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ADRENAL MEDULLA

Primary Disciplinary Field(s): Endocrinology, Neurobiology, Physiology, Stress Psychology

1. Core Definition

The Adrenal Medulla (Latin for "marrow of the adrenal gland") constitutes the innermost layer, or

core, of the adrenal gland, which sits superiorly atop each kidney. Functionally, the medulla

operates as a specialized component of the sympathetic nervous system, serving as a modified

sympathetic ganglion rather than a traditional endocrine gland composed of secretory epithelial

cells. Its primary role is the rapid synthesis and secretion of catecholamine hormones directly into

the bloodstream in response to stress or danger. These key hormones are epinephrine

(adrenaline) and norepinephrine (noradrenaline), the body's most potent chemical

neurotransmitters and hormones involved in acute physiological mobilization.

Unlike the adjacent adrenal cortex, which secretes steroid hormones necessary for long-term

homeostatic maintenance, the medulla is characterized by its quick-acting response mechanism,

pivotal in mediating the acute stress response known as the "fight-or-flight" mechanism. This direct

interface between the nervous system and the endocrine system allows for near-instantaneous

systemic preparation for immediate action. The medulla's output affects virtually every tissue in the

body, ensuring widespread metabolic and cardiovascular changes essential for survival under

perceived threat.

2. Anatomy and Histology

The adrenal medulla is encapsulated by the three layers of the adrenal cortex (zona glomerulosa,

zona fasciculata, and zona reticularis). This anatomical relationship is critical for its function, as the

venous blood draining the cortex flows directly into the medulla before exiting the gland. This high

concentration of corticoid hormones, particularly glucocorticoids like cortisol, is essential for

regulating the enzymatic activity within the medulla, as detailed in the biosynthesis section.

The cells that comprise the medulla are known as chromaffin cells (or pheochromocytes). These

neuroendocrine cells are derived embryologically from the neural crest, sharing a common lineage

with postganglionic sympathetic neurons. However, unlike standard postganglionic neurons which

release neurotransmitters onto a specific target cell, chromaffin cells lack axons and release their

chemical messengers directly into the fenestrated capillaries of the medulla, thereby acting as

hormones with systemic effects. The name chromaffin derives from the cells' ability to stain dark

brown when exposed to chromium salts, a reaction caused by the oxidation of the stored

catecholamines.
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3. Biosynthesis and Catecholamine Production

The specialized function of the adrenal medulla revolves around the synthesis and release of

catecholamines, primarily epinephrine and norepinephrine. These hormones are synthesized from

the amino acid tyrosine through a tightly regulated enzymatic pathway. The steps of this

biosynthetic pathway are crucial for understanding the medulla's specific hormonal output:

Hydroxylation of Tyrosine: Tyrosine is converted into L-DOPA (L-3,4-dihydroxyphenylalanine)

via the enzyme tyrosine hydroxylase.

Decarboxylation: L-DOPA is converted into dopamine.

Beta-Hydroxylation: Dopamine is converted into norepinephrine (noradrenaline) by the enzyme

dopamine beta-hydroxylase. This is the final product in most sympathetic nerve endings.

N-Methylation: In the adrenal medulla, norepinephrine is converted into epinephrine (adrenaline)

by the enzyme Phenylethanolamine N-methyltransferase (PNMT).

The presence and activity of PNMT are what distinguish the adrenal medulla from other

sympathetic ganglia. PNMT requires glucocorticoids (cortisol) to be synthesized and maintained at

high levels. Since the cortical blood, rich in glucocorticoids, perfuses the medulla, the medulla is

uniquely capable of producing large quantities of epinephrine. Approximately 80% of the

catecholamine output from the human adrenal medulla is epinephrine, while the remaining 20% is

norepinephrine, alongside trace amounts of dopamine.

4. Physiological Role in the Stress Response

The adrenal medulla is central to the body's acute adaptation to threatening or stressful situations,

providing a rapid, diffuse hormonal response that augments the localized neural signaling of the

sympathetic nervous system. When the central nervous system perceives danger (physical threat,

severe emotional stress, or trauma), the hypothalamus activates the sympathetic division.

