Neuroscience Hypothalamus | & 11
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OBJECTIVES FOR HYPOTHALAMUS | & 11

Reading Assignment: Hypothalamus 1 & Il “handouts”; Mason’s Medical Neurobiology,
Chapter 13, pages 263-275; Chapter 14 p. 334-335; Chapter 18, p. 431-432; Chapter 27, p. 607-
624, 628; Review Chapters 1, 3, 9, and 16 (p. 388-389)
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KEY CONCEPTS

The hypothalamus maintains a stable internal environment (homeostasis) and regulates
reproduction.

The hypothalamus coordinates the endocrine system, autonomic nervous system and
motivated behaviors (drives).

Although a relatively small part of the human brain (1%), the hypothalamus is
evolutionarily conserved.

Remember the 4 F’s: feeding, fighting, fleeing and reproduction.
The hypothalamus is part of the forebrain and diencephalon.

For convenience the hypothalamus is divided into three parasagittal zones (periventricular,
medial, lateral) and four rostrocaudal levels based on where they are relative to the optic
chiasm, pituitary stalk (also called the tuber cinereum) and mammillary bodies (preoptic,
supraoptic, tuberal, mammillary—also called posterior).

Hypothalamic nuclei are highly interconnected with each other and have reciprocal
connections with the cortex, brainstem autonomic cell groups, amygdala, midbrain and
reward pathways in the rostral forebrain. There are unidirectional neural inputs from the
retina (retinohypothalamic tract) and to the pituitary (hypothalamohypophyseal tract).

Humoral and neural inputs; humoral and neural outputs.

The functions regulated or modulated by the hypothalamus are interrelated and
include: maintenance of energy homeostasis (feeding, macronutrient selection, growth,
metabolism), water balance (drinking, water resorption, hemorrhagic responses), stress
responses, thermoregulation, fever, immune responses, sickness behavior, circadian
rhythms, sleep, arousal, reproduction (sexual behaviors, parental behaviors, control of
gonadal function).

9. With few exceptions, a single function is carried out at multiple levels of the
hypothalamus.

10. The hypothalamus and other brain regions are sexually differentiated in development
and are sensitive to gonadal steroid hormones in adulthood.
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ADDITIONAL OBJECTIVES FOR THE HYPOTHALAMUS | & 11

1. Identify the classical hypophysiotropic (hypothalamic releasing) hormones, their
general characteristics, and the main function of each in pituitary secretion. Recognize
the large number of additional neuropeptides involved in hypothalamic function, and that
new ones are identified frequently.

2. Understand that the hypothalamus regulates reproductive behavior and neuroendocrine
function.

3. Understand the hypothesized role of the preoptic area in generation of fever.

4. Identify the part of the hypothalamus that is considered the body's "clock™, and
understand how the clock (the suprachiasmatic nucleus) is entrained.

4. Understand the multiple roles of the paraventricular nucleus, the “head ganglion” of
the autonomic nervous system.

5. Identify the hypothalamic nuclei referred to as "feeding" and "satiety" centers, and the
importance of these brain regions in regulation of energy balance, feeding behavior and
macronutrient selection. Understand the concepts and neurotransmitters/peptides that are
orexigenic vs anorexigenic.

6. Remember that the hypothalamus is important in many clinically relevant and serious,
and sometimes just plain annoying, conditions: generation of fever, stress, jet lag, stress
responses, cardiovascular regulation, stress, obesity, anorexia, cachexia, stress, growth,
puberty, infertility, stress, thyroid regulation, diabetes, ‘roid rage, depression, stress.

7. Understand that the mammillary nuclei are involved in spatial learning and memory;
they sense head position in space, and are highly interconnected with the hippocampal
formation.

NOTE: Our current understanding of hypothalamic functions is rapidly evolving due to new methods in
genetics. Many new therapies for obesity and anorexia/bulimia, diabetes, anxiety and depression,
infertility, preocious/delayed puberty, growth hormone excess and deficiencies and so on are likely to
result from these advances. In addition, the optimal timing for administration of specific therapies during
the day will be better known, and information on which therapies are more likely to benefit men or women,
specifically, is likely to become available. Stay tuned!
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HYPOTHALAMUS 1 2011

The hypothalamus has two interrelated functions:

1) to maintain homeostasis, that is, a stable internal environment,
by regulating energy and fluid balance, growth, temperature, daily
rhythms, arousal, reproduction, and stress and immune responses

2) to regulate appetitive and defensive behaviors such
as feeding, drinking, sex, parenting, sleep and sickness
behaviors.

Remember its functions with 4 F’s:
feeding, fighting, fleeing and reproduction.

Note: Most of the first lecture on the
hypothalamus will pertain to its
general characteristics such as
location, cellular compositiion, basic
connectivity and global functions.

The second lecture will provide a few
examples, related to specific
curricular objectives, of the more
specific, and better known, functions.
You will hear about the hypothalamus
again in lectures on the limbic system,
sleep, and autonomic function.

It carries out these functions by coordinating the endocrine
system, autonomic nervous system and motivated behaviors.

The hypothalamus is situated right in the middle of everything—it has an excellent blood
supply, access to blood born substances via circumventricular organs that are “outside” the
blood brain barrier, connections to and from virtually the entire nervous system and it receives

massive hormonal inputs via its blood supply.

It is considered the “master” of the “master gland”—the pituitary.

It is considered the “head ganglion” of the autonomic nervous system.
It coordinates complex motivated behaviors with appropriate endocrine and autonomic

output.

The functions that are regulated or modulated by the hypothalamus are
highly interrelated to one another.

Regulation and maintenance of energy homeostasis (feeding, macronutrient selection,
growth, metabolism), water balance (drinking, water resorption, hemorrhagic
responses), stress responses, thermoregulation, fever, immune responses, sickness
behavior, circadian rhythms, sleep, arousal, reproduction (sexual behaviors, parental
behaviors, control of gonadal function) are all coordinately regulated.

A corollary to this is that, with few exceptions, a single function is
carried out by multiple intercommunicating cell groups within the
hypothalamus.



The hypothalamus is small, only about 4 grams of
tissue at the base of the brain, and therefore
constitutes only about 1% of the human brain.
Despite its small size, many of its functions are
clearly critical for survival in most animals.

The hypothalamus is evolutionarily highly
conserved. Its overall structure, functions, and
neurochemistry are similar and recognizable, in fish,
reptiles, amphibians, birds and mammals. P

Where is the hypothalamus?

The hypothalamus is part of the forebrain and
diencephalon. It is an anatomically symmetrical
structure, situated on either side of the third
ventricle, below the thalamus, just above the optic
chiasm anteriorly and the pituitary posteriorly.
The more rostral preoptic area is typically
grouped with the hypothalamus because these
regions are functionally intertwined and
indistinguishable, except that the preoptic area
develops as part of the telencephalon, whereas
the hypothalamus proper develops as part of the diencephalon. For all practical
purposes, you can lump the two together.

During development, the rostral end of the neural tube forms the lamina
terminalis. As the rest of the cerebral hemispheres develop, they balloon
around the lamina terminalis so that this structure is now covered anteriorly by
the cerebral cortex and striatum. The preoptic area/hypothalamus begins at
the lamina terminalis, as a structure called the organum vasculosum of the
lamina terminalis, which, as the name implies, has many blood vessels running
into it. The OVLT is one of several circumventricular organs that are notable
because the blood brain barrier is more permeable at these locations. From the
rostral OVLT, the third ventricle opens up and extends caudally through the
middle of the diencephalon to the mammillary recess, finally communicating
with the 4™ ventricle via the cerebral aqueduct.



How are hypothalamic nuclei named?

The hypothalamus is divided into four rostrocaudal levels. The names for
these levels are are based on their location relative to the optic chiasm and
optic tracts, pituitary stalk or mammillary bodies. They are the preoptic area
(anterior to and above the optic chiasm), the supraoptic region (above the
optic chiasm and optic tracts), the tuberal region (above the tuber cinereum, or
pituitary stalk), and the mammillary region (in proximity to the mammillary

nuclei).

The hypothalamus is also divided into three
parasagittal zones. The zones are the
periventricular zone, adjacent to the third
ventricle, the medial zone, and the lateral
zone. These 3 zones are not only divided
for convenience, but there are also some
functional distinctions among them. For
example, the periventricular cell groups are
largely related to pituitary function. The
medial cell groups are highly integrative.
The lateral cell groups are largely concerned
with sleep and arousal states.

