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Renal Physiology 1

It is an essential need of the body to maintain a constancy of the fluid environment in the body. You have
already spent a while discussing the importance of the circulatory system in this process. [Claude
Bernard, a 19th century French physiologist, wrote "It is the fixity of the internal environment that is the
condition of free and independent life.... All vital mechanisms, however varied they may be, have only one
object, that of preserving constant conditions of life in the internal environment".] Clearly, in order for
interstitial fluid levels of substances to be kept at an "appropriate" level, blood levels must also be kept at
an appropriate level. You discussed how the respiratory system accomplishes this for gasses - both
gasses needed for metabolic substrates (i.e., 02) and waste gasses (i.e., C02). The kidneys, along with the
digestive system, serve a similar function for non-gaseous substances. For example, during metabolism
we produce organic waste products. How does the body eliminate these? As we shall discuss in great
detail over the next few classes, they are removed from the blood by the kidneys.
Let’s consider for a moment, two critical components of the extracellular fluid, water and Na+. It is
important that we maintain constant amounts of water and Na+ in our body, but our daily intakes and
losses of these substances vary greatly. Some days we might eat a lot of salt, whereas on other days we
eat less. Some days we lose more salt and water in sweat, other days we loose less. But the body cannot
tolerate large changes in either of these substances. The body adjusts to maintain constant levels of these
- BALANCE. (slides 3 and 4)

Functions of the Kidneys: (slide 5)
• excretion of metabolic wastes
• excretion of foreign substances (e.g., drugs, toxins)
• regulation of body fluid osmolarity and electrolyte concentrations (e.g., Na+, K+, Ca++)
• maintenance of water balance and electrolyte balance
• contributes to maintenance of body pH
• regulation of red blood cell number (erythropoietin)
• regulation of blood pressure
• glucose production
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In order to discuss how the kidneys perform these functions, we need to understand the anatomy of the
kidney. (slides 6 and 7)
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So the functional unit of the kidney is a nephron (Slides 7,8,9,10). There are roughly 1 million of these per
kidney, and we will spend the next few classes discussing how nephrons work. We'll start with a brief
overview of what nephrons do, and then go back and look at each step in more detail.
What gets excreted by the kidneys results from filtration of blood in the glomeruli and then subsequent
reabsorption or secretion of substances in the different tubular segments. So for any substance, we can
express its excretion rate in terms of how much is filtered, how much is reabsorbed, and how much is
secreted. (Don't confuse secretion and excretion.) (slides 11, 12)
urinary excretion rate = filtration rate - reabsorption rate + secretion rate
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Let's consider 5 hypothetical substances (slide 13):
1. Filtered, but not reabsorbed or secreted. Filtration = excretion. If we had a substance like this, then we
could easily determine filtration rate by simply measuring excretion rate. Inulin is a substance not
normally found in the body that is neither reabsorbed or secreted by the kidney, and so it is often used to
assess renal filtration.
2. filtered and partially reabsorbed, so excretion < filtration. Many substances are handled in this way by
the kidney.
3. filtered and totally reabsorbed; therefore, none is usually lost into the urine. At normal blood levels,
glucose is handled like this.
4. filtered and secreted; excretion> filtration.
5. not filtered; not all substances are filtered from blood in the glomeruli.

so for each substance we consider, we will need to ask 4 questions (slide 14):
1. to what extent is it filtered in the glomeruli?
2. is it reabsorbed? (if so, where? how?)
3. is it secreted? (if so, where, how?)
4. what factors homeostatically regulate the filtration, reabsorption, and secretion of the substance?
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However, before we deal with the movement of molecules into and out of the renal tubule system (i.e.,
reabsorbtion and secretion in the nephron) let's spend a little time talking in general terms about how
molecules get across membranes.
Transport of molecules across membranes
There are essentially 4 ways that molecules can get across cell membranes (slide 15):
• Simple diffusion through the membrane -limited to lipid soluble substances
• Simple diffusion through holes (i.e., pores) in the membrane - this is limited to selected small ions (e.g.,
K+ passing through K+ channels; or Na+ or Cl-)
• Carrier mediated transport (or mediated transport for short) - as described in more detail below, there
are 3 general classes of mediated transport
• Endocytosis/exocytosis = vesicle mediated transport
Much of what goes on in the kidneys is via mediated transport, and so we need to spend a little time
discussing some of the mechanisms of mediated transport and the factors that influence them. With
mediated transport, molecules are transported across the membrane by a specific transport protein
embedded in the membrane. These proteins are referred to as transporters, and they bind to their ligand
on one side of the membrane and release them on the other.
Three factors influence the rate of mediated transport (slide 16):
• relative affinity of the ligand for the transporter (how much versus how high an affinity)
• how many transporters
• how fast the transporter works
Note that unlike diffusion, with mediated transport the flux of a molecule across a membrane can become
saturated and reach a maximum (transport maximum). Also, there can be competition for transport
between different molecules that share a common transporter.
Types of mediated transport (slide 17)
Mediated transport can be divided into two categories based on whether or not energy is required.
Facilitated diffusion is mediated transport that is solely driven by the diffusion gradient; but make no
mistake - it is not a process of diffusion. Glucose enters most cells by facilitated diffusion
Active transport utilizes energy derived from cellular metabolism to drive the transport process. This use
of energy actually allows molecules to be moved from [low] to [high]; to pump molecules against a
concentration gradient. Thus, the transport protein in this case is frequently referred to as a "pump".
Based on how the pump is coupled to energy derived from

