular and extracellular volumes change in clinically relevant situations. One way to present this information is shown below. The y-axis is solute concentration or osmolality. The x-axis is the volume of intracellular (2/3) and extracellular (1/3) fluid.

If the solid line represents the control state, the dashed lines show a decrease in osmolality and extracellular volume but an increase in intracellular volume.


[image: Image]
Figure I-1-4. Darrow-Yannet Diagram




	
Extracellular volume always enlarges when there is a net gain of fluid by the body. Extracellular volume always decreases when there is a net loss of body fluid.

	
Concentration of solutes is equivalent to body osmolality. At steady-state, the intracellular concentration of water equals the extracellular concentration of water (cell membrane is not a barrier for water). Thus, the intracellular and extracellular osmolalities are the same.

	
Intracellular volume varies with the effective osmolality of the extracellular compartment. Solutes and fluids enter and leave the extracellular compartment first (sweating, diarrhea, fluid resuscitation, etc.). Intracellular volume is only altered if extracellular osmolality changes.

	If ECF osmolality increases, cells lose water and shrink. If ECF osmolality decreases, cells gain water and swell.



Below are 6 Darrow-Yannet diagrams illustrating changes in volume and/or osmolality. Examine the alterations, trying to determine what occurred and how. Consider whether the change represents net water and/or solute gain or loss.

Indicate, too, how the situation would likely occur from a clinical perspective, i.e., the patient is hemorrhaging, drinking water, consuming excess salt, etc.

Changes in volume and concentration (dashed lines)


[image: Image]
Figure I-1-5.




[image: Image]
Figure I-1-6.




[image: Image]
Figure I-1-7.




[image: Image]
Figure I-1-8.




[image: Image]
Figure I-1-9.




[image: Image]
Figure I-1-10.



Explanations

Figure I-1-5: Patient shows loss of extracellular volume with no change in osmolality. Since extracellular osmolality is the same, then intracellular volume is unchanged. This represents an isotonic fluid loss (equal loss of fluid and osmoles). Possible causes are hemorrhage, isotonic urine, or the immediate consequences of diarrhea or vomiting.

Figure I-1-6: Patient shows loss of extracellular and intracellular volume with rise in osmolality. This represents a net loss of water (greater loss of water than osmoles). Possible causes are inadequate water intake or sweating. Pathologically, this could be hypotonic water loss from the urine resulting from diabetes insipidus.

Figure I-1-7: Patient shows gain of extracellular volume, increase in osmolality, and a decrease in intracellular volume. The rise in osmolality shifted water out of the cell. This represents a net gain of solute (increase in osmoles greater than increase in water). Possible causes are ingestion of salt, hypertonic infusion of solutes that distribute extracellularly (saline, mannitol), or hypertonic infusion of colloids. Colloids, e.g., dextran, don’t readily cross the capillary membrane and thus expand the vascular compartment only (vascular is part of extracellular compartment).

Figure I-1-8: Patient shows increase in extracellular and intracellular volumes with a decrease in osmolality. The fall in osmolality shifted water into the cell. Thus, this represents net gain of water (more water than osmoles). Possible causes are drinking significant quantities of water (could be pathologic primary polydipsia), drinking significant quantities of a hypotonic fluid, or a hypotonic fluid infusion (saline, dextrose in water). Pathologically this could be abnormal water retention such as that which occurs with syndrome of inappropriate ADH.

Figure I-1-9: Patient shows increase in extracellular volume with no change in osmolality or intracellular volume. Since extracellular osmolality didn’t change, then intracellular volume is unaffected. This represents a net gain of isotonic fluid (equal increase fluid and osmoles). Possible causes are isotonic fluid infusion (saline), drinking significant quantities of an isotonic fluid, or infusion of an isotonic colloid. Pathologically this could be the result of excess aldosterone. Aldosterone is a steroid hormone that causes Na+ retention by the kidney. At first glance one would predict excess Na+ retention by aldosterone would increase the concentration of Na+ in the extracellular compartment. However, this is rarely the case because water follows Na+, and even though the total body mass of Na+ increases, its concentration doesn’t.

Figure I-1-10: Patient shows decrease in extracellular volume and osmolality with an increase in intracellular volume. The rise in intracellular volume is the result of the decreased osmolality. This represents a net loss of hypertonic fluid (more osmoles lost than fluid). The only cause to consider is the pathologic state of adrenal insufficiency. Lack of mineralocorticoids, e.g., aldosterone causes excess Na+ loss.

Table I-1-1. Volume Changes and Body Osmolarity Following Changes in Body Hydration











	
	ECF
Volume
	Body
Osmolarity
	ICF
Volume
	D-Y
Diagram





	Loss of isotonic fluid
Hemorrhage
Diarrhea
Vomiting
	↓
	no change
	no change
	[image: Image]



	Loss of hypotonic fluid
Dehydration
Diabetes insipidus
Alcoholism
	↓
	↑
	↓
	[image: Image]



	Gain of isotonic fluid
Isotonic saline
	↑
	no change
	no change
	[image: Image]



	Gain of hypotonic fluid
Hypotonic saline
Water intoxication
	↑
	↓
	↑
	[image: Image]



	Gain of hypertonic fluid
Hypertonic saline
Hypertonic mannitol
	↑
	↑
	↓
	[image: Image]





ECF = extracellular fluid; ICF = intracellular fluid; D-Y = Darrow-Yannet


Recall Question

Which of the following volume changes would most likely be seen in a 38-year-old man who is lost and dehydrated in a desert?


