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SECOND MESSENGER

Primary Disciplinary Field(s): Cell Biology, Biochemistry, Pharmacology, Endocrinology

1. Core Definition

The concept of the second messenger is fundamental to understanding cellular communication,
forming a crucial intermediate step in the process of signal transduction. A second messenger is
defined as an intracellular chemical substance that relays signals from a receptor on the surface of
the cell membrane to target molecules within the cytoplasm or nucleus. This relay mechanism is
essential because primary messengers, such as hormones or neurotransmitters (often termed first
messengers), are typically large, hydrophilic molecules that cannot readily penetrate the lipophilic
cell membrane. Upon binding of the first messenger to its specific, membrane-spanning receptor,
the receptor undergoes a conformational change that initiates the production or release of the
second messenger inside the cell.

Functionally, the second messenger acts as a molecular bridge, transmitting and often amplifying
the extracellular signal. This process ensures that the cellular response--whether it be gene
expression, secretion, muscle contraction, or altered metabolism--is rapid and robust. The initial
signal, which is limited to the extracellular space and the membrane surface, is thus translated into
an intracellular biochemical cascade. The nature of the second messenger itself can vary
significantly; it may manifest as the product of an enzyme, such as cyclic adenosine
monophosphate (CAMP), or as an ion flux, notably involving calcium ions (Ca2+).

The core utility of the second messenger system lies in its ability to increase or decrease the
overall cellular responsiveness to a stimulus delivered by an agonist. By modulating the
concentration of the second messenger, the cell controls the magnitude and duration of the
downstream effects. The resulting change in intracellular environment ensures that the initial
stimulus leads to an appropriate physiological outcome, often involving the activation of protein
kinases or phosphatases that modify the activity of key cellular proteins.

2. Historical Context and Discovery

The conceptual framework for second messengers emerged from pioneering endocrinology
research in the mid-20th century. Before this time, scientists understood that hormones influenced
cells, but the precise mechanism by which a non-permeable hormone like adrenaline (epinephrine)
exerted its effects inside the cell remained mysterious. The breakthrough is primarily credited to
Nobel laureate Earl W. Sutherland Jr. and his colleagues, who investigated how epinephrine
stimulated the breakdown of glycogen in liver cells.

Sutherland's experiments demonstrated that epinephrine did not directly interact with the enzymes
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responsible for glycogenolysis. Instead, the hormone interacted with the cell surface, leading to the
generation of a heat-stable, small molecule inside the cell that was subsequently capable of
activating the required intracellular enzymes. This molecule was identified in 1957 as cyclic
adenosine monophosphate (cAMP), which Sutherland famously termed the "second
messenger." This discovery fundamentally shifted the understanding of hormone action,
establishing a paradigm where external signals are relayed via internal intermediaries.

Following the identification of CAMP, researchers rapidly discovered other intracellular molecules
fitting the second messenger description, including Ca2+, cyclic guanosine monophosphate
(cGMP), and various lipid derivatives. The acceptance of the second messenger concept
established a unified principle for signal transduction across diverse biological systems, from
prokaryotes to complex multicellular organisms. Sutherland's work provided the necessary
foundation for subsequent massive research efforts into G protein-coupled receptors (GPCRs) and
intracellular signaling cascades, which dominate modern cellular biology and pharmacology.

3. Mechanisms of Action

Second messengers operate through intricate biochemical pathways that are typically initiated by
the activation of a membrane receptor. The most common pathway involves G protein-coupled
receptors (GPCRs). When a first messenger binds to a GPCR, it activates an associated G
protein (guanine nucleotide-binding protein). The activated G protein then acts upon an effector
enzyme embedded in the membrane, which catalyzes the production of the second messenger.
For instance, activation of the enzyme adenylyl cyclase by a Gs protein leads to the conversion of
ATP into cAMP.

In other crucial signaling pathways, the G protein may activate phospholipase C (PLC). PLC
hydrolyzes the membrane phospholipid phosphatidylinositol 4,5-bisphosphate (PIP2) into two
distinct second messengers: inositol 1,4,5-trisphosphate (IP3) and diacylglycerol (DAG). IP3 is
water-soluble and diffuses through the cytosol to the endoplasmic reticulum, triggering the release
of stored Ca2+ ions, which itself acts as a third type of second messenger. DAG remains tethered
to the membrane, where it, along with Ca2+, activates protein kinase C (PKC).

Another key mechanism involves receptor tyrosine kinases (RTKs), though these often initiate
signaling cascades that are distinct from the G protein systems. Upon ligand binding, RTKs
dimerize and phosphorylate themselves, creating docking sites for various adapter proteins. While
RTK pathways often involve complex protein-to-protein interactions (like the MAPK cascade), they

can still generate lipid-based second messengers, such as those derived from phosphatidylinositol
3-kinase (PI3K) activity, which are critical for cell growth and survival signaling. The interplay
between these different systems allows cells to integrate multiple external signals simultaneously.
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4. Major Classes of Second Messengers

Second messengers are generally classified based on their chemical composition and solubility,
which dictate their function and location within the cell. The primary categories include hydrophilic
molecules (water-soluble, diffusing through the cytosol), hydrophobic molecules (lipid-soluble,
remaining within the cell membrane), and gases.

