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Growth and Temperature Regulation
Growth Regulation
The control of growth is still not well understood. The greatest rate of growth occurs prior to
birth, and slows tremendously at birth. Nonetheless, growth in the first year of life is rapid
enough that the infant doubles his height. At the end of the first year, the infant is 45% of
adult stature. Growth during the juvenile period (1 yr - puberty) is slow but steady, and during
this long period height almost doubles. Another rapid growth period occurs at the onset of
puberty, when adult height is achieved.
We know little about control of growth prior to the juvenile period (before 1 yr of age). During
the juvenile period, the presence of growth hormone (GH; also known as somatotropin) is
essential for normal growth. However, appropriate secretion of insulin and thyroid hormone
is also required for normal growth to occur. The adolescent growth spurt is due to the added
input of androgens and estrogens.
Growth hormone is released from the anterior
pituitary, and is a peptide. GH is unique
amongst pituitary hormones, as it acts both
directly on cells and indirectly by inducing
the liver to release other hormones, the
somatomedins (also called insulin-like
growth factors [IGF-I and IGF-II]). Growth
hormone is typically bound to growth
hormone binding protein when circulating
in the plasma, which limits the excretion
of the hormone by the kidney and thus
increases its half life.
Growth hormone (through its direct and indirect actions) stimulates protein synthesis, increases
fat breakdown, increases hepatic glucose output, and stimulates bone and cartilage growth.
Soft tissue growth requires adequate amounts of growth hormone, thyroid hormone, and
insulin. Under the influence of these hormones, cells undergo both hypertrophy (increased
cell size) and hyperplasia (increased cell number). Thyroid hormone interacts synergistically
with GH to induce protein synthesis and development of the nervous system. Children with
untreated hypothyroidism will not grow to a normal height, and will typically be retarded. It
is believed that thyroid hormones act to regulate microtubule assembly, thus making these
hormones essential for appropriate neural growth. Insulin, because it is required to stimulate
protein synthesis and to allow glucose to be imported into many types of cells, also participates
in growth. Children who are insulin-deficient will thus fail to grow normally.
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Bone has large amounts of calcified extracellular matrix formed when calcium phosphate
crystals precipitate and attach to a collagenous lattice support. The most common form of
calcium phosphate is hydroxyapatite {Ca10(PO4)6(OH)2}. Although bone contains a large
inorganic matrix, it is a living tissue and is constantly being formed and broken down, or
resorbed. Spaces in the collagen and calcium matrix are occupied by living cells. Bone
generally falls into one of two types: dense (cortical or compact) bone and spongy
(trabecular or medullary) bone with many open spaces. Dense bone is more prominent
(~80% of bone mass) and is on the outside (outer layer of bones). Spongy bone forms the
inner compartment of bone.
Bone growth occurs when matrix is deposited faster than bone is resorbed. Special boneforming cells called osteoblasts produce collagen, enzymes, and other proteins that make-up
the organic portion of the bone matrix. Bone diameter increases when matrix is deposited
on the outer surface of bone. Linear growth of long bones occurs at special regions called
epiphyseal plates, found between the ends (epiphyses) and shaft (diaphysis) of the bone.
On the epiphyseal side of the plate are continuously dividing columns of chondrocytes, cells
that produce a layer of cartilage. As the layer thickens, the cartilage calcifies and the older
chondrocytes degenerate, leaving spaces that the osteoblasts invade. The osteoblasts lay
down bone matrix on top of the original cartilage base. As new bone is added at the ends, the
shaft continuously lengthens as long as the epiphyseal plate is active. Eventually osteoblasts
become trapped in the matrix they secrete and are transformed to osteocytes, which serve
to control the activity of other types of bone cells.
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Growth of long bone is under the influence of both growth hormone and IGF-I and IGF-II. In
the absence of either hormones, normal bone growth will not occur. Growth of long bone is
also influenced by the sex steroid hormones. The growth spurt in adolescence is attributed
to the increase in androgen production in males. For females, the story is less clear-cut:
estrogens both stimulate and inhibit linear bone growth. In all adolescents, the sex steroid
hormones eventually cause the epiphyseal plate to become inactive and close so that long
bone growth stops.
Although growth hormone cannot influence bone growth in adults, it is still released. Its main
role in adults may be to stimulate protein synthesis, increase fat breakdown, and increase
hepatic glucose output.
Pituitary dwarfism is the failure of growth that results from lack of GH during childhood.
Pituitary dwarfs typically are of normal weight and length at birth and begin to grow rapidly
and normally in infancy. At the end of the first year, however, they begin to grow much slower
than their counterparts, and if untreated the individual may only have a total height of 3-4
feet. Overproduction of GH in children results in gigantism, in which adult height can be in
excess of 8 feet. Once bone growth stops late in adolescence, growth hormone cannot further
increase height, although it does stimulate the proliferation of cartilage and soft tissues. Adults
with excessive release of growth hormone develop a condition called acromegaly that is
characterized by coarsening of facial features and growth of the hands and feet.