	Loss of isotonic fluid with ECF volume contraction, no change in total body osmolarity, no change in ICF volume

	Loss of hypotonic fluid with ECF volume contraction, increase in total body osmolarity, ICF volume contraction

	Loss of hypotonic fluid with ECF volume contraction, no change in total body osmolarity, no change in ICF volume

	Loss of hypertonic fluid with ECF volume contraction, decrease in total body osmolarity, increase in ICF volume

	Loss of hypertonic fluid with ECF volume expansion, decrease in total body osmolarity, decrease in ICF volume



Answer: B



REVIEW AND INTEGRATION

Let’s review 2 important hormones involved in volume regulation: aldosterone and anti-diuretic hormone (also covered in the Renal and Endocrine sections).

Aldosterone

One fundamental function of aldosterone is to increase sodium reabsorption in principal cells of the kidney. This reabsorption of sodium plays a key role in regulating extracellular volume.

Aldosterone also plays an important role in regulating plasma potassium and increases the secretion of this ion in principal cells.

The 2 primary factors stimulating aldosterone release are:


	Plasma angiotensin II (Ang II)

	
Plasma K+




Anti-Diuretic Hormone

Anti-diuretic hormone (ADH) (or arginine vasopressin [AVP]) stimulates water reabsorption in principal cells of the kidney via the V2 receptor. By regulating water, ADH plays a pivotal role in regulating extracellular osmolality.


NOTE

ADH secretion is primarily regulated by plasma osmolality and blood pressure/volume. However, it can also be stimulated by Ang II and corticotropin-releasing hormone (CRH).

This influence of CRH is particularly relevant to clinical medicine, because a variety of stresses (e.g., surgery) can increase ADH secretion.



ADH also vasoconstricts arterioles (V1 receptor) and thus can serve as a hormonal regulator of vascular tone.

The 2 primary regulators of ADH are:


	
Plasma osmolality (directly related): an increase stimulates while a decrease inhibits

	
Blood pressure/volume (inversely related): an increase inhibits while a decrease stimulates



Renin

Although renin is an enzyme, not a hormone, it is important in this discussion because it catalyzes the conversion of angiotensinogen to angiotensin I, which in turn is converted to Ang II by angiotensin-converting enzyme (ACE). This is the renin-angiotensin-aldosterone system (RAAS).

The 3 primary regulators of renin are:


	
Perfusion pressure to the kidney (inversely related): an increase inhibits, while a decrease stimulates

	
Sympathetic stimulation to the kidney (direct effect via β-1 receptors)

	
Na+ delivery to the macula densa (inversely related): an increase inhibits, while a decrease stimulates



Negative Feedback Regulation

When examining the function and regulation of these hormones, one should see the feedback regulation. For example, aldosterone increases sodium reabsorption, which in turn increases extracellular volume. Renin is stimulated by reduced blood pressure (perfusion pressure to the kidney; reflex sympathetic stimulation). Thus, aldosterone is released as a means to compensate for the fall in arterial blood pressure.

Application

Given the above, review the previous Darrow-Yannet diagrams and predict what would happen to levels of each hormone in the various conditions.

Figure I-1-5: Loss of extracellular volume stimulates RAAS and ADH.

Figure I-1-6: Decreased extracellular volume stimulates RAAS. This drop in extracellular volume stimulates ADH, as does the rise in osmolarity. This setting would be a strong stimulus for ADH.

Figure I-1-7: The rise in extracellular volume inhibits RAAS. It is difficult to predict what will happen to ADH in this setting. The rise in extracellular volume inhibits, but the rise in osmolality stimulates, thus it will depend upon the magnitude of the changes. In general, osmolality is a more important factor, but significant changes in vascular volume/pressure can exert profound effects.

Figure I-1-8: The rise in extracellular volume inhibits RAAS and ADH. In addition, the fall in osmolality inhibits ADH.

Figure I-1-9: The rise in extracellular volume inhibits both.

Figure I-1-10: Although the only cause to consider is adrenal insufficiency, if this scenario were to occur, then the drop in extracellular volume stimulates RAAS. It is difficult to predict what happens to ADH in this setting. The drop in extracellular volume stimulates, but the fall in osmolality inhibits, thus it depends upon the magnitude of the changes.

MICROCIRCULATION

Filtration and Absorption

Fluid flux across the capillary is governed by the 2 fundamental forces that cause water flow:


	Hydrostatic force, which is simply the pressure of the fluid

	Osmotic (oncotic) force, which represents the osmotic force created by solutes that do not cross the membrane



Each force exists on both sides of the membrane. Filtration is the movement of fluid from the plasma into the interstitium, while absorption is movement of fluid from the interstitium into the plasma.


[image: Image]
Figure I-1-11. Starling Forces




P = hydrostatic pressure

π = osmotic (oncotic) pressure (mainly proteins)



Forces for filtration

PC = hydrostatic pressure (blood pressure) in the capillary

This is directly related to blood flow (regulated at the arteriole); venous pressure; and blood volume.

πIF = oncotic (osmotic) force in the interstitium

This is determined by the concentration of protein in the interstitial fluid. Normally the small amount of protein that leaks to the interstitium is minor and is removed by the lymphatics. Under most conditions, this is not an important factor influencing the exchange of fluid.