6

Renal 1

October 20, 2017

cell metabolism (i.e., ATP), active transport can be divided into two categories: primary, in which the
hydrolysis of ATP is involved directly, and secondary, in which the transport is driven by an ion
concentration gradient that was set up by a primary active transport process.
Primary Active Transport
- the transporter is itself an ATP-ase
-4 have been identified: Na,K-ATPase; Ca-ATPase; H-ATPase; H,K-ATPase.
-the Na,K-ATPase is present in all cells and leads to the characteristic high intracellular K (150 mM vs 4 or
5 mM out) and low intracellular Na (15 vs 145). For each ATP used, 3 Na out, 2 K in.
Secondary Active transport
The energy for transport is derived from a concentration gradient established by active transport.
-many are driven by the Na gradient established by the Na,K-ATPase. -as much as 50% of ATP usage by a
cell may be used to drive the NaK ATP-ase
-co-transport (same direction as Na, or whatever is the ion driving the transport) vs countertransport
(opposite direction); some authors use co-transport independent of direction, and then symport and
antiport to indicate relative direction of the transported molecules.
(Slide 18)

direction of net flux
Co vs Cl at steady state
? use of integral membrane protein
? saturation
?chemical specificity
? energy; ? source
examples of molecules

(slide 19)
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Movement of water
Remember, water is a molecule too, and it is very abundant in the body. Approximately 60% of body
weight is water (for a 70 kg man, that's 42 L; women have a somewhat higher fat content, so a somewhat
lower water content). Of this, approx. 2/3 of the water is inside cells (intracellular fluid). Of the 1/3 that
is outside cells (extracellular fluid), approx 80% is interstitial fluid, with the rest being the fluid phase of
blood (blood plasma).
Despite its polar nature, water readily diffuses through biological membranes through channels formed
by a family of proteins called aquaporins. The process of water moving downs its concentration gradient
is osmosis.
We typically talk about solutes not water, but as the solute concentration goes up, the water
concentration (by definition) goes down. Thus, in thinking about the concentration of water, it is useful to
have a way of referring to the total solute concentration it in (not just of a specific molecule) and this is
called osmolarity; 1 osmole is equal to 1 mole of solute (e.g., 1 mole of glucose or 1 mole of Na; 1 mole of
NaCl - because it fully ionizes in water - is two osmoles). Osmolarity is the number of moles of solute per
liter. (A related term, osmolality, is the number of moles of solute per kilogram of water. Within the
context of physiological concentrations of things, the two values are essentially the same. However, due
to the way it is typically measured, the appropriate term is osmolality.) The higher the osmolarity, the
lower the water concentration.
If the osmolarity of one solution is equal to that of another, then they are said to be isosmotic. If the
second solution has a higher osmolarity, it is said to be hyperosmotic. Conversely, if it is Lower, it is
hyposmotic. A normal physiological solution is approximately 290 milliosmolar. (For the purpose of this
course, we will call is 300 mOsm.) Thus, a solution of 0.9% NaCl, which is 150 mM NaCl, is isosmotic to
normal solutions. 5% Dextrose in water (a solution commonly referred to as D5W) is slightly hyposmotic
(approx 275 mM!).
Now consider two solutions separated by a membrane that is permeable to water but not the solute.
What happens? How is this different from what happens if the membrane is permeant to the solute? Thus
we need to distinguish between permeant and non-permeant solutes.
Tonicity and osmotic pressure (slide 20)
Osmotic pressure is the pressure (in mm Hg) that must be applied to counteract the osmotic flow of
water. Tonicity is an expression of relative osmotic pressure. The word tonicity derives from the Greek
tonikos, meaning pertaining to stretch. In physiological terms, a solution of < 300 mOsm is hypotonic,
since water will diffuse from that solution into a physiologically normal solution., and therefore decrease
the stretch of that compartment from which it is diffusing. With a solution of 300 mOsm or greater we
can't know the tonicity until we know whether the solute molecules will permeate the membrane
separating the two solutions. In an isotonic solution, the total concentration of non-permeant solutes
would be 300 mM. (slide 21)
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depending upon what other solutes may be present in that solution, it could be either isomotic (i.e., no
additional non-permeant solutes), or hyperosmotic. Putting a living cell in a hypertonic solution, will
cause it to shrink (i.e., the fluid inside the cell is hypotonic relative to the outside).
Epithelial transport
Note that as we have been discussing the movement of molecules, we have pictured linear pieces of
membrane. In contrast, let's consider a cell, in which the localization of transporters and pores are not
randomly localized, but rather present in specific regions of the membrane. For example, let's consider a
cell with a sodium channel on one side and a sodium pump (pumping outward) on the other. In this
manner, cells can move substances across a cellular lining of a compartment!
For the next several classes we will talk about the transport of molecules across the epithelial cell lining
of the tubule system of the nephron.
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GLOMERULAR FlLTRATION (slides 22 and 23transitioning back to this topic)
Filtration of substances from glomerular capillaries into Bowman's capsule (the first part of the renal
tubule system) is based on the principles that we have already covered on the passage of substances from
capillaries into interstitial space: hydrostatic pressures and osmotic pressures. In addition, the amount of
a substance that can readily pass through the capillaries will depend on the surface area available for
exchange and how "leaky" the capillary barrier is, which can be described in a term called the filtration
constant (Kf).
filtration = Kf X net filtration pressure (slide 24, 25)
net filtration pressure = the sum of the hydrostatic and osmotic pressures.

