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October 23 & 25, 2017
NROSCI/BIOSCI 1070
Renal Physiology 2-3 (2017)

Points:
• Large amounts are filtered
• For many substances, a large amount is absorbed, so little is excreted
[slide 1]

It is useful to consider two general categories of reabsorption: bulk (non-regulated) reabsorption versus
regulated reabsorption. For many substances, nephrons have a high capacity system that reabsorbs most
of the substance, and then a separate regulated system that fine tunes reabsorption to meet homeostatic
needs. Typically, bulk reabsorption occurs in the proximal tubule, whereas regulated processes take
place distal to the loop of Henle.
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With substances getting reabsorbed (or secreted) they must pass through 2 cell layers: the epithelial cells
lining the tubule and the capillary endothelial cells [slide 2]. This means that they need to cross 4
membranes: the luminal (also called apical) membrane of the tubule epithelial cell, the basolateral
membrane of the tubule epithelial cell, and the two surfaces of the peritubule capillary endothelial cell.
Alternatively, molecules can pass through the tight junctions joining adjacent tubule cells. We won’t talk
much about this "paracellular pathway", but for some substances it is important; for example, Mg++
moves through channels in the protein matrix of the tight junctions made from the protein paracellulin 1.

Comment on the luminal surface, or brush border; numerous microvilli protruding into the lumen (slide
3)
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Once a substance is in the interstitial fluid of the renal cortex, having passed from the tubule through the
epithelial cell, it enters the peritubule capillary by "bulk flow" [slide 4], as was discussed in the circulation
lectures. Remember that there was a high hydrostatic pressure in the glomerular capillaries. But now,
having passed through the efferent arteriole, the hydrostatic pressure in the peritubular capillaries is
only ~15 mm Hg and this is opposed by a hydrostatic pressure in the renal interstitial fluid that is
significantly greater than zero (~6 mm Hg), so the net hydrostatic pressure is only ~7 mm Hg. This is in
contrast to the ~17 mm Hg osmotic pressure, so there is a ~10 mm Hg pressure driving flow from
interstitial fluid into peritubular capillaries. (Note, the protein osmotic pressure of the peritubular
capillary fluid, ~32 mm Hg, is higher than what you were told when you were discussing capillary
dynamics in other systemic tissues. Why?)
What are the mechanisms involved in the transport of substances from the tubular fluid to the interstitial
fluid? The answer is all types. All mechanisms of molecular movement are important in kidney processes:
diffusion, osmosis, facilitated diffusion, primary active transport, secondary active transport. Let us now
consider some of these specific processes. [slides 5,6]
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[slide 7]
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For substances that are actively reabsorbed, there are limits to the capacity of this process: transport
maximum. The maximal rate at which a membrane can transport a substance is due to the number of
transporters and the inherent transport time of the transporter. So, for substances filtered and entering
the proximal tubule (tubular load), there is a finite capacity for reabsorption. [slides 8 and 9]

In addition to being saturable, transporters also show "specificity" and "competition".
Secretion is always an active process, since it must (by definition) be transport up a concentration
gradient. K+ and H+ secretion are by primary active transport, whereas the secretion of everything else is
by secondary active transport.
Movement of water is passive diffusion (i. e., osmosis) through aquapores. The movement of water
follows mainly the transport of Na+.
Different portions of the tubule system are specialized for different processes: they look different, and
their morphology reflects their function.
Proximal tubule [slide 10]: more than half of the filtered load of Na and water are
reabsorbed here, as is most of the load of glucose, amino acids, etc. [slide 11]These
cells are very metabolically active (i. e., lots of active transport), and have lots of
mitochondria. The tubular border is very convoluted (and therefore has a great
surface area referred to as a "brush border".
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Loop of Henle [slide 12]: There are 3 distinct regions of the loop of Henle, the descending
thin limb, the ascending thin limb, and the ascending thick limb. We'll put off our
discussion of these until next time, but the different portions have different
permeabilities for different substances. In particular, the thick ascending limb actively
transports a variety of ions, but is impermeable to water. The thin limbs lack active
processes.
Distal tubule [slide 13]: the early distal tubule is similar to the thick ascending limb of the
loop of Henle (and so it is not clear just where the border is); solutes are actively
reabsorbed but the tubule is relatively impermeable to water and so the tubule fluid
becomes increasingly dilute.
Late distal tubule and cortical collecting duct: the primary feature here is the Na+/K+
transporter on the basolateral membrane; it is involved in the regulated reabsorption of
Na and secretion of K. Also, H+ transport (involved in acid/base balance). Also, regulated
permeability to water (which win be the focus of next class) . [slide 14]
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General principles of regulation of reabsorption:
There are 3 major factors that are involved in the regulation of reabsorption. Of these, hormonal
regulation is arguably the most prominent.
Regulation by hormones [slide 15]:

Regulation by physical forces: If the forces driving flow from interstitial fluid to peritubular capillaries
change, this will change reabsorption. Thus, if peritubule hydrostatic pressure falls, this will favor
reabsorption. [What might influence peritubule hydrostatic pressure?]
Regulation by neural influences: The sympathetic innervation of the kidney can promote sodium (and
water) retention by 3 mechanisms: stimulation of renin secretion (and thereby angiotensin production)
which acts to stimulate Na transport (see above), direct stimulation of sodium transport in the proximal
tubule, and by reducing blood flow and thereby GFR.
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The concept of clearance: [slide 16]
Clearance is an abstract (but very useful) concept that describes how many ml of plasma would have a
solute totally removed by the kidney per unit time.
Clearance of a substance = urine excretion rate of the substance I plasma conc. of it (mg/min divided by
mg/ml gives a value in ml/min, which are the units of clearance)
Cs = Us X V/Ps
Let's run through such a calculation for inulin: assume a plasma inulin concentration of 1 mg/ml and a
urine excretion of 125 mg/min and so the clearance is (plug it into above formula) 125 ml/min. Not
surprisingly, the clearance of a substance that is neither reabsorbed nor secreted is equal to GFR. While
inulin can be used in the clinic to precisely determine GFR, creatinine clearance is more typically used to
estimate GFR since it is normally present in plasma and it’s clearance rate is close to GFR). Thus, if GFR
decreases, plasma creatinine levels increase in proportion (slide 17).
Comparing the clearance of a substance to GFR (i.e., clearance of inulin, ~clearance of creatinine) it is
readily apparent if a substance is reabsorbed (clearance less than GFR) or secreted (clearance greater
than GFR). [slide 18]
For a substance that is filtered plus totally secreted [slide 19], clearance = renal plasma flow.
Paraaminohippuric acid (PAH) is such a substance (almost); clearance is ~650 ml/min.
If we take the GFR and divide it by renal plasma flow (i.e., inulin clearance divided by PAH clearance), we
get the fraction of plasma that passes through the kidney that gets filtered: the filtration fraction.