Forces for absorption

πC = oncotic (osmotic) pressure of plasma

This is the oncotic pressure of plasma solutes that cannot diffuse across the capillary membrane, i.e., the plasma proteins. Albumin, synthesized in the liver, is the most abundant plasma protein and thus the biggest contributor to this force.

PIF = hydrostatic pressure in the interstitium

This pressure is difficult to determine. In most cases it is close to zero or negative (subatmospheric) and is not a significant factor affecting filtration versus reabsorption. It can become significant if edema is present or it can affect glomerular filtration in the kidney (pressure in Bowman’s space is analogous to interstitial pressure).

Starling Equation

These 4 forces are often referred to as Starling forces. Grouping the forces into those that favor filtration and those that oppose it, and taking into account the properties of the barrier to filtration, the formula for fluid exchange is the following:

Qf = k [(Pc + πIF) − (PIF + πC)]


Qf: fluid movement

k: filtration coefficient



The filtration coefficient depends upon a number of factors, but for our purposes permeability is most important. As indicated below, a variety of factors can increase permeability of the capillary resulting in a large flux of fluid from the capillary into the interstitial space.

A positive value of Qf indicates net filtration; a negative value indicates net absorption. In some tissues (e.g., renal glomerulus), filtration occurs along the entire length of the capillary; in others (intestinal mucosa), absorption normally occurs along the whole length. In other tissues, filtration may occur at the proximal end until the forces equilibrate.

Lymphatics

The lymphatics play a pivotal role in maintaining a low interstitial fluid volume and protein content. Lymphatic flow is directly proportional to interstitial fluid pressure, thus a rise in this pressure promotes fluid movement out of the interstitium via the lymphatics.

The lymphatics also remove proteins from the interstitium. Recall that the lymphatics return their fluid and protein content to the general circulation by coalescing into the lymphatic ducts, which in turn empty into to the subclavian veins.

Review Questions


	Given the following values, calculate a net pressure:
PC 25 mm Hg
PIF 2 mm Hg
πC 20 mm Hg
πIF 1 mm Hg

	Calculate a net pressure if the interstitial hydrostatic pressure is –2 mm Hg.



Answers


	+4 mm Hg

	+8 mm Hg



EDEMA (PATHOLOGY INTEGRATION)

Edema is the accumulation of fluid in the interstitial space. It expresses itself in peripheral tissues in 2 forms:


	In pitting edema (classic, most common), pressing the affected area with a finger or thumb results in a visual indentation of the skin that persists for some time after the digit is removed. It generally responds well to diuretic therapy.

	In non-pitting edema, a persistent visual indentation is absent when pressing the affected area. This occurs when interstitial oncotic forces are elevated (proteins for example). It does not respond well to diuretic therapy.



Peripheral Edema

Significant alterations in the Starling forces, which then tip the balance toward filtration, increase capillary permeability (k) and/or interrupt lymphatic function, resulting in edema. Thus:


	
Increased capillary hydrostatic pressure (PC): causes can include marked increase in blood flow (e.g., vasodilation in a given vascular bed); increasing venous pressure (e.g., venous obstruction or heart failure); and elevated blood volume, typically the result of Na+ retention (e.g., heart failure).

	
Increased interstitial oncotic pressure (πIF): primarily caused by thyroid dysfunction (elevated mucopolysaccharides in the interstitium) but can be a result of lymphedema. The elevated amount of solutes act as osmotic agents resulting in fluid accumulation and a non-pitting edema.

	
Decreased vascular oncotic pressure (πC): causes can include liver failure and nephrotic syndrome.

	
Increased capillary permeability (k): Circulating agents, e.g., tumor necrosis factor alpha (TNF-alpha), bradykinin, histamine, cytokines related to burn trauma, etc., increase fluid (and possibly protein) filtration resulting in edema.

	
Lymphatic obstruction/removal (lymphedema): causes can include filarial (W. bancrofti: elephantiasis); bacterial lymphangitis (streptococci); trauma; surgery; and tumor. Given that one function of the lymphatics is to clear interstitial proteins, lymphedema can produce a non-pitting edema because of the rise in πIF.



Pulmonary Edema

Edema in the interstitium of the lung can result in grave consequences. It can interfere with gas exchange, thus causing hypoxemia and hypercapnia. A low hydrostatic pressure in pulmonary capillaries and lymphatic drainage helps to “protect” the lungs against edema.

However, similar to peripheral edema, alterations in Starling forces, capillary permeability, and/or lymphatic blockage can result in pulmonary edema. The most common causes relate to elevated capillary hydrostatic pressure and increased capillary permeability.