Osteoclasts, large multinucleate
cells derived from monocytes, are
responsible for bone resorption.
Osteoclasts attach to a section of
the calcified matrix, and secrete
acid (with the aid of H+ - ATPase)
and proteases that work at low
pH. The combination of acid
and enzymes dissolves both the
calcified matrix and its collagen
support, freeing Ca2+ that can
enter the blood. The development
of osteoclasts is stimulated by
PTH and calcitrol.

In response to mechanical loading, osteocytes produce both stimulatory and inhibitory factors
(such as sclerostin) that affect the activity of osteoblasts and osteoclasts.
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Calcium Metabolism
The critical need to regulate calcium levels
Calcium (Ca2+ ) is a prevalent element in the body, and comprises about 1.2 Kg of our weight.
Although 99% of this Ca2+ is found in bones, the small amount of Ca2+ found in the extracellular
fluid and within cells is critically important. Ca2+ is an important physiologic mediator, and
participates in muscle contraction, neuronal function, and regulation of enzymatic processes.
Thus, it is critical to maintain constant levels of plasma Ca2+. A number of physiological
mechanisms are present to regulate plasma Ca2+ levels.
Homeostasis of potassium is coupled with that of Ca2+, as Ca2+ and phosphate are the main
constituents of hydroxyapatite crystals in bone {Ca10(PO4)6(OH)2}. Thus, when hydroxyapatite
is broken down, both Ca2+ and phosphate are released into the plasma. Hence, the hormones
that modulate bone resorption affect both plasma Ca2+ and phosphate levels.
Three hormones play a key role in regulating plasma calcium levels:
•
•
•

Parathyroid hormone (PTH)
Calcitrol (or 1,25-dihyroxycholecalciferol, derived from Vitamin D)
Calcitonin (to a lesser degree)

These hormones act in the bone, kidney, and gastrointestinal tract to control levels of Ca2+
(and phosphate). In children and young adolescents, growth hormone also plays a role in
Ca2+ homeostasis by promoting bone growth and the incorporation of Ca2+ in hydroxyapatite.
In lactating women, PTH-related protein (PTHrP) acts in a similar fashion as PTH to increase
plasma Ca2+ levels. This protein is secreted by many types of tumors, resulting in hypercalcemia
in patients with these tumors.
Another hormone, cortisol, can also affect calcium homeostasis, particularly when administered
in high therapeutic doses.

Calcium distribution in the body
In plasma, calcium exists in three chemical forms:
•
•
•

Free ionized calcium (Ca2+); ~45%
Associated with anionic sites on plasma proteins, mainly albumin; ~45%
Complexed with anions (e.g., Ca3(PO4)2 , Ca3(C6H5O7)2 , CaC2O4 ); ~10%

In total, the plasma concentration of calcium is 2.2-2.6 mM (8.8-1.6 mg/dL). In particular,
the concentration of ionized Ca2+, which has the most important biological actions, is tightly
regulated between 1-1.3 nM (4.5-5.2 mg/dL).
The total plasma levels of calcium (~1 g total) are relatively trivial compared to the amount of
calcium in bone (~1 kg). Thus, bone contains a repository of calcium that can be liberated to
increase plasma levels if needed.
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Ca2+ homeostasis is illustrated in the figure below. There is net daily absorption of Ca2+ from
the GI tract, and about 175 mg of Ca2+ is lost each day in the urine. Net Ca2+ loss in the urine
is balanced by net gain from the gut.

PTH and calcitrol act by regulating calcium
absorption from the small intestine, by
determining how much Ca2+ is reabsorbed
from filtrate in the kidney, and also by
determining how much Ca2+ is stored and
how much is absorbed from bone.
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Parathyroid Hormone (PTH)
Changes in plasma Ca2+ concentration are monitored
by the four parathyroid glands located on the dorsal
surface of the thyroid gland. The major stimulus for
PTH secretion is a decline in the concentration of
Ca2+ in the blood (hypocalcemia). The significance of
these glands was determined in animal experiments,
which showed that animals died following removal of
the thyroid gland even if provided thyroid hormone.
PTH serves to increase plasma levels of Ca2+ through
actions in bone, the GI tract, and the kidney.
In renal tubules, PTH receptors are located on
the basolateral membrane. Binding of PTH to its
receptors activates dual intracellular signaling
systems and in this manner modifies transepithelial
transport.

