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Introduction
Behavior emerges from the concerted activity of neural circuits that transform
sensation into perception, intention into action, and internal milieu into mood. Yet
clinical syndromes are most often described at the level of symptoms, creating a gap
between cellular mechanisms and patient care. This book, Neurobiology of Behavior:
Linking Circuits to Clinical Syndromes, bridges that divide. Taking a mechanistic
perspective, we connect the physiology of synapses and networks to cognition, mood,
and motor function, and we show how these insights illuminate disorders such as
depression, Parkinson disease, and epilepsy. Our goal is to provide an integrated
framework that clinicians and neuroscientists can use to interpret data, generate
hypotheses, and design interventions.

We begin with foundational principles of circuit operation: how excitation and
inhibition shape information flow; how neuromodulators retune network gain and
plasticity; how oscillations coordinate long-range communication; and how
development sculpts the microcircuit motifs that underlie adult behavior. Alongside
these concepts, we survey the tools that make circuit-level inference possible, from
single-unit electrophysiology and calcium imaging to optogenetics, chemogenetics,
and human neuroimaging. Throughout, we emphasize linking levels of analysis—genes
to synapses, cells to circuits, circuits to behavior—because therapeutic leverage often
arises where these levels intersect.

The middle of the book traverses canonical systems and large-scale networks that
organize behavior. We explore cortical microcircuits and thalamocortical loops for
perception and cognition; basal ganglia and cerebellar circuits for action selection,
learning, and prediction; hippocampal–entorhinal networks for memory and
navigation; and amygdala–prefrontal systems for emotion and valuation. These
anatomical and computational motifs provide the scaffolding for understanding how
specific patterns of dysfunction produce distinct behavioral phenotypes. They also
reveal why different syndromes can share convergent circuit features, and why a
single diagnosis may arise through multiple circuit routes.

With this scaffold in place, we examine clinical syndromes through a circuit lens. In
major depression, we consider how aberrant prefrontal–subcortical coupling, altered
reward computation, and maladaptive plasticity contribute to anhedonia and cognitive
bias. In Parkinson disease, we trace how dopamine depletion reshapes basal ganglia
dynamics and beta-band oscillations, degrading movement initiation and vigor. In
epilepsy, we analyze hyperexcitability and network synchronization, and how seizure
propagation reflects the architecture of large-scale connectivity. Across chapters, we
highlight transdiagnostic dimensions—such as inhibitory control, threat processing,
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and motor vigor—that cut across traditional categories and point toward
mechanistically defined subtypes.

Therapeutic implications are woven throughout. We examine how pharmacologic
agents act not only at receptors but on circuit computations, reshaping plasticity rules,
oscillatory states, and network topology. We analyze neuromodulation
strategies—deep brain stimulation, transcranial magnetic stimulation, vagus nerve
stimulation, and closed-loop systems—as experiments in causality that can both treat
symptoms and test models of function. By connecting biomarkers to targets and
targets to outcomes, we outline pathways toward precision interventions that are
guided by physiological readouts rather than purely phenomenological labels.

This book is intended for a dual audience: clinicians seeking mechanistic anchors for
diagnosis and treatment, and neuroscientists aiming to translate circuit discoveries
into patient benefit. Each chapter integrates core concepts, illustrative findings across
species, and clinical vignettes that ground theory in practice. The aim is not to present
a single grand theory but to offer a toolbox—conceptual, methodological, and
therapeutic—for reasoning across scales and contexts.

Finally, we look toward the future of circuit-informed care. As multimodal datasets,
computational models, and adaptive neuromodulation mature, the boundary between
basic and clinical neuroscience will continue to blur. Success will depend on
bidirectional translation: letting clinical observations refine circuit models, and letting
circuit models guide individualized interventions. By linking circuits to clinical
syndromes, we hope to equip readers to navigate this evolving landscape and to
contribute to therapies that are both mechanistically grounded and meaningfully
transformative for patients.
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CHAPTER ONE: Foundations of Neural Signaling and
Circuit Dynamics
Every behavior, from a reflexive blink to a complex soliloquy, rests on a simple, three-
part choreography: neurons must be excitable, they must communicate, and their
communication must be shaped by context. At the foundation lies the ion channel, a
molecular switch that converts voltage gradients into electrical signals. The sodium
channel, for instance, opens rapidly when the membrane depolarizes, allowing
positively charged sodium ions to flood inward and drive the membrane potential
toward the positive extreme. This explosive influx is the rising phase of the action
potential, the canonical electrical currency of the nervous system. Potassium
channels, which open on a slight delay, repolarize the membrane by carrying positive
charge out of the cell, and together these forces reset the system for the next spike. In
this way, the neuron turns graded analog inputs into all-or-nothing digital pulses that
can propagate reliably over distance.