	
Cardiogenic (elevated PC) (more common)

	– Increased left atrial pressure increases venous pressure, which in turn increases capillary pressure

	– Initially increased lymph flow reduces interstitial proteins and is protective

	– First patient sign is often orthopnea (dyspnea when supine), which can be relieved when sitting upright

	– Elevated pulmonary wedge pressure provides confirmation

	– Treatment: reduce left atrial pressure, e.g., diuretic therapy





	
Non-cardiogenic (increased permeability): adult respiratory distress syndrome (ARDS)

	– Due to direct injury of the alveolar epithelium or after a primary injury to the capillary endothelium

	– Clinical signs are severe dyspnea of rapid onset, hypoxemia, and diffuse pulmonary infiltrates leading to respiratory failure

	– Most common causes are sepsis, bacterial pneumonia, trauma, and gastric aspirations

	– Fluid accumulation as a result of the loss of epithelial integrity

	– Presence of protein-containing fluid in the alveoli inactivates surfactant causing reduced lung compliance

	– Pulmonary wedge pressure is normal or low







VOLUME MEASUREMENT OF COMPARTMENTS

To measure the volume of a body compartment, a tracer substance must be easily measured, well distributed within that compartment, and not rapidly metabolized or removed from that compartment. Use the relationship V = A/C to calculate the volume of the compartment:

[image: Image]

For example, 300 mg of a dye is injected intravenously; at equilibrium, the concentration in the blood is 0.05 mg/mL. The volume of the compartment that

[image: Image]

This is called the volume of distribution (VOD).

Properties of the Tracer and Compartment Measured

Tracers are generally introduced into the vascular compartment, and they distribute throughout body water until they reach a barrier they cannot penetrate. The 2 major barriers encountered are capillary membranes and cell membranes. Thus, tracer characteristics for the measurement of the various compartments are as follows:


	Plasma: tracer not permeable to capillary membranes, e.g., albumin

	ECF: tracer permeable to capillary membranes but not cell membranes, e.g., inulin, mannitol, sodium, sucrose

	Total body water: tracer permeable to capillary and cell membranes, e.g., tritiated water, urea



Blood Volume versus Plasma Volume

Blood volume represents the plasma volume plus the volume of RBCs, which is usually expressed as hematocrit (fractional concentration of RBCs).

The following formula can be utilized to convert plasma volume to blood volume:

[image: Image]

For example, if the hematocrit is 50% (0.50) and plasma volume = 3 L, then:

[image: Image]

If the hematocrit is 0.5 (or 50%), the blood is half RBCs and half plasma. Therefore, blood volume is double the plasma volume.

Blood volume can be estimated by taking 7% of the body weight in kg. For example, a 70 kg individual has an approximate blood volume of 5.0 L.

The distribution of intravenously administered fluids is as follows:


	Vascular compartment: whole blood, plasma, dextran in saline

	ECF: saline, mannitol

	Total body water: D5W–5% dextrose in water (once the glucose is metabolized, the water distributes 2/3 ICF and 1/3 ECF)




Recall Question

What is the most likely pathophysiology for cardiogenic pulmonary edema?


	Increased pulmonary capillary permeability

	Decreased vascular oncotic pressure

	Increased pulmonary capillary hydrostatic pressure

	Increased interstitial oncotic pressure

	Lymphatic obstruction



Answer: C







PART II


EXCITABLE TISSUE




1
Ionic Equilibrium and Resting Membrane Potential


LEARNING OBJECTIVES

[image: image] Explain information related to overview of excitable tissue

[image: image] Interpret scenarios on ion channels

[image: image] Explain information related to equilibrium potential



EXCITABLE TISSUE

The figure below provides a basic picture of excitable cells and the relative concentration of key electrolytes inside versus outside the cell. The intracellular proteins have a negative charge. In order to understand what governs the conductance of ions as it relates to the function of excitable tissue (nerves and muscle), remember the relative difference in concentrations for these ions.

In addition, know the following key principles.


	
Membrane potential (Em): There is a separation of charge across the membrane of excitability tissue at rest. This separation of charge means there is the potential to do work and is measured in volts. Thus, Em represents the measured value.

	
Electrochemical gradient indicates the combination of 2 forces: ions diffuse based upon chemical (concentration) gradients (high to low) and electrical gradients (like charges repel, opposites attract).

	
Equilibrium potential is the membrane potential that puts an ion in electrochemical equilibrium, i.e., the membrane potential that results in no NET diffusion of an ion. If reached, the tendency for an ion to diffuse in one direction based upon the chemical gradient is countered by the electrical force in the opposite direction. The equilibrium potential for any ion can be calculated by the Nernst equation.

	
Conductance (g) refers to the flow of an ion across the cell membrane. Ions move across the membrane via channels. Open/closed states of channels determine the relative permeability of the membrane to a given ion and thus the conductance. Open states create high permeability and conductance, while closed states result in low permeability and conductance.

	
Net force (driving force) indicates the relative “force” driving the diffusion of an ion. It is estimated by subtracting the ion’s equilibrium potential from the cell’s membrane potential. In short, it quantitates how far a given ion is from equilibrium at any membrane potential.




[image: Image]
Figure II-1-1. Basic Schematic of an Excitable Cell



ION CHANNELS

Ions diffuse across the membrane via ion channels. There are 3 types:

Ungated (Leak) Ion Channel


	Always open

	Direction the ion moves depends upon electrochemical forces

	Important for determining resting membrane potential of a cell



Voltage-Gated Ion Channel


	Open/closed state is determined primarily by membrane potential (voltage)

	Change in membrane potential may open or close the channel



Ligand-Gated Ion Channel


	Channel contains a receptor

	State of the channel (open or closed) is influenced by the binding of a ligand to the receptor

	Under most circumstances, the binding of the ligand opens the channel




[image: Image]
Figure II-1-2. Classes of Ion Channel



There is one exception to the 3 classes: the NMDA (N-methyl-D-aspartic acid) receptor is both voltage- and ligand-gated.