A key action of PTH is to promote the reabsorption of Ca2+ in the thick ascending limb and distal
convoluted tubule of the kidney. Most of the ~25 mmol of Ca2+ filtered each day is reabsorbed in
the proximal tubule (~65%) and thick ascending limb (~25%). The distal nephron is responsible
for reabsorbing an additional 5% to 10% of the filtered load of Ca2+, with ~0.5% of the filtered
load left in the urine. Thus, when PTH stimulates distal convoluted tubule Ca2+ reabsorption,
it greatly decreases the amount of Ca2+ excreted in the urine and tends to raise plasma Ca2+.
PTH also controls the production of calcitrol, a
hormone derived from Vitamin D3, which is either
consumed or made in the body through the actions
of sunlight on its precursor molecule in skin.
Vitamin D3 is first modified in the liver, and the
resulting molecule is then modified in the kidney to
produce the active form of the hormone. The last
step in calcitrol production (the 1-hydroxylation
of 25-hydroxyvitamin D in the mitochondria of
the proximal tubule) is strictly regulated by PTH,
and there is no calcitrol production without PTH.
PTH indirectly increases absorption of calcium
from the small intestine, as calcitrol has direct
actions on the gut lumen.
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PTH also has actions in bone. A prolonged increase in PTH levels stimulates bone resorption,
thus increasing plasma Ca2+. Osteoblasts express abundant surface receptors for PTH;
osteoclasts do not. Because osteoclasts lack PTH receptors, PTH by itself cannot regulate
the coupling between osteoblasts and osteoclasts. Rather, PTH acts on osteoblasts and
osteoclast precursors to induce the production of several cytokines that increase both the
number and the activity of bone-resorbing osteoclasts. PTH also changes the behavior of
osteoblasts in a manner that can promote net loss of bone matrix. For example, PTH inhibits
collagen synthesis by osteoblasts.
Curiously, intermittent increases in plasma PTH strengthen bone by inducing higher rates of
bone formation and mineral apposition. PTH promotes bone synthesis by three mechanisms:
•

•
•

First, PTH stimulates Ca2+ channels in osteocytes, a process that leads to a net transfer of
Ca2+ from bone fluid to the osteocyte. The osteocyte transfers this Ca2+ via gap junctions
to the osteoblasts at the bone surface. The osteoblasts then pump this Ca2+ into the
extracellular matrix, which contributes to mineralization.
Second, PTH decreases the production of sclerostin by osteocytes. Lower levels of plasma
sclerostin promote osteoblastic differentiation and also inhibit osteoblastic apoptosis.
Third, PTH stimulates osteoblasts to produce factors that interfere with the activation of
osteoclasts. Because intermittent delivery of PTH strengthens bones, recombinant PTH
1-34 peptide is now available as a pharmacological agent for the treatment of osteoporosis.

Calcitrol and Vitamin D
Calcitrol (1,25-dihydroxyvitamin D3) is the hormonally active metabolite
of vitamin D with three hyroxyl groups. As indicated above, vitamin D is
first modified in the liver and then in the kidney into the active hormone,
with the step in the kidney under the control of PTH. If PTH levels rise,
then calcitrol levels rise proportionally.
In the duodenum, calcitrol increases the production of several proteins
that enhance calcium absorption. In particular, calcitrol boosts the
intracellular levels of calbindin, which binds cytosolic Ca2+ and thus helps
to maintain an effective diffusion
gradient for the ion from the intestinal
lumen. In addition, calcitrol induces
the synthesis of Ca2+ channels.
I n t h e k i d n e y, c a l c i t r o l a c t s
synergistically with PTH to enhance
Ca 2+ reabsorption in the distal
convoluted tubule, with PTH playing
a leading role. It has been postulated
that like in the gut, the main effect of
calcitrol is through the induction of
calbindin synthesis.
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The actions of calcitrol in bone are complex. Precursor cells for both osteoblasts and
osteoclasts have calcitrol receptors, and vitamin D enhances both osteoblast and osteoclast
differentiation. Thus, calcitrol ordinarily induces bone turnover, without a change in overall
bone mineralization. However, high calcitrol levels tend to have a particularly strong effect on
osteoclasts, so high calcitrol tends to favor bone resorption (and an increase in plasma Ca2+).
Thus, calcitrol acts to enhance plasma Ca2+, mainly through actions in the intestine and
kidney. If plasma Ca2+ is low, PTH secretion increases, inducing the production of high levels
of calcitrol that together (with PTH) act to mobilize Ca2+ from bone and increase Ca2+ transport
in the kidney and gut.

Calcitonin
A third hormone usually described as affecting calcium homeostasis is calcitonin, which is
produced by C-cells in the thyroid gland. Calcitonin has been reported (based on animal
studies) to increase storage of calcium in bone, and to inhibit the reabsorption of calcium from
the kidney. However, either secretion of too much or too little calcitonin has little effect on
calcium homeostasis in humans. Thus, one possibility is that the presence of the hormone
in humans is just an evolutionary remnant.
Although the physiological role of calcitonin is debated, there are receptors for the hormone on
osteoclasts, and in fact the detection of calcitonin receptors can be used to identify osteoclasts
in histologic sections of bone.
When calcitonin is injected therapeutically, it induces a rise in cAMP in osteoclasts, which
activates protein kinases. As a result, the resorptive activity of the osteoclast slows. In addition,
calcitonin reduces the transfer of Ca2+ from the interior of the bone to the surface (a process
called osteocytic osteolysis). However, within hours of exposure to high concentrations of
calcitonin, osteoclasts desensitize. This “escape” from the hypocalcemic effect of calcitonin
has limited the use of calcitonin in the treatment of hypercalcemia.
Calcitonin also causes a mild calciuresis (loss of calcium in the urine). This action may contribute
to the acute hypocalcemic actions of calcitonin. However, this renal effect is of short duration
and does not appear to be important in the overall renal handling of Ca2+.