Some of the cell groups within the
hypothalamus are named based on whether
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Cellular characteristics: e
Many of the hypothalamic cell groups NisSl|
are not easy to discern simply by '
looking at a Nissl stain. Only by using
highly specific markers for specific
neuropeptides, neurotransmitters, or
SpeCIfIC activity Can. we eaS”y detect Adapted from David.\)\Laver@umassmed.edu
most of these functionally related cell groups. There are no “layers”, few
obvious clusters of cells. The level of spontaneous activity is low, but the
production of secretory peptides/neurotransmitters is high.

What are the connections of the hypothalamus?

Humoral inputs to the hypothalamus include all of the peripheral
hormones produced by the various endocrine glands, such as gonadal
steroids, adrenal steroids, and thyroid hormones, as well as:

Hormones that signal nutrient balance, examples:
Leptin: produced by adipose cells, conveys information regarding fat stores;
satiety signal; one of a newly described class of hormones referred to as
“adipokines”.
Ghrelin: produced by the stomach upon gastric emptying; hunger signal.
Insulin: produced by pancreas upon ingestion of a meal; stimulates glucose
uptake by cells (note—there is substantial new evidence that Type |l diabetes,
in some cases, is a primary disorder of the hypothalamus that in turn affects
insulin sensitivity and pancreatic function).

Nutrients that directly signal and activate hypothalamic neurons:
Glucose
Fatty acids
Amino acids

Other stimuli that act directly on hypothalamic neurons
Temperature (either hot or cold)
CO2
Cytokines produced by immune system



Neural connections of the hypothalamus

Hypothalamic nuclei work together to coordinate all aspects of the endocrine
system, autonomic nervous system, and behavioral systems, allowing
maintenance of internal homeostasis. Therefore, hypothalamic nuclei are
highly interconnected with each other and have reciprocal connections
with the cortex, brainstem and spinal cord autonomic cell groups,
amygdala, midbrain and reward pathways of the rostral forebrain. With a
few exceptions, you will not learn a lot of point-to-point information about these
connections.

Afferent inputs to the hypothalamus arrive from:

Cortex-- all sensory modalities (esp. olfactory & visual cortex; association
regions); sensory information

Brainstem-- gustatory information (taste, visceral sensory, eg. gastric
distention, hepatic sensation);
somatosensory information (esp. temperature, but also pain,
light touch)

Brainstem monoaminergic cell groups— general arousal states (locus
coeruleus, raphe nuclei)

Amygdala/ limbic areas—Ilearning and memory, association areas, stress
and fear related information; dopaminergic reward pathways

Retina—conveys light, thereby “setting” daily and annual rhythms

The major reciprocal neural pathways (tracts) into and out of the
hypothalamus

*The pathways you will hear about most often and will be responsible for
knowing are marked with an asterisk.

Medial Forebrain Bundle*: this is one of the most important pathways coursing
through the hypothalamus. The MFB consists of loosely arranged; mostly thin,
often unmyelinated fibers, extending from the septal area to the midbrain. The MFB
is a complex bundle, with both short and long ascending and descending fibers.
The MFB carries information that is critical to reward pathways; stimulation of this
region activates “pleasure” centers. In this regard, it is important that the MFB
carries not only hypothalamic interconnections, but also the ascending
dopaminergic nigrostriatal fibers. Some of the projections of the hypothalamus to
the brainstem and spinal cord autonomic cell groups also course through the MFB.

Stria Terminalis: this is a more cohesive, detectable bundle of fibers and it
reciprocally connects the amygdala and the medial hypothalamus. When you think
of amygdala, think of association of sensory information with context and
behaviors—for example sounds or smells that spark fear, arousal, or pleasure, i.e.
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emotions. The stria terminalis doesn’t take the most direct route between the
amygdala and hypothalamus; it arches behind and above the thalamus.

Stria Medullaris: this pathway primarily connects the lateral preoptic-hypothalamic
region with the habenular complex (epithalamus, part of the diencephalon just
above the thalamus and just below the pineal gland. The habenular complex is
poorly understood but appears to be a relay between the diencephalon and
midbrain and is involved in reward.

Dorsal Longitudinal Fasciculus: this is an extensive fiber system that travels
close to the third and fourth ventricles, and connects the hypothalamus with the
midbrain gray and other regions in the pons and medulla oblongata including
preganglionic autonomic nuclei of the vagus nerve.

Fornix*: projection from hippocampus to mammillary nuclei and other regions
The fornix is one of the most recognizable fiber bundles in the hypothalamus, and a
good landmark that separates the medial from the lateral hypothalamus. Like the
stria terminalis, the fornix takes an indirect route, doing a back dive out of the
hippocampal formation, through the septal region, anterior thalamus and
hypothalamus to finally terminate in the mammillary nuclei.

Mammillothalamic Tract*: another tract that is recognizable, and in proximity to a
portion of the fornix. It sends projections from the mammillary nuclei to the anterior
thalamic nuclei. Collaterals of these axons descend, forming the
mammillotegmental tract, a dense bundle terminating in tegmental nuclei and a
reticular nucleus that appear to be involved in head movements (and therefore,
assist the mammillary nuclei and hippocampal formation in spatial memory). See
figure bottom of page 2.

Unidirectional neural connections of the hypothalamus

Retinohypothalamic tract*: These axons exit the optic nerves at the optic chiasm
and project directly into the suprachiasmatic nucleus, the “clock” in the brain. Light
information “sets” the clock; this will be discussed further in the Hypothalamus II
lecture.

Hypothalamohypophyseal tract*: Hypothalamic axons from two cell groups, the
paraventricular nucleus and the supraoptic nucleus project directly into the posterior
pituitary, secreting neurohormones into the posterior pituitary circulation (see later
discussion of PVN and SON).



The hypothalamus regulates endocrine function.

ngothalamic regulation of endocrine function:

(b) Posterior pituitary

(a) Anterior pituitary

Paraventricular
nucleus

Supraoptic
nucleus

plexus

——Axon terminals

adapted from Krieger and
Huahes, 1980

1) Posterior pituitary regulation:

Large vasopressin and oxytocin producing cell bodies, called magnocellular neurons,
are located in the paraventricular and supraoptic nuclei of the hypothalamus. These
send axons directly into the posterior pituitary — the hypothalamohypophyseal tract-- to
release the hormones directly into the blood stream. Oxytocin and vasopressin are
derived from larger precursor molecules (neurophysins) that are packaged in dense
core vesicles; the neuropeptides are cleaved from the precursor as they travel down
the axons. Action potentials are generated in these neurons in response to specific
stimuli, and, upon firing, the axon terminals release their hormones into the peripheral
circulation. Unlike the anterior pituitary hormones, oxytocin and vasopressin of
magnocellular origin act at a distance, and therefore have a somewhat longer half- life.

Magnocellular Vasopressin: primary function is to promote water retention
and resorption (renin-angiotensin system); other name is antidiuretic
hormone.

Magnocellular Oxytocin functions:
Milk let down reflex- upon stimulation of a neural pathway from the nipples,
oxytocin is released and initiates a milk let-down reflex in the mammary
glands.

Uterine contractions-- Oxytocin stimulates cervical and uterine
contractions; the synthetic form “Pitocin” or “ptocin” is used to initiate or
speed up labor. The word oxytocin is derived from the Greek for “fast
labor”.

Love/social bonding/decreased anxiety—the “love” hormone. Release
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during suckling and social encounters promotes maternal/social bonding,
affection, trust and reduces anxiety; vasopressin has similar effects in

males. An inhaled form of oxytocin is currently in clinical trials as a
treatment for anxiety, as well as for autism; autistic individuals have lower
levels of this hormone. Oxytocin has been shown to alter cooperation and

altruism toward a group member and aggression toward non-group
members (in human subjects).

2) Anterior pituitary
regulation:

Hormones from hypothalamic
neuroendocrine neurons that
regulate anterior pituitary function
reach the anterior pituitary via the
portal system. The pituitary
portal system, also called the
hypothalamohypophyseal
portal system, consists of two
capillary beds with
communicating veins.
Neuroendocrine neurons in the
hypothalamus that affect the
anterior pituitary project to the
median eminence (also known
as the infundibulum, pituitary
stalk or hypophysis),
terminating on specialized
blood vessels in the primary
capillary plexus. The hormones
are then carried via the portal
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veins to the secondary capillary plexus where they leave the bloodstream and act on
pituitary cells to facilitate or inhibit release of pituitary hormones; these neurohormones
are referred to as hypophysiotropic hormones. Not surprisingly, the hypothalamus and
pituitary are extremely well vascularized, with blood arising directly from branches of

the internal carotid artery.