The most prominent hydrophilic messengers are cyclic nucleotides: cAMP and cGMP. cAMP
typically exerts its effects by activating protein kinase A (PKA), which then phosphorylates target
proteins. cGMP, often generated in response to nitric oxide (NO) signaling, usually activates
protein kinase G (PKG). Another critical hydrophilic messenger is IP3, which mediates Ca2+
release from intracellular stores.

Hydrophobic second messengers, such as DAG and various phospholipids (like those produced
by PI3K), remain integrated in the plasma membrane. Their primary role is often to recruit and
activate membrane-associated proteins, such as protein kinase C (PKC). This localization allows
the cell to effectively separate signaling events that occur at the membrane surface from those that
occur in the cytosol.

Finally, ions, particularly Ca2+, represent a unique class. Calcium ions are tightly regulated, with
concentrations typically kept extremely low in the cytosol. Signaling pathways often involve a rapid,
transient increase in cytosolic Ca2+, which then binds to regulatory proteins like calmodulin,
initiating processes such as muscle contraction, neurotransmitter release, and fertilization. Recent
research has also focused on gaseous messengers, such as Nitric Oxide (NO) and Carbon
Monoxide (CO), which can rapidly diffuse across membranes to activate target enzymes in nearby
cells.

5. Signal Amplification and Integration

One of the most biologically significant properties of the second messenger system, as noted in the
original source, is the massive amplification effect it provides. The signal amplification inherent in
these cascades ensures that even a minimal concentration of the first messenger (e.g., a few
molecules of a hormone) can elicit a powerful and widespread cellular response.

Amplification occurs at multiple stages. First, a single activated membrane receptor can activate
dozens or hundreds of G protein molecules. Second, each activated G protein can stimulate an
effector enzyme (like adenylyl cyclase) to produce a large quantity of the second messenger (e.g.,
thousands of cAMP molecules). Third, the second messenger molecules themselves activate
downstream enzymes (like PKA), which are often kinases capable of phosphorylating multiple
target proteins, thereby distributing the signal throughout the cell. This cascade allows for an
exponential increase in signal strength, turning a faint external signal into a robust internal
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command.

Beyond simple amplification, second messengers are critical for signal integration. Cells are
constantly exposed to numerous primary messengers, and the final cellular response often
depends on how these signals are merged. Multiple receptor pathways might converge on a single
second messenger (e.g., several hormones might elevate cAMP levels), or conversely, a single
receptor might activate pathways leading to several different second messengers (e.g.,
simultaneous production of IP3 and DAG). The resulting complex interplay--often involving
crosstalk where one pathway modulates another--allows the cell to calculate a single, precise
output based on diverse environmental inputs.

6. Physiological Significance and Examples

Second messenger systems are ubiquitous and essential for virtually all physiological processes,
underpinning functions ranging from basic metabolism to complex neurological activity. In the
endocrine system, second messengers mediate the effects of most peptide hormones. For
example, glucagon binds to liver cell receptors, activating the cAMP pathway, which leads to the
phosphorylation and activation of enzymes that promote glucose release into the bloodstream.

In the nervous system, second messengers are vital for synaptic transmission and long-term
changes in neuronal excitability, a process crucial for learning and memory. Many
neurotransmitters, like dopamine and serotonin, exert their effects through GPCRs that modulate
cAMP or Ca2+ levels. Changes in these second messenger concentrations can influence ion
channel permeability or alter gene expression, leading to sustained changes in synaptic strength
(long-term potentiation).

Furthermore, second messengers regulate muscle contraction and relaxation. In smooth muscle
cells, Ca2+ is the primary second messenger regulating contraction, while cGMP signaling, often
initiated by Nitric Oxide, causes relaxation (vasodilation) by promoting the sequestration of Ca2+.
Defects or dysregulation in these signaling pathways are frequently implicated in cardiovascular
diseases, diabetes, and neurological disorders.

7. Clinical Relevance and Pharmacological Targets

Given their central role in mediating cellular responses, the components of second messenger
systems--receptors, effector enzymes, and the messengers themselves--are among the most
significant targets for modern pharmacological intervention. Many of the best-selling and most
frequently prescribed drugs target GPCRs, thereby indirectly modulating second messenger levels.

For instance, drugs used to treat asthma or cardiac conditions often target adrenergic receptors,
which utilize the cAMP system. Beta-blockers, used for hypertension, inhibit receptors that
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normally increase cAMP, slowing heart rate. Conversely, beta-agonists (like salbutamol) increase
cAMP in bronchial smooth muscle, promoting bronchodilation. Disorders linked to inappropriate
Ca2+ signaling, such as certain forms of heart failure or bipolar disorder, are often treated with
drugs that modulate ion channels or related enzymes (e.g., lithium's potential role in IP3
metabolism).

Understanding the specificity of second messenger pathways allows for the development of highly
targeted therapies with reduced side effects. The complexity of these systems, however, also
presents challenges, as many pathways exhibit significant redundancy or crosstalk. Future drug
development continues to focus on finding molecular keys that can precisely tune the production,
degradation, or action of specific second messenger molecules to treat diseases ranging from
cancer (where abnormal growth signaling is common) to neurodegeneration.

8. Further Reading

Calcium signaling (Wikipedia)

G protein-coupled receptor (Wikipedia)
Phospholipase C (Wikipedia)
MAPK/ERK pathway (Wikipedia)
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