Other hormones
The sex steroids (testosterone and estradiol) are needed for maintaining normal bone mass.
The decline in estradiol that occurs postmenopausally in women places them at risk of osteoporosis. Osteoporosis is less common in men because testosterone levels decline slowly
with age, unlike the abrupt menopausal decline of estradiol in women.
High levels of glucocorticoids due to prolonged therapeutic administration of cortisol analogs
or Cushing’s disease can also lead to bone weakness.
However, the mechanisms through which these hormones act to reduce bone mass are unclear.
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A final hormone that can participate in calcium homeostasis is PTH-related protein (PTHrP).
Unlike PTH, which comes exclusively from the parathyroid gland, PTHrP is made in many
different tissues. PTHrP binds to the same receptors as PTH, and thus mimics its actions.
Thus, high levels of PTHrP can result in hypercalcemia.
PTHrP is present in high concentration in lactating women, and may promote the mobilization
of Ca2+ from bone during milk production. In addition, many tumors manufacture and secrete
PTHrP, among them the following: squamous cell tumors of the lung, head, and neck; renal
and bladder carcinomas; adenocarcinomas; and lymphomas. Patients with any of these tumors
are subject to severe hypercalcemia of fairly abrupt onset.

Phosphate metabolism
As noted above, phosphate balance in the body
is tied with regulation of calcium, as calcium and
phosphate are complexed together in bone.
The concentration of total phosphate in adult
plasma ranges from 0.8 to 1.5 mM, a variation of
80%, most of which is in ionized form. The concentration is ~50% higher in children. Net gain
of phosphate in the diet balances with renal loss.
Most phosphate reabsorption in the kidney occurs in
the proximal convoluted tubule via sodium/phosphate
cotransporters. PTH causes the co-transporters to be
removed from the cell surface, reducing the capacity
of the kidney to reabsorb phosphate. In other words,
PTH results in a reduction of plasma phosphate
through loss in the urine. At the same time, PTH
causes bone resorption and addition of phosphate to
the plasma. By causing calcitrol production, PTH indirectly enhances phosphate absorption in the intestine.
Thus, PTH elicits diverging changes in plasma phosphate levels: it tends to enhance plasma
phosphate through effects in bone and indirect (via calcitrol) effects in the gut, while tending
to reduce plasma phosphate through actions in the kidney. However, the net effect of PTH
is a loss of phosphate, as the renal actions predominate.
If one ingests phosphorus much in excess of Ca2+, the rise in plasma phosphate will increase
the plasma Ca2 × PO4 ion product, thereby lowering plasma Ca2+. This in turn increases
PTH secretion, resulting in loss of phosphate in urine, thereby stabilizing plasma phosphate
levels.
Until recently, it was thought that the phosphorus homeostasis was achieved exclusively by
PTH and vitamin D. Recent studies identified fibroblasts growth factor (FGF)-23 as a new
protein with phosphaturic activity. It is mainly secreted by osteocytes and is now considered
to be the most important factor for regulation of phosphorus homeostasis. High plasma phosphate is the principal stimulator for FGF-23.
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FGF-23 acts in the kidney to increase phosphate clearance. Another renal action of FGF-23
is to reduce the production of calcitrol.

Hypercalcemia
High Ca2+ levels can block sodium movement through voltage-gated sodium channels, retarding
sodium entry into excitable membranes. Thus, generation of action potentials is impaired,
resulting in cognitive impairments, muscle weakness, and cardiac problems.
The reduced depolarization of cardiac myocytes shortens repolarization time, so the Q-T
interval is reduced, and heart rate increases. In addition, Ca2+ entry during phase 2 of the
cardiac action potential is facilitated during hypercalcemia. This affects the closing kinetics
of the L-type Ca2+ channel, such that the plateau phase of the cardiac action potential is
abbreviated and repolarization occurs earlier.
Increased filtration of calcium by the kidney can result in renal stones, and a loss of water
resulting in dehydration. A number of secondary cardiovascular effects (reduction in blood
pressure, vasoconstriction, etc.) can follow this dehydration.
There is a general mnemonic for remembering the effects of hypercalcaemia: “Stones, Bones,
Groans, Thrones and Psychiatric Overtones:”
•
•
•
•
•

Stones (renal or biliary)
Bones (bone pain)
Groans (abdominal pain, nausea and vomiting). This is largely due to an overproduction
of gastrin, as G-cells in the stomach have calcium receptors).
Thrones (polyuria) due to water loss as water follows Ca2+ in the nephron.
Psychiatric overtones, as neuronal activity changes due to altered sodium movement
through voltage-gated Ca2+ channels.