More blood flows through the median eminence and the pituitary portal system than

through coronary arteries.




Important points to review regarding hypophysiotropic hormones:

1) These are small molecules (for example, TRH is 3-amino acids in length)
with a short half-life; most are neuropeptides, but others are
neurotransmitters. All have a short half-life. The hormones act via G-
protein coupled receptors.

2) Co-regulatory molecules are often secreted in addition to the primary
hypophysiotropic hormone, depending on specific contextual cues. Alone,
these may have no effect on anterior pituitary secretion, but they may
augment or inhibit the effect of the primary hypothalamic hormone. For
example, in response to especially strong stressful stimuli, CRF containing
cells upregulate synthesis and release of vasopressin; co-release of CRF
and vasopressin enhances ACTH release.

3) At least 35 of these co-regulatory transmitters and peptides have been
identified to date; these are important therapeutic targets.

4) Many of the hypophysiotropic hormones are players in other regions of the
nervous system. For example, somatostatin is an important neuropeptide
in the cerebral cortex.

Alert! Alert! The following is for those of you who are interested in the history of medicine and
science, and how progress proceeds... if you are not, skip it! As for me, historical background
helps me remember things.... Until 1969, most endocrinologists believed that the anterior pituitary
controlled the gonads and brain independent of neural input, even though it had been discovered
earlier in the century that the posterior pituitary secreted substances that were made in the brain but
acted peripherally. It was in the late 1930’s that Geoffrey Harris first proposed that the anterior pituitary
was regulated by hypothalamic neurons. The proof required isolation of a substance produced by
neurons that could elicit anterior pituitary hormone release-- this initiated a race to discovery that
involved dozens of labs and over 30 years of effort, and similar research continues today, as new
hypothalamic releasing factors and co-modulatory peptides continue to be isolated and characterized.
Originally in the late 1930'’s the research teams set out to isolate CRF because an excellent bioassay
for glucocorticoids was available; initial evidence of the existence of the releasing factor and its
chemical nature as a peptide wasn’t reported until 1955, and further attempts to characterize the factor
proved difficult. Ultimately, TRH was the first to be identified, in 1969, because it was the smallest of
the neuropeptides, being only 3 amino acids long. TRH (and later, several other neuropeptides) was
discovered by Guillemin and Schally, who originally worked together but later became arch rivals and
hated each other; their competition fueled the race and their two separate publications were eventually
simultaneously published. To isolate 1 mg of TRH required endurance, persistence, and 300,000
sheep hypothalami (roughly a ton of tissue), a major freezer “incident” in which years worth of samples
were lost—and a fight for funding at NIH because some endocrinologists decreed that anything
requiring over 30 years to isolate probably didn’t exist. CRF, now CRH, the original goal, turned out to
be a more difficult-to-isolate 40 amino acid peptide, and after a mere 100,000 sheep hypothalami
collected by a different group, and failed attempts by numerous other labs, the structure of CRH was
finally reported in 1981 by Wylie Vale’s group. A long lasting historical “accident’ of the rivalry
between Guillemin and Schally, and one that impacts you as a student, is that the terms “gonadotropin
hormone- releasing hormone” or GnRH (the Guillemin term) and “luteinizing hormone releasing
hormone” or LHRH (Schally’s term) are both in use for the identical peptide—with both terms receiving
about 30,000 PubMed “hits” since 1990. Half of the 1977 Nobel Prize in Physiology and Medicine was
awarded to Rosalyn Yalow, developer of the radioimmunoassay, with the other half shared jointly by
Guillemin and Schally, an ironic twist to their decades-long rivalry. Geoffrey Harris did not live to see
the discovery of the molecules he had so clearly predicted decades earlier.



Hypothalamo-pituitary “axes”—examples related to anterior pituitary

Hypothalamo-pituitary-gonadal axis (HPG): Reproduction.

Gonadotropin releasing hormone (GnRH) from hypothalamus stimulates

release of pituitary LH and FSH that act on ovaries and testes, increasing synthesis of
androgens, estrogens, and progesterone that then provide both positive and negative
feedback onto hypothalamus and pituitary (note that these “gonadal steroids” are also
produced elsewhere in the body (e.g. adipose tissue, the adrenal glands, the brain) and
contribute to homeostasis of various non-reproductive tissues; eg bone, cardiovascular
system in addition to reproductive functions). Pulsatile release of GnRH is critical to
normal function.

Hypothalamo-pituitary-adrenal axis (HPA): Stress.

Corticotrophin releasing hormone (CRH) from the hypothalamus stimulates release of
adrenocorticotrophic hormone (ACTH) by the pituitary. This stimulates production and
release of corticosteroids. Glucocorticoids, like cortisol, affect metabolism and
inflammation (eg steroids are often given to combat inflammatory processes at work in
asthma), whereas mineralcorticoids, like aldosterone, affect salt retention and fluid
balance, and together with hormones from the adrenal medulla, mediate stress
responses and then feedback onto the brain and pituitary.

Hypothalamo-pituitary-thyroid axis: Metabolism.

Thyrotropin releasing hormone (TRH) from the hypothalamus stimulates thyroid
stimulating hormone production and release by pituitary which in turn stimulates
production and secretion of thyroid hormones (thyroxine and triiodothyronine) from the
thyroid gland. These affect basal metabolic rate and nutrient metabolism, heart rate,
and respiration. These hormones then provide negative feedback onto the
hypothalamus and pituitary.

Corollary: The receptors for the peripheral hormones are found in the
hypothalamus.
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The hypothalamus regulates autonomic function.

PVN: The paraventricular nucleus (parvocellular subdivision; pPVN) is the
hypothalamic cell group that is most important in regulation of autonomic
function. Itis often called the “head ganglion” of the autonomic nervous
system because it coordinates both the parasympathetic and sympathetic
responses. In general, the autonomic nervous system operates without major
need for input from the hypothalamus, but when “managerial” decisions are
required, the PVN makes them.

Clinical note, for future reference not exam: It is becoming increasingly clear
that pathology of the PVN can contribute to hypertension, depression, and
abnormal stress responses that can lead to chronic inflammation (eg Crohn’s
disease), among other common, and serious, disorders.

The PVN is a critical nodal point in autonomic integration of viscerosensory information and as
such has massive inputs from a wide variety of regions, including viscerosensory nuclei in the
brainstem (n. tractus solitarius; IX, X), sensory regions of the cerebral cortex, the amygdala
(which integrates fear responses), and from all hypothalamic regions including the
suprachiasmatic nucleus (the clock in the brain), and the arcuate nucleus (regulates energy
balance, growth and reproduction).

Descending projections from the PVN coordinate cardiovascular responses (heart rate,
peripheral vasodilation or vasoconstriction), respiration, sweat glands, hair follicles
(piloerection), salivary glands secretion, Gl motility, pupillary reflexes, bladder function and
sexual functions. Very important in fear/defense reactions!

PVN neurons provide direct input to the preganglionic sympathetic neurons in the
intermediolateral cell column in the thoracolumbar region.

PVN neurons also provide direct input to preganglionic parasympathetic neurons in the dorsal
motor nucleus of the vagus (visceromotor).

The hypothalamus coordinates motivated behaviors.
Motivated behaviors satisfy drives, or motivational states.

Homeostatic drives include, for example, hunger or thirst or the need to sleep.
Among the motivated behaviors that satisfy these drives are consummatory
behaviors including, feeding, drinking, salt intake, voiding, sleep.

Survival drives include sexual behavior, parental behaviors, courtship (not
necessarily in that order), affiliative behaviors (such as social grooming),
territoriality, aggression, novelty seeking or curiosity, avoidance of aversive
stimulation/stress, sickness behaviors.
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The motivated behaviors are not simple reflexes, even in the case of eating to
satisfy hunger. The behavioral outputs are often complex and multi-layered and
the original stimulus and outcome may not be closely linked.

For example, maternal behavior consists of a set of behaviors that
include nursing, nest building, retrieval and aggression.

Inputs required to initiate and regulate motivated behaviors come from every
region already discussed for autonomic and endocrine regulation and include
neural, hormonal and other inputs (e.g., temperature, CO2, glucose).

Behavioral outputs involve forebrain reward circuitry, the cerebral cortex,
hypothalamic and pontine regions involved in sleep, and midbrain “central
pattern generators” that control locomotor output and orienting responses.

Motivated behaviors are rewarded—that is the forebrain reward circuitry is
particularly important in the connections and functions of hypothalamic regions
regulating motivated behaviors.