Slide 20 is a nice review of the relevant terms
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As we have stressed previously, regulation of body fluid volume and composition is of extreme
importance. We have been discussing the mechanisms by which the kidneys filter blood plasma and then
process that filtrate. Now we will begin to focus on some of the regulatory aspects of that process.
Consider that an organism needs to balance water loss and water intake, and also alter water loss and
intake with the loss and intake of solutes, so as to maintain a normal fluid volume and composition. The
figure below [slide 21] shows some normal values for water balance. However, these values can vary
markedly from day to day. In order to regulate water loss, and to balance it with intake and ionic
composition, it is necessary to be able to independently alter water and solute excretion. If we consume
additional water, we need to be able to excrete it without also loosing additional solute. Conversely, if
we are denied access to water we need to be able to excrete less water, while still excreting appropriate
amounts of various solutes. But if water only moves by diffusion (i.e., following the concentration of
solute), how can this be accomplished? [slide 22]
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Let's first consider the condition of needing to excrete an excess of water [slide 23]. Getting rid of excess
water is easy to picture: just make a segment of the tubule impermeable to water but continue to
reabsorb solutes [slide 24]. So, if we make the tubule system from the ascending limb of the loop of
Henle through the collecting duct impermeable to water, while still reabsorbing Na+ (and other solutes)
we could generate a hypotonic urine. Indeed, the body is capable of producing large quantities of
hypotonic urine (~20 L of 50 mOSm/L per day) in this manner. (Note that even in this extreme case, we
are still reabsorbing most of that 180L/day that got filtered!) [slide 25]
The ascending limb of the loop of Henle in particular has a high capacity for reabsorbing solutes, but it is
impermeable to water. It has a high capacity for reabsorbing Na, K, and Cl via co-transport, driven by the
Na gradient created by the Na,K-ATPase located on the basolateral membrane (slide 26). Despite the
transport of solute, water does not follow by osmosis because this segment is impermeable to water - it
lacks aquapores. Thus, the fluid passing from the ascending limb of the loop of Henle is always hypotonic
(~100 mOsm/L).
How could we make it more concentrated than that? Simply add water channels (aquaporin) in a
regulated manner (slides 27,28,29). That is exactly what antidiuretic hormone (ADH, also called
vasopressin) does at the level of the collecting ducts. (Diuresis = urine flow) ADH acts on the epithelial
cells of the collecting ducts to cause the cells to insert more aquapores into the apical membrane. These
regulated aquapores are made of the protein aquaporin 2, and they are stored in vesicular membranes
inside the cells. In the presence of ADH, more of these vesicles become inserted into the luminal
membrane. Conversely, in the absence of ADH they remove from the segments of membrane pinch back
off to form intracellular vesicles (i.e., an endocytotic mechanism). ADH acts on a G-protein coupled
receptor (the V2 type of ADH receptor) and through a well-characterized intracellular signaling pathway
involving cAMP and PKA promotes the insertion of AQP2 into the apical membrane.
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Slides 30 and 31 show the localization of V2 receptors and AQ2 on the cells of the collecting duct. (Also
note there is another type of cell, the intercalated cells, that don’t have either the V2 receptors or AQ2;
these cells are involved in acid-base balance.)

Let's pause from discussing the kidneys to spend a little time talking about antidiuretic hormone. As you
already covered, ADH is released from the posterior pituitary [slide 32]. The posterior pituitary can be
viewed as the nerve terminals of the magnocellular neurons of the supraoptic and paraventricular nuclei
of the hypothalamus. These neurons synthesize one of the two posterior pituitary hormones - ADH or
oxytocin. Both of these hormones are small peptides; they are made in the soma of the neuron and then
transported to the terminal in the posterior pituitary. At the level of the posterior pituitary they are
secreted into the blood in response to action potentials depolarizing the nerve terminal.
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There are two primary stimuli for ADH secretion: hyperosmolality and hypovolemia. [slide 33]