Severe hypercalcaemia (above 15–16 mg/dL or 3.75–4 mmol/l) is considered a medical
emergency: at these levels, coma and cardiac arrest can result due to the effects of Ca2+ on
sodium entry into cardiac myocytes and neurons, resulting in reduced depolarization. This
also explains the fatigue, muscle weakness, low tone and sluggish reflexes in muscle groups
during hypercalcemia.
Hypercalcemia that is severe enough to warrant treatment is moderately common: 1-2 cases
per year per 1000 adults. By far the most common cause of moderate or severe hypercalcemia
(90% of cases) is overproduction of PTH by the parathyroid gland (due to a genetic mutation
or malignancy resulting in proliferation of parathyroid tissue), or PTHrP from a malignancy.
Bone cancer can also result in an increase in osteoclastic activity and excessive release of
Ca2+ from bone.
The most observed genetic cause of hypercalcemia is familial hypocalciuric hypercalcemia
(FHH), where a mutation occurs in the Ca2+-sensing receptor so it is relatively insensitive to
Ca2+. This is an autosomal dominant disorder, and several different point mutations have
been identified in different families. Most patients with FHH are heterozygotes, in that they
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express both normal and insensitive Ca2+ receptors. They normally have high plasma Ca2+,
but remarkably few symptoms, likely because of adaptations that are not well characterized.
However, occasionally infants are born with both copies of the receptor defective (homozygous
disorder). This results in severe hypercalcemia and severely elevated PTH, resulting in
neuronal dysfunction, bone demineralization, and calcification of soft tissues. These infants
will die unless the misregulated parathyroid gland is removed.
The remaining 10% of cases of hypercalcemia are caused by many different conditions,
including over-administration of Ca2+ supplements, vitamin D–related problems, disorders
associated with rapid bone turnover, administration of thiazides, and in rare cases, familial
disorders. Treatment with recombinant human PTH for postmenopausal osteoporosis is also
a cause.
Thiazide diuretics increase Ca2+ reabsorption at the distal tubule. By lowering the sodium
concentration in the tubule epithelial cells, thiazides indirectly increase the activity of the
basolateral Na+/Ca2+ antiporter. This facilitates the transport of Ca2+ from the epithelial cells into
the renal interstitium. This movement of Ca2+, in turn, decreases intracellular Ca2+ concentration,
which allows more Ca2+ to diffuse from the lumen of the tubules into epithelial cells via apical
Ca2+-selective channels (TRPV5). In other words, less Ca2+ in the cell increases the driving
force for reabsorption from the lumen. Hence, thiazide diuretics can lead to hypercalcemia.
Normally, the increased Ca2+ reabsorption in the kidney induced by thiazides is balanced by a
decline in PTH secretion. In some patients, however, the plasma calcium can become highly
elevated. In addition to urinary calcium retention, an increased plasma albumin concentration
caused by fluid loss may contribute to thiazide-induced hypercalcemia; hyperalbuminemia
increases the physiologically inactive concentration of albumin-bound calcium.
A number of diseases and disorders can result in the demineralization of bone, with the
potential to produce hypercalcemia. Perhaps the most common of these is glucocorticoidinduced osteoporosis. Glucocorticoids enhance osteoclast activity and diminish osteoblast
activity. Immunosuppressants can also have similar effects.
Immobility results in bone demineralization, with an accompanying increase in plasma Ca2+
levels. A profound form of immobility occurs during spaceflight, as the bones no longer bear
any weight. This results in profound bone loss, an increase in plasma Ca2+, and an increase
in urinary Ca2+ (as much as 100%). Thus, astronauts have an elevated risk of developing
kidney stones.

Hypocalcemia
Low Ca2+ levels facilitate sodium transport, as the normal inhibition of sodium movement
by Ca2+ is lost. Thus, low Ca2+ levels result in hyperexcitability of excitable tissues, such
as the nervous system. At plasma Ca2+ ion concentrations about 50 percent below normal,
the peripheral nerve fibers become so excitable that they begin to discharge spontaneously,
initiating trains of nerve impulses that pass to the peripheral skeletal muscles to elicit tetanic
muscle contraction.
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A diagnostic indicator of hypocalcemia is Trousseau’s
sign. Trousseau’s sign presents as carpopedal spasm
following inflation of a sphygmomanometer cuff above
systolic blood pressure. Occlusion of the brachial artery
causes flexion of the wrist and metacarpophalangeal
joints, hyper-extension of the fingers, and flexion of the
thumb on the palm, producing a characteristic posture.
The proposed mechanism for Trousseau’s sign is increased excitability of the nerves in the
arm and forearm by hypocalcemia, such that the nerves fire when subjected to ischemia after
inflating the cuff.
Another indicator of hypocalcemia is Chvostek sign, which is elicited by tapping the cheek
over the path of the facial nerve. In hypocalcemic patients, the facial muscles on the same
side of the face will contract momentarily, as the tap will stimulate hyperexcitable motor axons.
Hypocalcemia also affects the excitability of cardiac myocytes. The increased depolarization
of cardiac myocytes lengthens repolarization time, so the Q-T interval increases, and heart
rate drops. In addition, Ca2+ entry during phase 2 of the cardiac action potential is reduced
during hypercalcemia. This affects the closing kinetics of the L-type Ca2+ channel, such that
the plateau phase of the cardiac action potential is lengthened and repolarization occurs later.
Rarer consequences of hypocalcemia are seizures and bronchospasm.
A common cause of hypocalcemia is low plasma albumin (hypoalbuminemia), which can
occur as a result of liver damage, renal disease, or malnutrition. Since 45% of plasma calcium
is attached to albumin, loss of albumin causes a profound reduction in plasma calcium levels.
Alkalosis can also affect the binding of Ca2+ to albumin, resulting in hypocalcemia. As blood
plasma hydrogen ion concentration decreases during respiratory or metabolic alkalosis, the
bound hydrogen ions dissociate from albumin, freeing up the albumin to bind with more Ca2+
and thereby decreasing the freely ionized portion of total serum Ca2+. For every 0.1 increase
in pH, ionized Ca2+ decreases by about 0.05 mmol/L. Hypocalcaemia related to alkalosis
is partially responsible for the cerebral vasoconstriction that causes the light-headedness,
fainting, and paraesthesia often seen with hyperventilation.
Hypoparathyroidism can also result in hypocalcemia. Most cases of hypoparathyroidism
are acquired, and result from damage to the parathyroid glands during surgery, exposure to
radiation, or diseases that infiltrate the parathyroid glands such as sarcoidosis. Another
cause of hypoparathyroidism is autoimmune disease (affecting either the parathyroid gland
or PTH receptors).
Low plasma magnesium, which can result from malabsorption from the intestine or loss in
the urine (which is facilitated by both thiazide and loop diuretics, use of antibiotics such as
aminoglycosides that affect the loop of Henle, and alcohol abuse), causes a loss of PTH
secretion with resulting hypocalcemia. The mechanisms linking low magnesium and reduced
PTH secretion are unclear.
Excess zinc in the diet can inhibit Ca2+ absorption in the intestine, which can contribute to
hypocalcemia.
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Acute increases in plasma phosphate (hyperphosphatemia), which can result from renal
failure, result in hypocalcemia.
The final stage of calcitrol production is in the kidney,
and renal failure is thus normally associated with a
decline in calcitrol, which exacerbates Ca2+ absorption
in the kidney, and lowers Ca 2+ absorption in the
intestine. In addition, lowered glomelular filtration rate
(GFR) results in an increase in plasma phosphate, an
increase in fibroblasts growth factor (FGF)-23, and a
resulting decline in calcitrol production. Thus, two
mechanisms serve to lower calcitrol, which contributes
to profound hypocalcemia.