[image: Image]
Figure II-1-3. NMDA Receptor



The pore of the NMDA receptor is blocked by Mg2+ if Em is more negative than ~ –70 mV. If Em becomes less negative than ~ –70 mV, this Mg2+ block is removed. Thus, the NMDA receptor exhibits characteristics of a voltage-gated channel.

The NMDA receptor also exhibits characteristics of a ligand-gated channel. Glutamate and aspartate are the endogenous ligands for the NMDA receptor. Binding of one of the ligands is required to open the channel.


	If Em is more negative than ~ –70 mV, binding of the ligand does not open the channel (Mg2+ block related to voltage prevents).

	If Em is less negative than ~ –70 mV, binding of the ligand opens the channel (even though no Mg2+ block at this Em, channel will not open without ligand binding).



The NMDA receptor is a non-selective cation channel (Na+, K+, and Ca2+ flux through it). Thus, opening of this channel results in depolarization.

Although the NMDA receptor is likely involved in a variety of functions, the most important are memory and pain transmission. With respect to memory, NMDA has been shown to be involved in long-term potentiation of cells, thought to be an important component of memory formation. With respect to pain transmission, NMDA is expressed throughout the CNS and has been proven to play a pivotal role in the transmission and ultimate perception of pain.

EQUILIBRIUM POTENTIAL

Equilibrium potential is the membrane potential that puts an ion in electrochemical equilibrium. It can be calculated using the Nernst equation, which computes the equilibrium potential for any ion based upon the concentration gradient.

[image: Image]


Ex+: equilibrium potential

[X+]o: concentration outside (extracellular)

[X+]i: concentration inside (intracellular)

Z: value of the charge



Key points regarding the Nernst equation:


	The ion always diffuses in a direction that brings the Em toward its equilibrium.

	The overall current flow of the ion is directly proportional to the net force and conductance (determined by ion channel state, i.e., ­permeability) of the membrane for the ion.

	The Em moves toward the EX of the most permeable ion.

	The number of ions that actually move across the membrane is negligible. Thus, opening of ion channels does not alter intracellular or extracellular concentrations of ions under normal circumstances.



It is difficult to measure the intracellular concentration of the important electrolytes, so equilibrium potential for these ions will vary. The following are reasonable numbers to keep in mind:

EK+ ~ –95 mV ENa+ ~ +70 mV

ECl– ~ –76 mV ECa2+ ~ +125 mV

Note that in depolarization, Em becomes less negative (moves toward zero). In hyperpolarization, Em becomes more negative (further from zero).

Resting Membrane Potential

Potassium (K+)

There is marked variability in the resting membrane potential (rEm) for excitable tissues, but the following generalizations are applicable.


	rEm for nerves is ~ –70 mV, while rEm for striated muscle is ~ –90 mV.

	Excitable tissue has a considerable number of leak channels for K+, but not for Cl–, Na+, or Ca2+. Thus, K+ conductance (g) is high in resting cells.

	Because of this high conductance, rEm is altered in the following ways by changes in the extracellular concentration of K+:

	– Hyperkalemia depolarizes the cell. If acute, excitability of nerves is increased (nerve is closer to threshold for an action potential), and heart arrhythmias may occur.

	– Hypokalemia hyperpolarizes the cell. This decreases the excitability of nerves (further from threshold), and heart arrhythmias may occur.








[image: Image]
Figure II-1-4. Effect of Changes in Extracellular K+ on Resting Membrane Potential



Altering the g for K+ has the following effects:


	
Increasing g causes K+ to leave the cell, resulting in hyperpolarization of the cell. Recall that increasing g for an ion causes the Em to move toward the equilibrium potential for that ion. Thus, the cell will move from –70 mV toward –95 mV.

	
Decreasing g depolarizes the cell (cell moves away from K+ equilibrium). This applies to K+ because of its high resting g.



The Na+/K+ ATPase

Although the cell membrane is relatively impermeable to Na+, it is not completely impervious to it. Thus, some Na+ does leak into excitable cells. This Na+ leak into the cells is counterbalanced by pumping it back out via the Na+/K+ ATPase. Important attributes of this pump are as follows:


[image: Image]
Figure II-1-5. Steady-State Resting Relationship between Ion Diffusion and Na/K-ATPase Pump




	The stoichiometry is 3 Na+ out, 2 K+ in. This means the pump is electrogenic because more positive charges are removed from inside the cell than are replaced. This helps maintain a negative charge inside the cell.

	Three solutes are pumped out in exchange for 2 solutes. This causes a net flux of water out of the cell. This pump is important for volume regulation of excitable tissue.



Chloride (Cl–)

Cl− g is low at rest. Thus, decreasing g or changing the extracellular concentration has minimal effect on rEm.

Assuming rEm is –70 mV, increasing Cl– g hyperpolarizes the cell (Em moves toward equilibrium for Cl–, which is −76 mV). If rEm is −80 mV or more negative, increasing Cl− g depolarizes the cell.

Sodium (Na+)

Na+ g is very low at rest. Thus, decreasing g or changing the extracellular concentration has no effect on rEm. Increasing Na+ g depolarizes the cell (Em moves to equilibrium for Na+, which is +70 mV).


[image: Image]
Figure II-1-6. Effect of Increased Cl– g (left) or Na+ g (right)



Calcium (Ca2+)

Ca2+ g is very low at rest. Thus decreasing g or changing the extracellular concentration has no effect on rEm. Increasing Ca2+ g depolarizes the cell (Em moves toward equilibrium for Ca2+, which is +125 mV).