Hyperosmolality is sensed by "central osmoreceptors" (slide 34), that are located in the hypothalamus.
How might an osmosensor work? As the tonicity of the interstitial fluid changes, water will diffuse into
or out of cells. In the case of too much water, hypoosmolality, water will diffuse into cells, causing them
to swell; this influences stretch sensitive ion channels in the membrane, thereby hyperpolarizing the
neuron and resulting in decreased ADH secretion into blood. Conversely, as ECF osmolality increases,
ADH release increases. (Note, that many cells are ultimately sensitive to large changes in ECF osmolality;
what makes the "central osmoreceptors" unique is their exquisite sensitivity. Thus, changes in pOsm of
only a few milliosmoles influences ADH secretion. [These central osmoreceptors may not be the only
osmoreceptors (or Na+ sensors) critical for the regulation of ADH secretion. There is evidence that the
ingestion of osmoles and their absorption in the gastrointestinal system may also be important. Indeed,
recent data suggests that signals derived from the hepatic circulation may be quite important.]
Hypovolemia is sensed largely by atrial stretch receptors. Although ADH release is not very sensitive to
hypovolemia, this is a very powerful stimulus for ADH, and ADH levels are markedly elevated during
hypovolemia. Hypotension also appears to be an independent stimulus for ADH secretion, and changes
in blood volume and blood pressure may act synergistically. Angiotensin may also play a role in
stimulating ADH secretion during decreased blood pressure and/or volume.
ADH has two primary actions: [slides 35, 36]
Antidiuretic: due to very low levels of ADH (1-15 pM) acting on V2 receptors in the kidney to cause the
insertion of aquaporin 2 into the epithelial cell membrane in the collecting ducts.
Vasopressor: at higher levels than needed for antidiuresis and is due to an action at VI receptors on
arterioles. Though ADH appears to be a very potent vasoconstrictor, it is not a very potent vasopressor.
This discrepancy between the vasoconstrictor and vasopressor potencies appears to relate to an action
of ADH on the baroreceptor reflex.
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So, getting back to the kidney, in the absence of ADH there would be excretion of large volumes of
hypotonic urine. The clinical condition of unregulated excretion of large volumes of hypotonic urine is
known as diabetes insipidus [slide 36]. Diabetes insipidus could result from either the absence of ADH
(central diabetes insipidus) or failure of the kidney to respond to ADH (nephrogenic diabetes insipidus).
What about retaining water? As we insert water channels into the collecting duct, it is easy to picture
how we could reabsorb water, and get an isotonic urine - osmotic movement of water. But how could we
make a hypertonic urine (even up to 1200 mOsm)? [slide 33] This could happen if we run the collecting
duct through a very hypertonic ECF. (Of course this assumes that the collecting duct is permeable to
water - i.e., ADH is present.) [slide 38]
But how do we get a hypertonic ECF? That is what the loops of Henle of the juxtamedullary nephrons do.
Consider the following scenario. [slide 39] The ascending limb of the loop of Henle pumps solute into
the interstitial fluid but doesn't let water follow. [slide 40]
However, the descending limb right adjacent to the ascending limb is permeable to water but does not
transport Na. Water will diffuse out of the descending limb, leaving behind a now somewhat hypertonic
fluid. Furthermore, it is this fluid that then passes to the ascending limb:
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The loop of Henle functions as a countercurrent multiplier system, In this manner, the deepest portions
of the medulla have an ECF osmolarity of ~1200 mOsm, whereas the fluid reaching the distal tubule is
quite dilute (~100 mOsm) [slide 41], Thus, as the tubular fluid passes along the collecting duct, the
osmolarity of the fluid can increase to up to ~1200 mOsm depending upon how permeable the collecting
duct is to water, which depends on how much ADH is present. [slide 42]

Notice that the blood supply for the medulla must follow the loop of Henle or this gradient would get
washed away by the blood stream; these special peritubular blood vessels associated with the loop of
Henle are called the vasa recta. [slide 44]
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However, the gradient isn't all Na, K, and Cl; urea contributes significantly to this as well. The thick
ascending limb, distal tubule, and cortical collecting duct are impermeable to urea, but the medullary
collecting duct is very permeable to urea, and so it moves down its concentration gradient. [slides 44 46]

Because urea moves passively down its concentration gradient, the extent to which urea contributes to
the gradient depends in part as to how much water is being reabsorbed or excreted.
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So let’s take a look as what happens to volume and osmolality along the length of the nephron [slide 47]

Obligate water loss [slide 48]: under normal conditions, we need to excrete about 600 milliosmoles of
solute per day, representing metabolic waste. Since we can only concentrate urine up to 1200 mOsm/L
there is a necessary loss of 0.5 L/day.

If we apply the concept of clearance to water, we can talk about "free water clearance". This is the
difference between water excretion (i.e., urine flow rate) and total solute clearance; so =V - Uosm / Posm
. Thus, if we are producing more urine than we are clearing solute from milliliters of plasma (i.e., a
hypotonic urine), we are losing water free of solute.

Negative feedback control of plasma osmolarity, which is a very tightly controlled parameter [slide 49 &
50]
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Slide 51:
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