Paradoxically, in the long term, the elevated PTH resulting from renal failure causes bone to be
refractory to Ca2+ uptake. Thus, with both renal and bone buffering mechanisms dysfunctional,
it is difficult to deal with a sudden Ca2+ bolus in a meal. Thus, a Ca2+-rich meal can result in
an acute episode of hypercalcemia.
Vitamin D deficiency also results in low calcitrol production, with resulting hypocalcemia.
Poor nutritional intake, chronic renal insufficiency, or reduced exposure to sunlight may
cause vitamin D deficiency. In addition, since the liver participates in calcitrol production,
hypocalcemia can also result from liver disease.
Chronic hypocalcemia in children results in rickets, which is amongst the
most frequent childhood diseases in many developing countries. This disease is associated with weakened bones, such that the legs bow under the
weight of the body. Vitamin D deficiency is the most common cause of rickets, although any of the other mechanisms described above that result in
chronic hypocalcemia will cause the same outcome.

Temperature Regulation
The temperature of the human body is maintained within narrow limits over a wide range of
environmental temperatures and during both low and high metabolic activity. Homeostatic
mechanisms similar to those which regulate fluid balance in the body also control heat
exchange.
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Heat is continually being produced by exothermic
biochemical reactions that occur in all body cells,
and heat can be lost or gained by exchange with
the environment. By analogy with the law of mass
action, the following equation expresses heat
homeostasis in the body:

Heat Loss = Heat input + Heat
We humans are homeotherms, maintaining a constant elevated body temperature. The
advantage of this regulation is that body temperature is always near the optimal level for cellular
biochemical reactions. Of course, the drawback is that considerable energy expenditure is
needed to maintain a constant elevated body temperature.
“Normal” body temperature varies slightly among individuals, as well as in the same individual
at different times. When measured rectally, the usual range of normal temperature is 36.237.8°C, and is about 0.2-0.5°C lower when measured orally. Body temperature shows a
diurnal variation of approximately 0.6°C; it is lowest in the early morning and highest in the
early evening. Menstruating women have a further monthly variation. The body temperature
shows a slight elevation (0.2-0.5°C) at the time of ovulation and remains elevated during the
second half of the menstrual period. Finally, during strenuous exercise the body temperature
may rise by 2-3°C. Even when the body is nude, body temperature can be maintained within
the normal range over an environmental temperature range of 50°F to 130°F.
Let us now consider the exact mechanisms through which heat is generated and heat is
lost. In shivering thermogenesis, the body uses shivering (rhythmic tremors generated by
skeletal muscle contractions) to generate heat for temperature regulation. Nonshivering
thermogenesis is the metabolic production of heat specifically for temperature regulation. A
form of nonshivering thermogenesis in laboratory animals and perhaps infants (but not adult
humans) is produced by a type of tissue called “brown fat.” Brown fat is distinguished from
the “white fat” that commonly occurs in humans in several ways. The mitochondria of brown
fat cells contain a protein (called thermogenin) that dissociates ATP production and the
flow of electrons and H+ through the electron transport system. In this uncoupled state, the
energy that would normally be trapped in the high energy bond of ATP is released as heat.
An increase in the pumping action of Na+/K+ ATPase also increases heat production in brown
fat cells. The importance of nonshivering thermogenesis in adult humans is controversial,
because of their very limited stores of brown fat tissue.
External heat input comes from the environment through radiation or conduction. Radiant
heat gain occurs when you are near a source of radiant energy, such as a fire. Conductive
heat gain occurs when heat is transferred to your body by contact with a warmer object, such
as a heating pad.
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Heat loss from the body occurs through the following mechanisms: radiation, conduction,
convection, and evaporation. Radiant heat loss occurs when you radiate heat to a cooler
environment. Conductive heat loss occurs when you are in contact with a cooler object.
Radiant and conductive heat loss are enhanced by convective heat loss, where air currents
move warm air away from the body. Because there is a tendency for “warm air to rise,” heat
radiated by the body to the air tends to move away and to be replaced by cooler air. This
process is exacerbated when air currents flow over the body, as when you are standing in front
of a fan. In contrast, clothing tends to trap the warm air near the body, so that it forms a layer
of insulation. If there is little convection, radiant and conductive heat loss are minimized. It is
for this reason that external temperature corrected for convection (i.e., “the wind chill factor”
reported by meteorologists) is more meaningful than simple air temperature.
Evaporative heat loss occurs as water evaporates from a surface, such as the skin or the
lining of the respiratory tract. The conversion of water from a liquid to a gaseous (vapor)
state requires the input of substantial amounts of energy, so that evaporating water acts as
a “sink” for heat. During sweating, evaporative heat loss occurs, thereby cooling the body.
Evaporative heat loss is most efficient when the humidity of the air is low.
The following diagram summarizes the mechanisms used to maintain constant body
temperature in various environmental conditions:
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Regulation of Body Temperature
Body temperature is mainly regulated by the hypothalamus. Two general hypothalamic areas
participate in temperature homeostasis. Neurons in the anterior hypothalamus and preoptic
area act as temperature sensors. Some neurons in this region discharge when temperature
is elevated, and others fire when temperature drops. In addition to these central thermostatic
detectors, there are temperature-sensitive afferents in the skin. Both “warm” and “cold” afferents
originate in the skin, but the cold afferents are far more plentiful. In addition, temperaturesensitive afferents are found internally in the body, mainly in the spinal cord, abdominal viscera,
and near the great veins. Like in the skin, these internal temperature-sensitive afferents are
mainly cold receptors. Thus, it appears that temperature sensitive afferents mainly act to
prevent hypothermia, suggesting that the response to high body temperature is mainly triggered
by the central thermoreceptors in the anterior hypothalamus.
Signals from the central and peripheral thermoreceptors are integrated posteriorly in the
hypothalamus, at the level of the mammillary bodies. The posterior hypothalamus in turn
triggers the changes in hormone release, autonomic nervous system activity, and somatic motor
activity that compensates for the altered body temperature. These changes are summarized
below.
An important concept in temperature regulation is “set point”. The posterior hypothalamic
temperature regulator elicits heat conservation or heat loss when body temperature differs
from the set point temperature. However, set point can be altered under some conditions, as
will be discussed below.
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Contribution of the Autonomic Nervous System to Temperature
Regulation
An important factor in determining heat loss from the body is the amount of blood flow to the
skin. The amount of blood flow through the cutaneous blood vessels can vary from close to
zero to up to one third of the cardiac output. If core body temperature drops, the posterior
hypothalamus selectively stimulates sympathetic neurons innervating α-adrenergic receptors
on the cutaneous blood vessels. The vessels constrict, their resistance to blood flow increases,
and blood is diverted to vessels in the core of the body to minimize heat loss.
In warm temperature, the opposite happens: cutaneous vessels vasodilate. This vasodilation
involves the withdrawal of activity of sympathetic adrenergic fibers in the skin. At least some
of this vasodilation (in some species) is also mediated by sympathetic cholinergic vasodilator
fibers that innervate the skin arterioles. Furthermore, the release of bradykinin from sweat
glands contributes to the vasodilation.
Surface heat loss is enhanced by the evaporation of sweat. It is estimated that the average
human has 2-3 million sweat glands, with the highest concentrations found on the forehead,
scalp, armpits, palms of hands, and soles of feet. Sweat glands are made largely from a single
layer of transporting epithelial cells that can secrete hypotonic fluid at a very high rate--up to
23 LITERS/hour across the entire body.
Sweat glands in the skin are innervated by cholinergic sympathetic neurons that trigger
secretion of fluid into the lumen in the deep secretory portion of the sweat gland. As the fluid
moves towards the skin surface, NaCl is reabsorbed from the lumen by mechanisms similar
to those used by the transporting epithelium of the distal nephron, creating hypotonic sweat.
As noted above, brown fat contributes to heat production in infants and many animal
species. The sympathetic nervous system contributes to activation of the uncoupling protein
(thermogenin) in brown fat.
Piloerection can also contribute to heat conservation in animals. Piloerection means hairs
“standing on end.” Sympathetic stimulation causes the arrector pilli muscles attached to the
hair follicles to contract, which brings the hairs to an upright stance. This is not important in
humans, but in animals the upright projection of the hairs allows trapping of a thick layer of
“insulator air” next to the skin.