How do these hypothalamic functions work together?

Thermoregulation offers a good example, especially since the “set point” is
roughly the same for all individuals. If the room becomes too cold, endocrine,
autonomic and behavioral systems become activated to increase energy
conservation and production. Over the short term, you will shiver, stop
sweating, and your hair will stand on end to increase insulation. You will also
increase sympathetic outflow through both neural and endocrine mechanisms.
You may go get a sweater and put it on, drink some warm coffee or tea, rub
your hands together and huddle. Over the long term, your endocrine system will
also alter energy conservation systems so that additional heat is produced.
Thus, the endocrine, autonomic and behavioral systems coordinate their activity
to maintain body temperature appropriately.
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Sex differences in the brain

It may seem obvious that hypothalamic or spinal cord structures and chemistry
would be different in men and women, boys and girls. After all, men have daily
pulses of gonadotropin secretion that regulate testicular function, whereas
women have monthly cycles regulating ovarian function, so those parts of the
hypothalamus that regulate reproduction and gonadotropin secretion might be
different. And men and women have some organs that they don’t share, so
innervation patterns might be different. And they are: gonadotropin releasing
hormone producing neurons are not
especially different, but their patterns
of activity and regulation are quite
different in men and women. In fact,
sex differences in the brain are
widespread.

Significant differences between the sexes
exist in widespread brain regions. The size
of the sex differences are related to the
presence of sex steroid receptors in the brain
regions during critical developmental periods

Posterior Anteriar

structures that are larger in the healthy female brain, | 405ting that sex differences in the adult
relative to cerebrum size . .
—_—— . ) . ) , ) stem from sex hormone influences on brain
Structures that are larger in the healthy male brain, N X . ;

[ felative to tarsbromveize development. The figure is best viewed in

color. Adapted from Cabhill, Nature Reviews
Neuroscience, 2006.

Sex differences in the nervous system are important clinically.
Men and women differ in the Rate of serotonin synthesis (pmol g ' min ')
incidence and symptomatology
of neurological and mental
disorders such as: Parkinson’s
disease, stroke, Tourette’s
syndrome, autism and autism
spectrum disorders,
schizophrenia, attention deficit
hyperactivity disorder, drug
abuse, Alzheimer’s disease* ,
post-traumatic stress disorder,
depression*, anorexia/bulimia*
(*more common and/or worse
symptoms in women). There
are sex differences in neural
responses to stressors and to
treatments for endocrine
abnormalities, autonomic

a Baseline Male Female

PET scans were used to measure serotonin synthesis rates in healthy men
and women before and after depletion of plasma tryptophan. The mean rate

dysfunction, cardiovascular of synthesis was found to be 52% higher in males than in females. Note that
disorders, inflammation, and unipolar depression involves serotonin dysfunction and does not equally
pain. affect men and women. adapted from Nature Neuroscience, 2006
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Sex differences in the nervous system arise during critical periods in
development and are maintained by circulating gonadal hormones.

Sex differences arise predominately because gonadal hormone levels are not
the same in males and females. The testes develop more rapidly than the ovaries, and,
by the 8" week of gestation, produce testosterone, with levels reaching adult male
levels until about week 16, dropping off thereafter until just after birth. For the first 3
months or so after birth, testosterone is again secreted at high levels in boys, and
although most of the androgen is bound to a binding globulin, free testosterone levels
are still an order of magnitude higher in males than in females. Prenatal testosterone
and its metabolite, estradiol, activate both androgen and estrogen receptors which in
turn alter protein synthesis and permanently affect structure, chemistry and function of
many regions of the central nervous system, including areas related to sensory, motor
and cognitive function, not just homeostasis or reproduction per se. Abnormal
exposure to steroid hormones during development can inappropriately sexually
differentiate the brain, as in the case of congenital adrenal hyperplasia in girls, in which
excess levels of adrenal androgens partially masculinize both peripheral tissues and
the brain.

Once organized into the masculine or feminine phenotype during early
development, gonadal steroids begin to act again at puberty and into adulthood, to
sculpt the nervous system and activate particular regions as appropriate to hormone
levels. The effects of hormones on neuronal and glial morphology and chemistry are
not subtle or difficult to find.

Note that the correct term is “sex differences” (as in male, female;
referring to objective biological, genetic differences) not “gender
differences” (as in masculine vs feminine, a societal construct that may be
self-assigned). The term “gender” is frequently misused as a biological
construct.

What you should remember is the concept that sex differences exist
in brain structure and function in many brain regions, that these sex
differences have a biological basis that depends in part on
differential exposure to gonadal hormones during development,
puberty and adulthood, and that these sex differences have clinical
consequences.

14



Hypothalamus: Lecture 2

Lydia L. DonCarlos, Ph.D.

CaMP

Idoncar@lumc.edu

Ext 64975

*Examples of hypothalamic functions:

—Temperature regulation/fever
—Suprachiasmatic n. and circadian rhythms
—Energy balance

hitp://appsychtextbk.wikispaces.com/Limbic+System

The hypothalamus coordinates homeostasis
and appetitive functions via integration of :

— Endocrine system

— Autonomic function

— Motivated behaviors

9/2/2011




Thermoregulation

» Thermostat in preoptic area normally set to 98.6°-- only
few © latitude either way regardless of the individual

* Heat sensitive and cold sensitive neurons in medial
preoptic area respond to changes in temperature due to
exercise or ambient temperature

* Peripheral information gskin temperature) via spinal
pain/temperature medial lemniscal pathways

» Core body temperature conveyed via vagus, arterial blood

9/2/2011

MPOA is the primary center for temperature
homeostasis. The “Set point” or thermostat is
maintained in the MPOA, which generally inhibits
thermogenesis.

One secondary center is the Posterior Hypothalamic
n. (PH). The PH activates shivering and sympathetic
activity, so it is heat generating.

Limited control of sweat glands and blood vessel
dilation take place as local spinal reflexes.

Hypothalamus and homeostasis--
an example-- thermoregulation

The environment is too cold. ::;.x*
A o

Endocrine mechanisms for heat conservation
Short term:
Increase in sympathetic outflow
Increased adrenal stress hormones
Increased heat conservation

Long term:

Increase thyroid hormone production

Increased metabolic rate

Increased sympathetic activation of brown fat (neonates only
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Autonomic mechanisms
for coordinating thermoregulation

heat conservation

N/ [

4
A

copyright 2004
Regents of the Universty of Mchigan

Peripheral Piloerection
vasoconstriction

Stop sweating

Coordination of thermoregulation by the hypothalamus

Motivated behavioral
mechanisms of heat
conservation in response

to cold Add
Clothing
Ingest
Huddle  warm Fluid
or food.
Heat conservation‘ ‘Heat dissipation
. Increase TRH Decreased TRH
Endocrine Increase CRF/ACTH/cort Decrease adrenal
activation
Peripheral vasoconstriction Peripheral vasodilation
A Piloerection

Autonomic  shivering

Decreased sweating Increase sweating

Epinephrine release Decrease sympathetic

from adrenal medulla activation

Increased appetite Decrease appetite
Behavioral  Find shelter, build a fire, Find shade, A/IC

put on more clothes, remove clothes

ingest warm substances, ingest cool substances

huddle
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What regulates thermal control?

Gonadal hormones —slight increase in core

temperature at ovulation

hot flashes (core temperature increases 5-2-
minutes before subjective response)

Emotional stimuli

CO2

Circadian rhythms/arousal state

Viral infection

Bacterial infection

6am 12pm  6pm 12am 6am

activity rest
Body temperature fluctuates daily and
with age.

.
s i = @ older

e L O younger

I.'

Core Body Temperature ("C)
-

T Fiom Duffy JF et al 1998.

'éleep phashe "

.00 +———————————

clock hour

The timing of the highs and lows in core body temperature and the magnitude
of the fluctuation change with age.

The daily fluctuation in core temperature is 1.8° F/1° C.
The lowest temperature is 0.5° F lower in the younger group.




Preoptic area: Fever production initiated in median
preoptic area. Thermogenesis normally is tonically inhibited.
The preoptic area turns off this inhibition.

p - \ -
/' Pa‘E;\—-FGEa
U lates
[ / \foi.z‘\ o]
|
Lo
\

setpoint of
Capilllary in MPOA MPOA
LPE "Heat Sensor”
naurong
\, e

v
Heat Production
{ehivering,

cessatioln of sweating,
vasoconstriction)

v
Faver
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MnPO,median preoptic n.