Although action potentials look stereotyped at the spike level, their timing, rate, and
pattern carry rich information. A brief salient stimulus may trigger a short burst, while
a sustained expectation can be encoded by a steady firing rate. Sensory neurons often
spike in proportion to the intensity of a stimulus, a rate code that is simple but not
simple-minded. In motor systems, the speed of movement can be related to the firing
rate of motor neurons, and in some systems the exact timing of spikes relative to
network rhythms matters more than their average number. The brain thus uses
multiple coding strategies, exploiting both the frequency and the temporal precision of
spikes. The same neuron can convey different messages in different contexts,
depending on how its inputs are arranged and how the network is tuned. This
flexibility is a feature, not a bug, and it sets the stage for complex computations.

Action potentials would be a blunt instrument without synapses, the specialized
junctions where electrical signals are transformed into chemical ones. When an action
potential reaches the presynaptic terminal, it opens voltage-gated calcium channels,
and the influx of calcium triggers vesicle fusion. Neurotransmitter molecules are then
released into the synaptic cleft, where they diffuse to receptors on the postsynaptic
membrane. The probability of release is not fixed, it can be modulated by prior
activity, by neuromodulators, and by local calcium dynamics in the terminal. If you
imagine the neuron as a factory, the synapse is the shipping dock, and calcium acts as
the foreman who decides when the cargo leaves. The result is a conversion from a
brief electrical pulse to a chemical signal that can be integrated with thousands of
other inputs.
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The postsynaptic response depends on the type of receptor activated. Ionotropic
receptors, such as AMPA and NMDA receptors for glutamate or GABA-A receptors for
inhibition, are ligand-gated ion channels that open quickly and produce fast synaptic
currents. AMPA receptors mediate the bulk of fast excitation, while NMDA receptors
are permeable to calcium and require depolarization to relieve a magnesium block,
linking channel opening to coincident pre- and postsynaptic activity. GABA-A receptors
mediate fast inhibition by increasing chloride influx, hyperpolarizing the neuron and
making it less likely to spike. These fast events are the millisecond-scale substrate of
perception and decision-making. Their speed and specificity allow precise temporal
control of information flow within microcircuits.

Metabotropic receptors, in contrast, work like dimmer switches. They are coupled to
intracellular second messenger cascades through G proteins, producing slower and
longer-lasting changes in excitability and synaptic strength. Activation of mGluRs or
muscarinic acetylcholine receptors can open or close ion channels indirectly,
modulating the resting potential or the afterhyperpolarization. These pathways also
activate enzymes that alter gene expression, structural proteins, and receptor
trafficking, effectively rewriting the cell’s operating parameters over minutes to hours.
This slower signaling allows the neuron to adapt to the statistics of its inputs and to
remember recent events. When we talk about the “mood” of a neuron, we are often
referring to these metabotropic systems that set gain and bias.

Intracellular signaling cascades translate receptor activation into cellular change. G
proteins split into subunits that can directly modulate ion channels or activate
enzymes like adenylate cyclase and phospholipase C, which in turn produce second
messengers such as cAMP and IP3. These molecules activate kinases, including protein
kinase A and protein kinase C, which phosphorylate ion channels and synaptic
proteins. Phosphorylation can change channel open probability, receptor
desensitization, or the ability of vesicles to dock. Calcium itself is a powerful second
messenger that can enter through channels or be released from internal stores via
ryanodine receptors. These cascades are not linear; they form networks with feedback
and cross-talk. The result is a dense regulatory web that allows neurons to integrate
many signals and compute nonlinear transformations.

At the network level, the interplay of excitation and inhibition determines how circuits
process information. Neurons sum thousands of synaptic inputs, and whether they
spike depends on the balance between excitatory drive and inhibitory clamp. This
balance can be set by the relative conductance of AMPA, NMDA, and GABA-A
receptors, and by the timing of inputs. If inhibition arrives slightly before excitation, it
can prevent spiking entirely; if it arrives slightly after, it can sharpen selectivity by
quenching prolonged depolarization. The ratio of excitatory to inhibitory tone, often
called the E/I balance, is a key parameter in cortical circuits. Many disorders, from
epilepsy to autism, involve perturbations of this balance, and even within a normal
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brain the E/I ratio is dynamically regulated by behavioral state.