Recall Question

Which of the following is the mechanism of action behind heart arrhythmias caused by hyperkalemia?


	Increased potassium hyperpolarizes the cell

	Increased potassium prolongs action potential duration

	Increased potassium increases heart rate via funny current channels

	Increased potassium depolarizes the cell bringing excitable nerves closer to action potential

	Increased potassium increases intracellular calcium concentration



Answer: D







2
The Neuron Action Potential and Synaptic Transmission


LEARNING OBJECTIVES

[image: image] Explain information related to overview of the action potential

[image: image] Solve problems concerning voltage-gated ion channels

[image: image] Demonstrate understanding of the action potential

[image: image] Use knowledge of properties of action potentials

[image: image] Answer questions about synaptic transmission

[image: image] Interpret scenarios on review and integration



ACTION POTENTIAL

The action potential is a rapid depolarization followed by a repolarization (return of membrane potential to rest). The function is:


	
Neurons: to conduct neuronal signals

	
Muscle: to initiate a contraction




NOTE

The action potential of neurons is discussed in this chapter; however, since the action potential of skeletal muscle is virtually the same, apply the same rules. Because the cardiac muscle action potential has several differences, it will be discussed in the next chapter.



The figure below shows the action potential from 3 types of excitable cell. Even though there are many similarities in the cell types, there are differences—most notably, the duration of the action potential.

Note the different time scales.


[image: Image]
Figure II-2-1. Action Potentials from 3 Cell Types



VOLTAGE-GATED ION CHANNELS

To understand how the action potential is generated, the ion channels involved must be discussed.

Voltage-Gated (Fast) Na+ Channels

The opening of these channels is responsible for the rapid depolarization phase (upstroke) of the action potential. The fast Na+ channel has 2 gates and 3 conformational states.


[image: Image]
Figure II-2-2. Voltage-Gated (Fast) Na+ Channel




	
Closed: In the closed state, the activation gate (m-gate) is closed and the inactivation gate (h-gate) is open. Because the activation gate is closed, Na+ conductance (g) is low.

	
Open: Depolarization causes the channel to transition to the open state, in which both gates are open and thus Na+ g increases. The elevated Na+ g causes further depolarization, which in turn opens more Na+ channels, causing further depolarization. In short, a positive-feedback cycle can be initiated if enough Na+ channels open at or near the same time. Bear in mind, there are numerous fast Na+ channels in every cell, and each one has its own threshold voltage for opening.

	
Inactivated: After opening, the fast Na+ channel typically transitions to the inactivated state. In this state, the activation gate is open and the inactivation gate (h-gate) is closed. Under normal circumstances, this occurs when membrane potential becomes positive as a result of the action potential.

	Once the cell repolarizes, the fast Na+ channel transitions back to the closed state, and is thus ready to reopen to cause another action potential.




CLINICAL CORRELATE

Hyperkalemia depolarizes neurons. Acutely, this increases excitability because the cell is closer to threshold. However, this depolarization opens some fast Na+ channels. Over time, these channels transition into the inactivated state. Because Em never returns to its original resting Em (hyperkalemia keeps cell depolarized), the fast Na+ channel is unable to transition back to the closed state and is thus “locked” in the inactivated state. This reduces the number of fast Na+ channels available to open, resulting in the reduced neuronal excitability seen with chronic hyperkalemia.



Once an Na+ channel inactivates, it cannot go back to the open state until it transitions to the closed state (typically when the cell repolarizes). There are some conditions in which the transition to the closed state does not occur.

Extracellular Ca2+ blocks fast Na+ channels.

Voltage-Gated K+ Channels


	Closed at resting membrane potential

	Depolarization opens, but kinetics are much slower than fast Na+ channels

	Primary mechanism for repolarization




BRIDGE TO PHARMACOLOGY

Tetrodotoxin (TTX), saxitoxin (STX), and local anesthetics (“-caine drugs”) block fast Na+ channels, thereby preventing an action potential.



THE ACTION POTENTIAL

Subthreshold Stimulus

In the figure below, the blue and purple lines show changes in membrane potential (Em) to increasing levels of stimuli, but neither result in an action potential. Thus, these are subthreshold stimuli.


	The degree of depolarization is related to the magnitude of the stimulus.

	The membrane repolarizes (returns to rest).

	It can summate, which means if another stimulus is applied before repolarization is complete, the depolarization of the second stimulus adds onto the depolarization of the first (the 2 depolarizations sum together).




BRIDGE TO PHARMACOLOGY

Ciguatoxin (CTX: fish) and batrachotoxin (BTX: frogs) are toxins that block inactivation of fast Na+ channels.




[image: Image]
Figure II-2-3. Neuron Action Potential



Threshold Stimulus

The green line in the figure depicts the action potential. Provided the initial stimulus is great enough to depolarize the neuron to threshold, then an action potential results. The following represents the events that occur during an action potential, which is an application of the aforementioned discussion on ion ­channels.


	At threshold, a critical mass of fast Na+ channels open, resulting in further depolarization and the opening of more fast Na+ channels.

	Because Na+ g is high (see also Figure II-2-4), the Em potential rapidly approaches the equilibrium potential for Na+ (~ +70 mV).