PVH, paraventricular n of hypothalamus
Parts of the posterior hypothalamus:
DMH/DHA dorsomedial hypothalamus &
dorsal hypothalamic area

RPa, raphe pallidus in medulla

7N\

(=3

. /x Spinal cord
Activation of brown
adipose tissue
Skin vasoconstriction

Thermogenesis

Il-1beta increases Cyclooxygenase 2 which produces PGE2. muscle

This activates EP3R, turning off tonic inhibition of thermogenesis.

The increased temperature activates immune system, kills bacteria.

Posterior hypothalamus and raphe activate shivering, thermogenesis by brown fat

(Aches and pains due to increased thermogenesis in muscle) Adapted from
Nature Neuroscience 2007

Control of shiveri NJ- probably posterior hypothalamus sends
projections to reticular formation; tonically inhibited by preoptic area; other
areas contribute as well




Sickness behavior: an adaptive, coordinated
neuroimmune response.

9/2/2011

Fever

Hyperalgesia (aches and pains due to
thermogenic response of muscles)

Behavioral components:

Sleep

Food aversion
Social isolation
Fatigue/malaise

Hypersensitivity to light, sound

Clinical notes:

Hot flashes involve an increase in core body temperature that
precedes subjective experience of the hot flash. Response to
fluctuations in gonadal steroid levels in both women and men.

Spinal cord injury patients have limited abilities to
thermoregulate, other than behaviorally.

Heat stroke is dangerous and not a form of fever.

Postoperative shivering after inhalation anesthetics is
common and may contribute to pain.

Chronic sickness behavior can trigger depression,
based on dysregulation of the hypothalamus.

Circadian rhythms
and the brain’s “Clocks”

> Rhythms are:
Circadian- around the day
Menstrual- monthly

From edenspirit.com

Circannual-- around the year (seasonal)




Suprachiasmatic n.

is the master clock.

Neurons have natural 24 h oscillations

Oscillations are entrained by light

Receives direct information from retina

Constant darkness or constant light—
have a rhythm slightly longer
than 24 h, but still have a
rhythm.

SCN sets the clock.

Adapted from David.Weaver@umassmed.edu
Dorsomedial n. = 2° clock

Entrained by feeding schedule
communicates reciprocally with the SCN

SCN regulation » e
of circadian g™
rhythms i
y |
° Tmem *
4
garo
Qe § 2»«
£
S 00
B o 200
Adrenal E E
gland 5= 10
S @
O Timem
Hastings et al., 2003 Nature Reviews Neuroscience
Daily rhythms in
physiclegy and behavior

Brainstem

“ < Pituitary

Light-entrainable Food-entrainable
oscillator oscillator

Nature Neuroscience 9, 300 - 302 (2006)
Erik D Herzog & Louis J Muglia
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Humoral and neural connections
maintain temporal homeostasis.

retina feeding
|

SCN DMH
/

Paraventricular n.

(CRH)

Intermediolateral cell column Medullary parasympathetic Pituitary corticotrophs

Preganglionics (vagus) (ACTH)
Sympathetic postganglionics T
T Parasympathetic ganglia Adrenal gland
Pineal gland
target organs cortisol

Melatonin secretion

Clinical notes on
circadian/circannual rhythms:

Jet lag
Shift work (that means you)

These can result in disturbances of Gl tract, menstrual cycle, sleep,
and altered stress responses.

Seasonal affective disorder

Hypothalamic regulation of
energy balance

e Complex
 Set point is individual
 Set point may change over time (contrast with temperature)

« Small changes in nutrient intake and energy use can have
marked effects on body weight

 Energy use is modified by behavior, endocrine and autonomic
systems

» Obesity, anorexia, cachexia (wasting), eating disorders,

 Pubertal onset, maintenance of menstrual cycles




Key hypothalamic regions involved in energy balance.

paraventricular n

fornix lateral hypothalamus

ventromedial nucleus Orexigenic-- promoting

positive energy balance, food
intake, energy conservation
Anorexigenic-- promoting

e icl negative energy balance,
peticle inhibits food intake
Base of brain promotes energy consumption
Median /
eminence

—~
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penmission cbtained from Dv. John Johnson, 717

Procuced by MSU Brain biodversiy Bank
with funding from the National Sckance Foundation.
"

& ]
3y -3rd ventrkle A | &
BM -BASAL NUCLEUS < u
OF HEYNERT
A& = ANTERIOR HYPOTHALAME ¥
AREA i ¥ )\
PA -PARAVENTRICLILAR i )
NUCLEUS . 4/
S0 -SUPRADPTIC
NUCLEUS i i (I
ot -optic chiasm optlc Chlasm 3 mm
N - NFUNDEULUH
| =3

TC[ 7 [ 2C | 2F [0 57 [3C [ 9% [SC[oF [6C [ or | Level =3 c::n-l
Copyreant

TC]1F |20 2F |30 —nqr|st|5r|ae|ar| Tevel =4 Cells

penmissinn ohbained from Dr. John Johnson, 7i720)
Procuced by MSU Grain biodiversity Dank

with funding from tha National Scianch Foundation

: oy

v =3rd ventricle {
DH -DORSOMEDIAL NUCLEUS | I ’
50 -SUPRADPTIC NUCLEUS VMH Optic ,traCt
LA - LATERAL HYPOTHALAMIC | { .

AREA - ] s .
ol -optic tract :
VH - VENTROMEDIAL NUCLEUS |1} L:l--arcuate WD
AR - ARCUATE NUCLEUS Medlan emmenw

Is torn. 1—31qu

- ' LH




450

The ventromedial nucleds
is often called 'E
the satiety center. = 3%

)

. T
(Satiety= state of 2 250
being full.) H
This idea isn’t entirely 150,
accurate, but the idea
persists. T %

o
T 30
i
} 10
LS

Days after ventromedsal lesion or control sham operation

Dynamic phase Static phase

10 20
Days after vantremadial lesion or centrel sham cperation

60

Dynamic phase  Static phase
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The lateral hypothalamus
Is often called

Lateral hypothalamic lesions
produce a decline in body
weight

the “feeding center”--
again, not exactly =
accurate. g 400| i
~ operated
E contral
9
Q
: i
othalamic
%-.350 Ig-;liann
Q
7]
pre- post operation
0 10 15

Days after lesion
or control sham operation

Genetic obesity due to
recessive, spontaneous
single locus point
mutations.

ob/ob mouse:
Leptin deficient

fa/fa rat:

Leptin receptor deficient

10



ypothalamus

3rd
ventricle

Leptin, from adipocytes arcuate n.
inhibits feeding via activation \ I
of POMC. Leptin

9/2/2011

Turns off Neuropeptide Y and AGRP (agouti related peptide).

3rd
ventricle

Ghrelin from Gl tract Ghrelin arcuate n.
promotes feeding

via activation of NPY and AGRP neurons.

Ghrelin and NPY turn off POMC.

Peripheral signals to hypothalamus
re: energy balance--

Adipokines:
Hormones from white adipose tissue
Leptin (satiety signal)

Gl signals:
Ghrelin (hunger signal; levels increase
with time since last meal) /
CCK (satiety signal from small intestine)
PYY (satiety signal from colon)

Insulin (pancreas), glucose, IGF-1 (liver)

Lepin
Vagal afferents convey gastric fullness/emptying

Many more satiety signals than hunger
signals

11



Clinical notes on energy
homeostasis

Obesity-- genetic, environmental (the thrifty
gene)

Cachexia-- associated with specific illnesses
Anorexia/bulimia
Fertility in women

Set point for body weight can change due to
physiologic condition, behavior, age or illness.

9/2/2011

Leptin Same boy
deficient Post Leptin
boy therapy

Adapted from THE GENETICS OF OBESITY IN HUMANS 2005
Prof.Stephen O'Rahilly, MD and |. Sadaf Faroog), MD

3 year old girl with
human POMC deficiency
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6-year old male patient with
melanocortin 4 receptor gene The precursor, POMC, is cleaved
deficiency into numerous peptides,
including alpha-melanocyte
stimulating hormone. Alpha-MSH
binds to the melanocortin 4
receptor, which activates satiety
and decreases food intake.

MCA4R expressing neurons

in PVN regulate appetite but not
the autonomic regulation of body
weight.

The MC4R mutation
accounts for about
6% of severe childhood
obesity and is the most common
monogenic obesity disorder yet
identified.  mam

=1

9/2/2011

Studies from families and patients with
single locus mutations important--
Show that body weight and appetite
are controlled at multiple different levels.
Also provide possible pharmacologic tools.