Kf reflects the surface area and the hydraulic conductivity of glomerular capillaries. The hydraulic
conductivity of glomerular capillaries is several hundred times greater than in other capillaries:
glomerular capillaries are very leaky.
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In passing from the inside of glomerular capillaries into Bowman's capsule, substances need to cross 3
layers (slide 26-29):
1. capillary endothelial cells; these are more "fenestrated" (i.e., have holes) than capillaries in other areas.
2. basal lamina - a non-cellular protein matrix
3. podocytes - specialized epithelial cells that form lining around glomerular capillaries. Slits between
podocyte foot processes serve as a third level of "filtration" of substances as they pass from capillaries to
Bowman's space. (slide 27-29)
Although we do not typically think of Kf as being a regulated variable, there is some suggestions that
mesangial cells neighboring the podocytes can regulate the size of the slits between the podocyte foot
processes and therefore alter Kf. (slide 30)
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Let's consider what contributes to net filtration pressure (slide 31):
The key factor is the difference in hydrostatic pressures: about 50 mm Hg pushing fluid out of capillaries
versus 15 pushing fluid back in. Where do these numbers come from? And what can influence these
numbers?
Pressure inside Bowman's capsule doesn't change much unless there is an obstruction somewhere in the
tubule system.
Capillary blood pressure can change. Let's consider what happens as either the afferent or efferent
arterioles constrict or dilate (slide 32).
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Normal glomerular filtration rate (GFR) is approx. 125 ml/min or 180 L per day. (remember these
numbers) (slide 33). Considering that plasma volume is approx 3L, we are filtering the entire plasma
volume 60 times a day or once every 25 minutes! Obviously, most of that filtrate is reabsorbed; urine
volume is only about 1.5 liter/day. In terms of Na+, normal plasma Na+ is 3.5 g/L, so the filtered load of
Na+ is 630 g/day. (We'll talk about how Na+ and water are reabsorbed during the next class.)
But given the filtration pressures we discussed above, GFR should be very sensitive to change in
perfusion pressure, i.e., blood pressure? It isn't. (slide 34)There is very powerful autoregulation of the
renal circulation, such that GFR does not change over a wide range of mean arterial pressures.
There are two major contributors to renal autoregulation (slide 35): myogenic mechanisms and
tubuloglomerular feedback. The relative importance of each is debated, and the mechanism of each is not
fully understood.
Myogenic control: as discussed previously for other vascular beds, increased pressure (i.e. stretch) causes
arterioles to contract, thereby maintaining a constant flow. This process is operational at afferent
arterioles (and preglomerular arterioles).
Tubuloglomerular feedback (slide 36): Na+ delivery to the distal tubule is "sensed" in the macula densa,
which influences the afferent and efferent arterioles via both paracrine and endocrine (angiotensin)
signaling.
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Consider a substance in blood that is filtered but neither reabsorbed or secreted; it is subsequently
excreted. Therefore,
GFR X Ps = Us X V (where Ps is the plasma concentration of the substance, Us is the urinary concentration
of the substance, and V is the urine volume)
so we could determine GFR by: GFR = V X Us / Ps

(slide 37)

inulin, a fructose-based polysaccharide, is such an ideal compound, and it can therefore be used to
measure GFR. It is infused to a constant plasma level, and then plasma and urine level are measured to
calculate GFR. (slide 38)
creatinine, a normal product of muscle metabolism is close; it is secreted a little bit, but its excretion rate
relative to plasma concentration is a good estimate of GFR (it slightly overestimates GFR, due to the little
bit of secretion).
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