Contribution of Somatic Motor Systems to Temperature Regulation
The posterior hypothalamus, through its inputs to brainstem pathways that influence
motoneuron excitability, can also induce shivering. Thus, the coordinated response to low
body temperature involves both a constriction of smooth muscle (i.e., that in cutaneous blood
vessels) and skeletal muscle. This is another example of how somatic and “autonomic”
responses are coordinated to produce homeostasis.
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Animals typically cannot sweat over most of their bodies, as the presence of fur limits
the effectiveness of evaporative cooling. Instead, a motor act involving the respiratory
system—panting—is used to elicit evaporative cooling. Panting is triggered by the posterior
hypothalamus, and involves the pontine respiratory neurons that were discussed in the
respiratory section of the course. When an animal pants, it breathes in and out rapidly, so
that large quantities of new air from the exterior come in contact with the upper portions of
the respiratory passages. This cools the blood in the mucosa as a result of water evaporation
from the mucosal surfaces, especially evaporation of saliva from the tongue. Typically, tidal
volume drops considerably during the rapid breathing, so the net result is that alveolar PO2
and PCO2 do not change much even though the respiratory rate is very high.

Contribution of Hormonal Systems to Temperature Regulation
As noted earlier in the course, the secretions of the adrenal medulla into the blood (mostly
epinephrine) can cause an increase in the rate of cellular metabolism of all body cells, which
contributes to heat production. However, the thermogenesis produced by changes in cellular
metabolism isn’t very profound in animals lacking brown fat. Blood-borne epinephrine serves
to activate the decoupling enzyme in brown fat, as does direct sympathetic influences on this
tissue.
Cooling of the “thermoreceptive area” in the anterior hypothalamus also results in a release
of thyrotropin-releasing hormone into the portal circulation bridging the hypothalamus and
pituitary, producing a release of thyroid-stimulating hormone into the systemic circulation.
The thyroid-stimulating hormone in turn elicits the release of thyroxine from the thyroid gland.
Increased thyroxine production results in an enhanced rate of cellular metabolism throughout
the body, thereby increasing temperature. If levels of thyroid-stimulating hormone remain high
for several weeks, the thyroid gland begins to hypertrophy and release much more thyroxine
into the bloodstream. This could potentially be an important mechanism in acclimating to a
cold environment, and undoubtedly is employed by animals. Most humans, however, we
do not remain in a cold environment for long enough of a period for this adaptation to occur.
Nonetheless, very high thyroxine levels have been reported in Eskimo tribes as well as military
personnel stationed in Antarctica.
In animals and infants, thyroxine also stimulates brown fat to increase heat production.
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In addition to the central mechanisms described above, local reflexes can serve to produce
cooling. For example, when a person places his hand under a hot heat lamp, sweating will
occur in that hand only. These local effects are due to direct heating of cutaneous blood
vessels (producing vasodilation) and spinal reflexes involving thermoreceptors.

Fever and Other Changes in “Set Point”
Fever is an increase in body temperature that can be associated with infection or dehydration.
The development of fever involves a change in the “set point” of the posterior hypothalamic
thermoregulatory area. When this occurs, the hypothalamic center acts as though temperature
is low, and triggers cutaneous vasoconstriction and shivering which produce the feeling of chill
that accompanies fever. When body temperature rises to the new “set point,” a new balance
of heat loss and heat production is achieved but at a higher body temperature. When a fever
“breaks,” the set point falls towards the normal level, the posterior hypothalamus detects an
elevated body temperature, and cutaneous vasodilation and sweating occur. The events
leading to the production of fever are illustrated in the following diagram:

The fever with infection occurs when the immune system reacts to components of infecting
organisms, called exogenous pyrogens. These substances cause monocytes and
macrophages to release cytokines such as interleukins (especially IL-1β and IL-6) and tumor
necrosis factor (TNF). These cytokines are referred to as endogenous pyrogens, and cause
the production of arachidonic acid metabolites, including prostaglandin E2, in many tissues
including the hypothalamus. The latter agents act locally in the hypothalamus to produce a
change in the temperature set-point.
Drugs such as aspirin that block prostaglandin synthesis reduce fever. However, there
are indications that fever is not a deviant physiological state, but an adaptation to destroy
pathogens. The activity of white cells that are involved in the immune response is potentiated
when body temperature is high. Furthermore, many invading microorganisms cannot thrive
when body temperature is high. Nonetheless, a fever over 41°C (106° F) can damage the
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brain, and so high fever should always be counteracted with drugs.
Dehydration can also affect the hypothalamic thermoregulatory center and results in fever.
Compression of the hypothalamus, which can occur during surgery near the base of the brain
or by the growth of a tumor, can also alter the set point of the thermoregulatory center and
lead to fever. Anesthesia can depress the activity of the thermoregulatory area, and cause
a drop in temperature. The latter manipulation is useful to surgeons, as lower temperature
results in depressed cellular metabolism. During heart surgery, body temperature is allowed
to drop to about 90°F, so that tissues can survive for up to an hour without blood flow.

SUMMARY:
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