But body weight regulation is complex;
controlled by many different neurotransmitters,
neuropeptides, and receptors.

Epigenetic effects of nutrition on hypothalamic
function can cross generations.

Why are’t we discussing the

mammillary nuclei of the hypothalamus?
These receive massive input from hippocampal
formation and send unilateral, collateral projections
to: anterior thalamus, midbrain tegmentum, and
reticular nuclei associated with cerebellum

Unique: highly restricted inputs/outputs

Spatial memory/position of head in space.

mammillary
recess

\—’7 The tuberomammillary nucleus (TM) does have
( homeostatic functions related to arousal and sleep

and will be discussed in the lecture on sleep.

See Lectures on Limbic system, hippocampal
formation.

Cartoon of hypothalamus, at
mammillary level base of the
diencephalon
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HYPOTHALAMUS 2 2011
3 Examples of hypothalamic functions

A Reminder:

The hypothalamus has two interrelated functions:

1) to maintain maintain homeostasis, that is, a stable internal environment, by
regulating energy and fluid balance, growth, temperature, daily rhythms, arousal,
reproduction, and stress and immune responses

2) to regulate appetitive and defensive behaviors such as feeding, drinking, sex,
parenting, sleep and sickness behaviors.

Example 1:
Thermoregulation—a classic example of hypothalamic homeostatic mechanisms

Normal oral temperature has traditionally been reported to be maintained at 98.6°, although it is
probably closer to 98.2 °, with some individuals averaging either a degree under or over, but not
much more variation than that. Temperature regulation is essentially a steady-state system in
which heat produced equals heat out.

Warm-blooded animals are able to generate and preserve heat, as well as dissipate heat
physiologically, through rapid autonomic activation as well as slower hormonal mechanisms and
also are capable of responding to changes in temperature behaviorally, by altering the external
environment.

Heat production occurs through the metabolic activity of the body, mostly in the larger internal
organs, as well as through physical exercise and activation of brown fat.

Heat transfer occurs through convection, evaporation and radiation, and is prevented by
insulation. The hypothalamus directs the autonomic nervous system to alter heat production as
well as heat transfer (predominately by affecting convection, evaporation and insulation),
whereas behavioral mechanisms include the above as well as radiant heat exchange.

The primary control system and rheostat (thermal set point) for
thermoregulation is found within the medial preoptic area (MPOA).

The region is often called the preoptic area of the anterior hypothalamus; this is
somewhat inaccurate because, although the preoptic area and hypothalamus
function as a unit, they are developmentally somewhat distinct, in that the POA is
telencephalic whereas the hypothalamus is diencephalic).

hypothalamus: examples of crucial functions, 2011
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Temperature information reaches the MPOA, the main integrative region for
temperature control, in several ways.
---Temperature sensitive neurons exist in the MPOA that are directly
sensitive temperature. Some respond to heat, others to cold. Thus,
alterations in body temperature that affect the body core are sensed directly
by MPOA neurons.

----Peripheral temperature receptors sense skin temperature, as affected
by air currents, humidity, insulation, and light absorption, as well as actual
temperature; this information is transmitted from peripheral sensory neurons
to the MPOA via relays in the brainstem.

The MPOA then coordinates various autonomic, behavioral and endocrine
outputs to regulate heat conservation of dissipation. A variety of output
pathways are involved.

The Posterior Hypothalamus (PH) is a secondary thermoregulatory center
and activates sympathetic activity as well as shivering, therefore, heat

conservation. Temperature information from spinal cord relays and from the MPOA is
transmitted to the posterior hypothalamus. The posterior hypothalamus then sends direct
projections to the lateral horn of the spinal cord, activating sympathetic pathways as well as
motoneurons, increasing muscle tone and initiating shivering.

Limited sudomotor (sweat gland) and vasomotor responses may occur via local regulation at the
level of the spinal cord, but these responses play a minor role in thermoregulation.

Heat conservation occurs via:

Autonomic/neural mechanisms: Peripheral vasoconstriction
Piloerection (goose bumps; erector pilli
muscles)

Shivering thermogenesis
Decreased sweating
Epinephrine release from adrenal medulla
(increases metabolic activity; ATP production
by muscles)

Endocrine mechanisms:  Increasing metabolic activity via:
Increased TRH, TSH and thyroid hormone
production
Increased adrenal corticosterone release
Increased production of appetite-stimulating
hormones and neurotransmitters

hypothalamus: examples of crucial functions, 2011
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Heat dissipation occurs via:
Autonomic/neural mechanisms: Peripheral vasodilation
Sweating*
Panting
Reduced sympathetic activity overall

*Not all animals sweat

Endocrine mechanisms: Decreased adrenal corticosterone release
Decreased TRH release
Decreased production of appetite-stimulating
hormones and neurotransmitters

Plus, motivated behavioral mechanisms affect body temperature:
Shelter Clothing Ingestion of food or liquid
Fanning Swimming Altered exertion (ie siestas in summer)

Given the considerable changes in ambient temperature that can occur rapidly or
seasonally in non-temperate climates, adjustments must be made continually. Age can
affect body temperature; it is lower in babies, increasing at puberty and into middle age.
These changes are due to alterations in hypothalamic mechanisms governing body
temperature. Ingestion of food or beverages, physical exertion, strong emotions, and, in
women, the phase of the menstrual cycle (slightly elevated at ovulation) all impact
regulation of body temperature. Changes in skin and body temperature also occur as a

result of time of day, as there is a normal 37.25 000¥%0
circadian rhythm in temperature, with core  akeetTe
body temperature being lower at night L é%ﬁ. S ..
during inactivity. Furthermore, during REM & . . §d
sleep and during deep anesthesia, body 8 sl /4 /4
temperature varies with the ambient 4 r A 3 r i
temperature. 5 . 2 P

; 36.50 ‘. 2. " y

©
Another point of clinical relevance is that a 7 0,0
spinal cord injury affects the ability to g 321 =
thermoregulate if descending hypothalamic  © I
input to the thoracolumbar sympathetic S G A . e

neurons is disrupted, limiting vasomotor Clock Hour
and sudomotor mechanisms, as well as Core body temperatures for young and older subjects.

shivering, for thermoregulation. Solid circles = Older subjects
Open circles = young subjects
Solid bars = sleep in older subjects
Open bars = sleep in younger subjects.

The daily fluctuation in core temperature is 1.8° F/1° C.
The lowest temperature is 0.5° F lower in the younger group.

The timing of the highs and lows is different in young vs old subjects.

From Duffy JF et al 1998.

hypothalamus: examples of crucial functions, 2011
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Fever is regulated by the medial preoptic area.
Thermogenesis is normally inhibited, but specific activation of the medial preoptic
area can turn off this inhibition via descending pathways.

Cytokines are produced in response to
peripheral inflammation and bacterial POE)+PGE:
infection. These upregulate
cyclooxygenase 2 production, and
therefore prostaglandin E2 (PGE2), in
macrophages of the lung and liver as
well as and endothelial cells in the

Upregulates
setpoint of
MPOA
"Heat Sensor”
neurons

Capillary in MPOA

LPS
IL-1B

NE
[projectlana fram l

solitary nucleus)

endathelial cell Heat Production

(shivering,

preoptic area. The PGE2 diffuses into

the preoptic area where it turns off tonic cessatioinof aweatig,
inhibition of thermogenesis, essentially
altering the set point of heat sensitive Fever

neurons. The projections of the preoptic
area modify sympathetic activity, upregulating peripheral vasoconstriction and
muscle activity, as well as activating metabolism of brown fat. Ultimately, if
successful, the increased temperature both activates the immune system and kills
bacteria.

During fever, some of the normal thermogenesis pathways are upregulated to a higher
than normal degree, and others are not activated. For example, although actual physical
exertion is generally reduced, nevertheless, activation of ATP production causes aches
and pains normally associated with being sick. Instead of increasing appetite, those
neurotransmitters and hormones that would normally upregulate food intake are shut
down, in part because systems that promote normal arousal states are shut down.

Fever and Sickness behaviors:
Given that cytokines (peripheral as well as those produced by the brain) act by
provoking autonomic and endocrine responses in the hypothalamus, it is perhaps not
surprising that they provoke a well-coordinated set of motivated behaviors referred to as
“Sickness Behaviors”.
These behaviors include:
Sleep (Note: coordination of sleep occurs within the preoptic area as well)
Food aversion
Social isolation
Fatigue/malaise
Hypersensitivity to light, sound
Hyperalgesia (aches and pains due to thermogenic response of
muscles)

This coordinated response is an important adaptive mechanism to fight bacterial
infections and promote healing, allowing immune responses to clear infection, and
preventing transmission of infections from individual to individual.