	As membrane potential becomes positive, fast Na+ channels begin to inactivate (see above), resulting in a rapid reduction in Na+ conductance (see also Figure II-2-4).

	Voltage-gated K+ channels open in response to the depolarization, but since their kinetics are much slower, the inward Na+ current (upstroke of the action potential) dominates initially.

	K+ g begins to rise as more channels open. As the rise in Em approaches its peak, fast Na+ channels are inactivating, and now the neuron has a high K+ g and a low Na+ g (see also Figure II-2-4).

	The high K+ g drives Em toward K+ equilibrium (~ −95 mV), resulting in a rapid repolarization.

	As Em becomes negative, K+ channels begin to close, and K+ g slowly returns to its original level. However, because of the slow kinetics, a period of hyperpolarization occurs.



Key Points


	The upstroke of the action potential is mediated by a Na+ current (fast Na+ channels).

	Although the inactivation of fast Na+ channels participates in repolarization, the dominant factor is the high K+ g due to the opening of voltage-gated K+ channels.

	The action potential is all or none: It occurs if threshold is reached, and doesn’t occur if threshold is not reached.

	The action potential cannot summate.

	Under normal conditions, the action potential regenerates itself as it moves down the axon, thus it is propagated (magnitude is unchanged).




[image: Image]
Figure II-2-4. Axon Action Potential and Changes in Conductance



PROPERTIES OF ACTION POTENTIALS

Refractory Periods

The absolute refractory period is the period during which no matter how strong the stimulus, it cannot induce a second action potential. The mechanism underlying this is the fact that during this time, most fast Na+ channels are either open or in the inactivated state. The approximate duration of the absolute refractory period is seen below; the length of this period determines the maximum frequency of action potentials.

The relative refractory period is that period during which a greater than threshold stimulus is required to induce a second action potential. The mechanism for this is the elevated K+ g.


[image: Image]
Figure II-2-5. Refractory Periods



Conduction Velocity of the Action Potential

There are 2 primary factors influencing conduction velocity in nerves:


	
Cell diameter: The greater the cell diameter, the greater the conduction velocity. A greater cross-sectional surface area reduces the internal electrical resistance.

	
Myelination: Myelin provides a greater electrical resistance across the cell membrane, thereby reducing current “leak” through the membrane. The myelination is interrupted at the nodes of Ranvier where fast Na+ channels cluster. Thus, the action potential appears to “bounce” from node to node with minimal decrement and greater speed (saltatory conduction).




BRIDGE TO PATHOLOGY

Multiple sclerosis (MS) and Guillain-Barre syndrome (GBS) are demyelinating diseases. Loss of myelin results in current leakage across the membrane. The magnitude of current reaching the cluster of fast Na+ channels is unable to cause threshold depolarization, resulting in a conduction block. MS preferentially demyelinates neurons in the CNS, while GBS acts on peripheral neurons.



SYNAPTIC TRANSMISSION

Neuromuscular Junction

The synapse between the axons of an alpha-motor neuron and a skeletal muscle fiber is called the neuromuscular junction (NMJ). The terminals of alpha-motor neurons contain acetylcholine (Ach), thus the synaptic transmission at the neuromuscular junction is one example of cholinergic transmission.


NOTE

The basics of neurotransmitter release described in this section are applicable to synaptic transmission for all synapses.




[image: Image]
Figure II-2-6. Neuromuscular Transmission and Nicotinic Synapses



Sequence of events


	The action potential traveling down the motor neuron depolarizes the presynaptic membrane.

	This depolarization opens voltage-gated Ca2+ channels in the presynaptic membrane, resulting in Ca2+ influx into the presynaptic terminal.

	The rise in Ca2+ causes synaptic vesicles to release their contents, in this case, Ach. The amount of neurotransmitter release is directly related to the rise in cytosolic Ca2+, i.e., the more Ca2+ that enters, the more neurotransmitter released.

	Ach binds to a nicotinic receptor located on the muscle membrane (NM receptor). The NM receptor is a non-selective monovalent cation channel (both Na+ and K+ can traverse). Given that Na+ has a much greater net force (see Chapter 1 of this section), depolarization occurs. This depolarization is called an end-plate potential (EPP). The magnitude of the EPP is directly related to the amount of Ach released.

	The resulting depolarization opens fast Na+ channels on the muscle membrane (sarcolemma) causing an action potential in the sarcolemma. Under normal circumstances, an action potential in the motor neuron releases enough Ach to cause an EPP that is at least threshold for the action potential in the skeletal muscle cell. In other words, there is a one-to-one relationship between an action potential in the motor neuron and an action potential in the skeletal muscle cell.

	The actions of Ach are terminated by acetylcholinesterase (AchE), an enzyme located on the postsynaptic membrane that breaks down Ach into choline and acetate. Choline is taken back into the presynaptic terminal (reuptake), hence providing substrate for re-synthesis of Ach.



Synapses Between Neurons

The figure below illustrates synaptic junctions between neurons. In general, the synaptic potentials produced are excitatory or inhibitory, and they are produced by ligand-gated ion channels.


	Synapses are located on the cell body and dendrites.

	The currents produced at these synapses travel along the dendritic and cell body membranes.

	The axon hillock–initial segment region has a high density of fast Na+ channels and is the origin for the action potential of the axon.

	The closer the synapse is to this region, the greater its influence in determining whether an action potential is generated.