Preganglionic sympathetic neurons innervate the chromaffin cells, releasing acetylcholine (ACh).

This triggers the rapid release of stored catecholamines into the circulation. These hormones then

bind to various adrenergic receptors (alpha and beta) throughout the body, inducing systemic

changes that collectively prepare the organism for immediate maximal exertion. The effects are

multifaceted:

Cardiovascular System: Epinephrine increases heart rate (positive chronotropy) and force of

contraction (positive inotropy), thus dramatically increasing cardiac output. It also causes selective

vasoconstriction (redirecting blood flow away from non-essential organs like the gut and skin) and

vasodilation (increasing blood flow to essential organs, primarily skeletal muscles and the heart).

Metabolic System: Catecholamines induce rapid energy mobilization. They stimulate

glycogenolysis in the liver and skeletal muscle, breaking down glycogen into glucose, and
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promote lipolysis, breaking down fats for energy (fatty acids). This ensures a readily available fuel

supply for active tissues, sustaining intense physical activity.

Respiratory System: Epinephrine causes bronchodilation, opening up the airways to maximize

oxygen intake.

Sensory and Neurological Effects: They can increase alertness, dilate the pupils (mydriasis),

and reduce blood flow to peripheral areas, contributing to the typical physical sensations

associated with anxiety or fear.

5. Regulation and Control Mechanisms

The control of catecholamine secretion is primarily neural, originating in the brainstem and

descending through the spinal cord. The speed and intensity of the medullary response are

determined by the frequency of signals arriving via the sympathetic nervous system. However, the

regulatory environment of the medulla is uniquely complex due to its interaction with the adrenal

cortex.

The preganglionic sympathetic fibers are cholinergic, meaning they release acetylcholine, which

initiates exocytosis of catecholamines from the chromaffin cells. This neural input ensures the

swiftness of the reaction. Furthermore, the synthesis of epinephrine is tightly regulated by the

concentration of cortisol. Stress responses that involve the hypothalamic-pituitary-adrenal (HPA)

axis lead to increased cortisol secretion from the cortex. This cortisol then acts on the medulla,

upregulating the production of PNMT, ensuring a continuous supply of the enzyme necessary to

convert norepinephrine into the more potent epinephrine. This co-regulation ensures that both the

immediate (medullary) and sustained (cortical) components of the stress response are

synchronized.

6. Clinical Significance and Related Pathologies

Dysfunction of the adrenal medulla, while less common than cortical disorders, can lead to severe

clinical conditions related to catecholamine imbalance. The most significant pathology associated

with the medulla is Pheochromocytoma. This is a rare tumor arising from the chromaffin cells,

resulting in the excessive, uncontrolled secretion of epinephrine and norepinephrine.

Patients suffering from pheochromocytoma typically exhibit paroxysmal or sustained hypertension

(extremely high blood pressure), often accompanied by the classic triad of symptoms: severe

headaches, palpitations (rapid, pounding heart rate), and profuse sweating. If left undiagnosed, the

overwhelming release of catecholamines can lead to critical cardiovascular events, including

stroke, myocardial infarction, and irreversible cardiac damage. Management requires surgical

removal of the tumor, usually preceded by pharmacological blockade of adrenergic receptors to

stabilize the patient's blood pressure.
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Conversely, adrenal medullary insufficiency, although rare in isolation, can occur following severe

trauma or autoimmune destruction. Since the majority of norepinephrine release occurs locally at

sympathetic nerve endings, the body can often compensate for a lack of medullary norepinephrine.

However, the loss of systemic epinephrine affects metabolic stability and the maximal capacity of

the fight-or-flight response, potentially impairing the ability to cope with acute, life-threatening

stress.

7. Further Reading

Adrenal Gland (Wikipedia)

Epinephrine (Adrenaline) (Wikipedia)

Norepinephrine (Noradrenaline) (Wikipedia)

Pheochromocytoma (Wikipedia)
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