On the other hand, long term, chronic exposure to cytokines, due to long term
inflammatory processes or dysregulation of brain cytokine production, can have
profound behavioral consequences, leading to major depression in some individuals.

hypothalamus: examples of crucial functions, 2011
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Heat stroke is caused by an inability to dissipate sufficient heat. Heat
stroke is not the same as fever, although high heat in later phases causes the tonic
inhibition of thermogenesis by the preoptic area to go haywire, thus shutting down
important cooling mechanisms such as vasodilation and sweating. It is usually caused
during by physical exertion when ambient temperatures and humidity are high.
Behavioral mechanisms—taking breaks, getting sufficient hydration, and jumping in a
pool or getting out of the heat can prevent most cases of heat stroke.

Example 2:
Circadian rhythms

Circadian rhythms are daily rhythms that serve to entrain the body so that
functions are coordinately regulated. Hormone secretion, activity (sleep or
wakefulness), and body temperature all show daily rhythms. The timing of the
clock is approximately 24 hours, although under constant dark conditions, it
will become longer.

Circannual rhythms are annual rhythms that correspond to season, and can
trigger changes in food intake, reproduction, sleep patterns, and trigger
hibernation and hibernation-like behaviors and physiological functions.

The Suprachiasmatic nuclei of the hypothalamus (SCN) are the primary

“biological clocks” in the brain. These small, bilateral collectiosn of neurons sit just
above the optic chiasm, receiving axons via the retinohypothalamic tract that begins in light
sensitive neurons of the retina and exits from the optic chiasm to innervate the SCN.

Light signals carried by the retinohypothalamic tract “set” the SCN
clock.

The Dorsomedial nucleus of the hypothalamus (DMH) is a secondary
“clock” in the brain. Feeding signals from the gut are relayed to the DMH by the
parabrachial nucleus of the brainstem. The DMH also plays a role in energy
homeostasis per se.

So both light and food intake entrain daily rhythms.

hypothalamus: examples of crucial functions, 2011
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Daily rhythms in . .
physiology and behavior HypOthalamIC nuclei

SCN- suprachiasmatic n.
eransten’ | PVN- paraventricular n.

DMH- dorsomedial n.

VMH- ventromedial n.

ARC- arcuate n.
LH- lateral hypothalamus

. Orexin
i e

oc- optic chiasm

L Q orexin—LH peptide;
promotes wakefulness

Light-entrainable Food-entrainable
oscillator oscillator \¢ ¥ -
s

Adapted from Nature Neuroscience 9, 300 - 302
12006

The SCN and DMH projections converge on the PVN which then communicates
timing information to the hypothalamo-pituitary-adrenal axis (to regulate cortisol),
the sympathetic preganglionic neurons (regulating, e.g., melatonin secretion),
and the dorsal motor nucleus of the vagus (parasympathetic; e.g. altering Gl
motility), as well as regulating some aspects of feeding behavior and other
motivated behavioral systems.

Importantly, the SCN also communicates with the DMH directly. The DMH then
sends projections to neurons in the lateral hypothalamus that produce orexin.
Orexin neurons are involved in arousal and wakefulness as well as food intake
and reward (so important in drug abuse). These neurons have widespread
projections that largely parallel those of the brainstem monoaminergic pathways
that are also involved in arousal.

Orexin refers to “orexic” or “orexigenic” (see discussion below on energy homeostasis
and lecture on sleep) as in, stimulating eating and energy conservation, (compare with
“anorexic” or “anorexigenic” which you are probably familiar with.

Clinical significance of disrupted circadian rhythms
Jet lag—disturbances of sleep, GI motility, menstrual cycle while adjusting
to new time zone
Seasonal affective disorder—depression due to insufficient natural
Shift workers—confusion, disorientation, clumsiness, poor reflexes due
to activity during normal nighttime hours

hypothalamus: examples of crucial functions, 2011
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Example 3:
Energy Homeostasis

The hypothalamus regulates all aspects of energy balance through complex, integrated
mechanisms. This region maintains a set point, around which daily energy intake and utilization
is maintained. Unlike the set point for body temperature, which is similar from person to person,
the set point for body weight varies from person to person, and even varies for the individual,
changing with the season, during puberty, during pregnancy, with age and with specific types of
illness. Relatively small differences in the balance of energy intake vs use can have large
effects on body weight; the equivalent of 100 extra calories a day more than used, over the
course of a year, can add up to a ten pound weight gain.

In women, energy homeostasis and reproduction are intimately associated, and the hypothalamic
regions controlling these two functions largely overlap. Pubertal onset is linked in part to
sufficient fat stores. Maintaining normal menstrual cycles also depends on sufficient fat stores;
women who are elite athletes with low body fat and women who are anorexic frequently stop
menstrual cycling.

The major cell groups known to be involved in regulation of energy
balance are:

Arcuate nucleus: receives peripheral signals; transmits this information to other cell groups

Paraventricular nucleus: feeding
selection (specific appetites)

behavior; macronutrient

teral

Ventromedial nucleus: hypothalamus

Considered the satiety center (the

state of being sated; “full”’), but actual is not clear

Lateral hypothalamus: Arousal,

wakefulness (hunger promotes n.
wakefulness and activity)

\WME_J —
Before 1994, most of our Cell groups in the tuberal hypothalamus that play a
understanding of energy role in energy balance. Cartoon is of a coronal section of %

of hypothalamus; ME is median eminence and base of brain.

regulation by the hypothalamus
was based on lesion studies and
some naturally occurring genetic models in which obesity was inherited; progress was
slow. Molecular genetics analyses paved the way to an enormous acceleration in the
pace of new knowledge on appetite regulation and energy expenditure/conservation.

hypothalamus: examples of crucial functions, 2011
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The concept of the ventromedial nucleus as a “satiety center” persists, but is
considered somewhat out-of-date. Over 70 years ago, it was demonstrated that lesions of
the ventromedial hypothalamus cause animals to increase food intake and rapidly gain weight; in
rats, the lesion led to a doubling of body weight within a month. The ventromedial nucleus was
therefore dubbed “the satiety center”, because without it, animals gained weight. This idea has
lost favor, in part because appetite regulation involves more than one cell group, not a single
center. In addition, it was later shown that animals with ventromedial hypothalamic lesions will
not work as hard as control animals for a food reward, so the motivation to eat (which we would
associate with hunger) is actually lower. Furthermore, stimulation of the ventromedial nucleus
has effects on lipid storage; the hormones produced by adipose tissues can affect appetite.
Finally, the ventromedial nucleus clearly does play a role in social and sexual behaviors as well
as energy balance.

Similarly, the lateral hypothalamus was considered to be a “feeding center”
based on the results of lesion studies, and this too is considered an out-of-date
concept. Lesions of the lateral hypothalamus (LH) caused animals to lose weight, and the
lateral hypothalamus was thus referred to as the feeding center. Further examination showed
that LH lesioned animals not only ate less, but also drank less, were unresponsive to many
stimuli, and were lethargic. Eventually, genetic studies of narcoleptic (sleep-walking) humans
and dogs identified a mutation in a gene encoding a peptide now referred to as “orexin”. Orexin
is produced by LH neurons and these neurons project to many parts of the central nervous
system, promoting arousal and activity, as well as food intake and these neurons participate in
reward circuitry as well. So, although the LH does respond to peripheral signals and have some
effects on feeding directly, in addition, being awake is typically important to food seeking
and eating....

Hypothalamic regulation of feeding and energy use responds to peripheral
signals.

Leptin is a satiety signal produced by adipose tissue. Higher levels of
leptin indicate higher fat stores. It was the first of many “adipokines”
(hormones produced by adipose tissue) to be discovered and shown to affect
hypothalamic function. Leptin (Greek for “thin”) was discovered in 1994 when the
identity of the protein encoded by the “obese” gene was discovered in a strain of mouse;
in these ob/ob mice, a recessive, single locus mutation causes profound obesity. Giving
leptin to the ob/ob mice normalized weight. However, leptin administration did not alter
weight in another model of obesity, also caused by a recessive, single locus mutation, the
fa/fa rat. Instead, mutation in the fa/fa rat involves the leptin receptor. Identification of
leptin led to an acceleration of research and greater understanding of the hypothalamic
basis of appetite regulation and energy balance.