	If the sum of all the inputs reaches threshold, an action potential is generated and conducted along the axon to the nerve terminals.




[image: Image]
Figure II-2-7. Synapse Transmission between Neurons



Excitatory postsynaptic potential (EPSP) is excitatory if it increases the excitability of the postsynaptic neuron, i.e., it is more likely to fire an action potential. It is primarily the result of increased Na+ g. It is similar to the EPP found at the neuromuscular junction.


	Important receptors that produce:

	– Nicotinic: endogenous ligand is Ach and includes NM and NN.

	– Non-NMDA (N-methyl-D-aspartic acid): endogenous ligands are glutamate and aspartate (excitatory amino acid transmitters), and Na+ g is increased when they bind.

	– NMDA: endogenous ligands are the excitatory amino acids, and it is a non-selective cation channel (discussed in the preceding chapter).







Inhibitory postsynaptic potential (IPSP) is inhibitory if it decreases the excitability of the postsynaptic neuron, i.e., it is less likely to fire an action potential. It is primarily the result of increased Cl− g.


	Important receptors that produce:

	– GABAA&C: endogenous ligand is GABA (gamma-aminobutyric acid)

	– Glycine: endogenous ligand is glycine







Electrical Synapses

In contrast to chemical synaptic transmission, in electrical synapses there is a direct flow of current from cell to cell. The cell-to-cell communication occurs via gap junctions; because the cells are electrically coupled, there is no synaptic delay. Cardiac and single-unit smooth muscle cells have these electrical synapses.

Peripheral Nervous System

Motor

Alpha-motor neurons release Ach, which binds to the NM (nicotinic muscle) receptor. These are large, well-myelinated neurons, i.e., they exhibit fast conduction.

Parasympathetic nervous system

Preganglionic neurons release Ach, which binds to NN (nicotinic neuronal) receptor. Postganglionic fibers release Ach, which binds to muscarinic receptor (G-protein coupled).

Sympathetic nervous system

Preganglionic neurons release Ach, which binds to NN receptor.

Postganglionic neurons (most) release norepinephrine (NE), which binds to alpha and beta (β-1 & β-3) receptors (G-protein coupled).


[image: Image]
Figure II-2-8. Peripheral Nervous System



REVIEW AND INTEGRATION

In this section, we review much of the preceding information and add in applicable new information as it pertains to clinical signs indicative of alterations in the normal physiological function just discussed. These are clinical signs intended to help further reinforce the important physiology and thus aid the student in recognizing possible causes of these clinical signs.

This is not intended to fully represent all the specific signs/symptoms related to each and every condition indicated.

Decreased Neuronal Excitability/Conduction

Clinical signs could include: weakness; ataxia; hyporeflexia; paralysis; sensory deficit. Possible causes include the following:

Table II-2-1.










	Ion Disturbances
	Loss of Neurons/Demyelination
	Toxins/Drugs
	NMJ





	Hypokalemia
	Guillain-Barre
	Local anesthetics (“caine” drugs)
	Depolarizing NM blockers



	Chronic hyperkalemia
	Amyotrophic lateral sclerosis (ALS)
	TTX
	Non-depolarizing NM blockers



	Hypercalcemia
	Aging
	STX
	Lambert-Eaton



	
	
	
	Myasthenia gravis



	
	
	
	Botulinum






BRIDGE TO PHARMACOLOGY

Botulinum toxin is a protease that destroys proteins needed for the fusion and release of synaptic vesicles. This toxin targets cholinergic neurons, resulting in flaccid paralysis.




BRIDGE TO PHARMACOLOGY

Latrotoxin, the venom from the black-widow spider, opens presynaptic Ca2+ channels, resulting in excess Ach release.




BRIDGE TO PHARMACOLOGY

Many pesticides, as well as some therapeutic agents, block AchE, resulting in the prolonged action of Ach in cholinergic synapses.



Increased Neuronal Excitability/Conduction

Clinical signs could include hyperreflexia, spasms, muscle fasciculations, tetany, tremors, paresthesias, and convulsions. Possible causes include the following:

Table II-2-2.










	Ion Disturbances
	Loss of Neurons/Demyelination
	Toxins/Drugs
	NMJ





	Acute hyperkalemia
	Multiple sclerosis
	CTX
	AchE inhibitors



	Hypocalcemia
	
	BTX
	Latrotoxin






BRIDGE TO PHARMACOLOGY

A variety of compounds can block NM receptors (non-depolarizing neuromuscular blockers), while succinylcholine binds to this receptor, causing the channel to remain open (depolarizing neuromuscular blocker).




BRIDGE TO PATHOLOGY

Two important pathologies related to neuromuscular junctions are myasthenia gravis and Lambert-Eaton syndrome. The most common form of myasthenia gravis is an autoimmune condition in which antibodies are created that block the NM receptor. Lambert-Eaton is also an autoimmune condition, but the antibodies block the presynaptic voltage-gated Ca2+ channels.




Recall Question

Which of the following represents the pathologic alteration causing myasthenia gravis?


	Autoimmune with antibodies that block postsynaptic Nm receptors

	Antibodies blocking the presynaptic voltage-gated Ca2+ channels

	Opening of presynaptic Ca2+ channels resulting in excess ACh release

	Toxins that block inactivation of fast Na+ channels

	Demyelination of Schwann cells



Answer: A
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