Ghrelin is a hunger signal produced mostly by the Gl tract. Ghrelin
(growth hormone secretogogue) was also recently discovered. Ghrelin levels
increase linearly with time since a last meal. Ghrelin promotes hunger and food
intake by acting on the hypothalamus. Multiple other gut signals convey a
message of satiety (rather than hunger) to the hypothalamus. Sources of ghrelin
are the stomach, liver, and brain, among others.

hypothalamus: examples of crucial functions, 2011
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What happens in the hypothalamus?

Within the arcuate nucleus, there are two sets of neurons that are key to appetite
regulation and energy balance; these neurons have receptors for leptin, ghrelin
and other hormones and peripheral signals related to energy balance.

POMC neurons in the arcuate nucleus are anorexigenic.
POMC (proopiomelanocortin) neurons inhibit eating and promote energy
utilization.
POMC is can be cleaved into many separate, bioactive peptides. In the arcuate
nucleus, POMC is the precursor for alpha melanocyte-stimulating hormone; its
receptor is melanocortin 4 receptor, MC4R.

Neuropeptide Y/agouti related peptide producing neurons in the arcuate
nucleus are “orexigenic”.
NPY neurons stimulate eating and promote energy conservation.

POMC and NPY neurons project to the paraventricular nucleus and lateral
hypothalamus to appropriately inhibit or stimulate food intake and energy
use.

Each of these sets of neurons produces numerous additional
neuropeptides that also modify energy homeostasis.

paraventricular n. lateral hypothalamus paraventricular n. lateral hypothalamus

> \

4 N/

POMC
NPY. POMC NPY

3rd AGRP d

i entricle

ventricle

arcuate n.
arcuate n. Ghrelm
Idc 2007
Leptm
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Some players in the “see-saw” model of energy homeostasis

Hormone | Source POMC NPY Appetite Energy
neurons neurons use
Leptin Fat Stimulates | Inhibits Decreased | Increased
Gl tract; Inhibits Stimulates | Increased | Decreased
Ghrelin brain

Other peripheral and central signals also regulate, directly or indirectly, the
activity of POMC and NPY neurons in the arcuate nucleus, including:

additional gut peptides (cholecystokinin, pancreatic polypeptide Y, among
others); additional adipokines from fat; insulin; glucose; adrenal and gonadal
steroid hormones; heat and cold; light; and gastric fullness (conveyed via vagus
nerve).

Clinical problems associated with hypothalamic regulation of energy
homeostasis.
Obesity: The incidence of obesity is increasing and has serious health
consequences.
Mutations of genes encoding leptin, POMC, and MCR4 are known to

cause obesity. In each of these, the pattern of increased food intake is different,
as is the severity of the obesity. The involvement of so many different neuropeptides
and receptors in energy homeostasis, many more than mentioned here, makes it
likely that additional mutations will be identified that induce specific types of obesity.

For example, Prader-Willi syndrome is a genetic disorder associated with obesity, as
well as dystonia and some forms of mental retardation. Prader-Willi syndrome is
caused by a disorder of chromosome 15 and found in about 1:15,000 children. It
causes insatiable eating that is difficult to manage, probably due to hypothalamic
dysfunction.

Obesity can be linked to the modern environment (i.e., excess palatable

food and insufficient exercise.) The “thrifty gene” idea of evolution of appetite
posits that maintaining fat stores and a strong appetite is evolutionarily advantageous
and highly adaptive, given that food was not readily available eons ago.

Cachexia— “wasting”, common in cancer patients, AIDS, some other
illnesses. Cause: abnormally high anorexigenic signals or low orexigenic
signaling?

hypothalamus: examples of crucial functions, 2011
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Anorexia/bulimia—these are complicated psychological disorders that may
have some endocrine/hypothalamic components, but certainly have
endocrine consequences.

Note that permanent alterations in set-point for energy homeostasis and
weight may occur in response to illness that destroys or modifies the
responses of hypothalamic neurons.

Other key functions of the hypothalamus/preoptic area include:
Control of reproductive function (Gonadotropin releasing hormone
production; sexual behaviors; parental behaviors)
Stress responses
Sleep (separate lecture)

Memory formation (mammillary nuclei communicate with hippocampus and play an
important role in memory formation; associated with head movements that are critical for
understanding spatial orientation in spatial learning; see lecture on Limbic system).

hypothalamus: examples of crucial functions, 2011
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Neuroscience Limbic System
September 6, 2011 E. J. Neafsey, Ph. D.

LIMBIC SYSTEM

Date: September 06, 2011- 10:30 AM
Reading Assignment: Mason, Chapter 13

Be able to answer the following questions.

10.
11.

Give several examples of self-preservation or species-preservation activities and
behaviors regulated by the limbic system.

How many different types of olfactory receptor molecules are expressed in humans? How
many are expressed by an individual olfactory receptor cell?

What is the cortical target of olfactory sensory inputs? Where is it located in the brain?
Recognition of which facial expression (fear, anger, surprise, happiness, sadness, or
disgust) is most affected by amygdala lesions in humans?

Which limbic system structures directly affect autonomic outflow?

What part of the hippocampal formation gives rise to the fornix? Where does the fornix
terminate?

What is the “trisynaptic pathway” circuitry of the hippocampus? What is long term
potentiation (LTP)?

What hormone is regulated by the hippocampus?

What aspect of memory is impaired by bilateral hippocampal lesions?

What is the Papez circuit?

What are the symptoms of the Kluver-Bucy syndrome?



Limbic
System

E.J. Neafsey, Ph.D.

Loyola University Chicago Stritch School of Medicine

© 2010 E.J. Neafsey



Outline

1. History and Overview of Limbic System Concept
2. Hippocampus

3. Septal nuclei

4. Amygdala

5. Olfactory system

6. Limbic Cortex
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History of Limbic System Concept
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Papez Circuit = Limbic System

e |n 1937 James Papez proposed a complex circuit in the brain as the
CNS substrate for emotional experience

Hippocampal < Cingulate

Formation Gyrus

l Papez Circuit T

Mammillary > Anterior nuc.

Body of Thalamus

e (Current research does not support such a lofty role for this circuitry

e Instead, much of the circuitry appears related to coding spatial location, at least
in rats, where “place cells” are found in the hippocampus, “direction cells” in the
subiculum, “grid cells” in the entorhinal cortex, and “head direction cells” in the
mammillary bodies and anterior thalamus. A significant afferent input to this sys-
tem comes from the vestibular nuclei, which is relayed to the mammillary bodies
by the dorsal tegmental nucleus, located in the pons medial to the locus ceruleus.

e However, his idea laid groundwork for concept of a “limbic system”

Papez J. A proposed mechanism for emotion. Arch Neurol Psychiatr 38:725-743, 1937



MacLean’s Triune Brain and the Limbic System

e In 1952 Paul MaclLean proposed the term “limbic system” for the older,
paleomammalian component of his “triune brain.”

Limbic System
(paleomammalian brain)

Paul MacLean’s
Triune Brain
concept
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Today “Limbic System” refers to a set of brain
structures that are important for:
Self- and Species-Preservation Behaviors

Dr. DonCarlos referred to these behaviors as “motivated behaviors” in her
discussion of the hypothalamus.

e Olfactory sensory processing

e Neuroendocrine and autonomic regulation
e Reproduction

e Aggression

e Memory

e Emotion and motivation
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Limbic System Components

e Olfactory bulb

e Piriform olfactory cortex

o Hypothalamus

e Amygdala

e Hippocampal formation

e Anterior nucleus of thalamus
e Septal nuclei

e Limbic ring of neocortex (insular, orbitofrontal, subcallosal, anterior
and posterior cingulate, and parahippocampal-entorhinal cortex)

e \entral striatum (nucleus accumbens)

The limbic system used to be called the “rhinencephalon” (nose brain)
because of its prominent olfactory inputs.
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Limbic System Diagram

medial view of hemisphere

Posterior
Cingulate

. Anterior
Fornix
stria Nucleus
Termifalis

Mampillo-thalamic tr.
T
Q,

Anterior
Cingulate

Hippocampal
Formation

Entorhinal
Cortex

Pit.

ANS A

g

%

Amygdala

from Limbic CorteX

Orbitofrontal

Olfactory Bulb & Tract<_~>

Mediodorsgal Piriform
Nucleus Cortex

Solitary
Nucleus

Note convergence of limbic system on hypothalamus, which controls ANS, pitu-
itary, and “self- and species-preservation behaviors” such as feeding, drinking,

mating, reproduction, aggression, etc. (Can you find the Papez circuit?)
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