Local microcircuits are built from canonical motifs that shape the transformation of
inputs to outputs. In the cerebral cortex, pyramidal neurons receive excitatory inputs
from other pyramidal cells and inhibitory inputs from interneurons. Interneurons
themselves are diverse, with subtypes that preferentially target the soma, dendrites,
or axon of pyramidal cells. Somatic inhibition controls whether the neuron spikes,
dendritic inhibition regulates the integration of synaptic inputs, and axon initial
segment inhibition can veto output directly. These inhibitory interneurons are often
tuned to specific rhythms, such as parvalbumin-positive cells driving gamma
oscillations. The wiring among these cell types creates specific computational
operations, such as sharpening receptive fields, generating winner-take-all dynamics,
or enabling coincidence detection. The brain is a collection of such motifs repeated
and adapted across regions.

Neuromodulators act as supervisory signals that reconfigure circuits for different
goals. Dopamine, released from midbrain neurons, signals reward prediction error and
reshapes synaptic plasticity in corticostriatal circuits. It acts via D1 and D2 receptors
that differentially affect cAMP signaling and excitability, shifting the balance toward
“go” or “stop” pathways in the basal ganglia. Serotonin modulates mood and also
tunes sensory processing and behavioral flexibility, often by adjusting gain in
prefrontal and limbic circuits. Norepinephrine, produced by the locus coeruleus, alters
arousal and attention by boosting the signal-to-noise ratio of cortical neurons.
Acetylcholine enhances sensory processing and facilitates plasticity, especially in the
cortex and hippocampus. These neuromodulators can change the rules by which
synapses change, essentially selecting different learning algorithms for the same
circuit.

Plasticity is the mechanism by which circuits adapt and learn. At short timescales,
short-term depression and facilitation alter the probability of release, providing a
dynamic filter that tracks the recent history of activity. A synapse that depresses will
respond less to a rapid train of spikes, effectively detecting novelty, while a facilitating
synapse becomes more responsive during sustained activity. At longer timescales,
Hebbian plasticity links changes in synaptic strength to correlations in pre- and
postsynaptic firing. Long-term potentiation and long-term depression are the classic
examples, requiring NMDA receptor activation, calcium influx, and downstream
signaling. These processes can strengthen some connections while weakening others,
shaping receptive fields and network connectivity over experience.

Homeostatic plasticity counterbalances Hebbian changes to maintain stability. If a
neuron’s overall activity drifts too high, mechanisms like synaptic scaling reduce the
strength of all excitatory synapses proportionally; if activity is too low, they are scaled
up. Such processes are crucial to prevent runaway excitation or silencing, and they
depend on global signaling rather than precise correlations. Neuromodulators can gate
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homeostatic rules, and network oscillations may provide timing signals that coordinate
these adjustments across the circuit. Metaplasticity, the plasticity of plasticity, tunes
the thresholds for future change based on prior activity, effectively teaching the
synapse how to learn. These adaptive mechanisms are not peripheral; they are the
reason circuits remain functional despite constant turnover of proteins, ongoing
development, and shifting contexts.

Inhibition is not merely a brake; it is a sculptor of timing and coordination.
Interneurons can impose a temporal window within which excitatory inputs must arrive
to produce spiking, sharpening spike timing and enabling phase coding. In the
hippocampus, inhibition sets the theta rhythm that organizes the firing of place cells.
In the cortex, parvalbumin-positive interneurons generate gamma oscillations that
bind features of a percept into a coherent representation. When inhibition is reduced,
gamma power often decreases, and the ability to route information selectively is
impaired. Conversely, too much inhibition can silence the circuit and degrade
information transfer. Fine control over inhibitory tone allows networks to switch
between integration and segregation modes, and is a key substrate for attention and
working memory.

Oscillations emerge from the rhythmic interplay of excitation and inhibition and serve
as a scaffold for communication. Neurons that fire in phase are more likely to influence
each other, a phenomenon known as communication through coherence. Theta and
gamma rhythms in the hippocampus coordinate place cell firing during navigation.
Beta oscillations in the basal ganglia and motor cortex are associated with maintaining
the current motor set, while gamma is linked to processing sensory information. Alpha
oscillations, often over posterior cortex, are associated with inhibition of irrelevant
regions during attentional tasks. Pathological oscillations can arise when circuit
dynamics are disrupted; for example, excessive beta in Parkinson’s disease is
correlated with motor deficits and is targeted by therapeutic interventions.

Large-scale networks coordinate across distant brain regions to implement cognitive
functions. The default mode network is active during self-referential thought and is
suppressed during goal-directed tasks. The salience network detects behaviorally
relevant events and switches the brain between internal and external modes of
attention. The frontoparietal control network implements executive functions like
working memory and cognitive flexibility. These networks are not static; their
interactions depend on neuromodulatory state and the current task. Communication is
mediated by both long-range white matter connections and synchronization of
oscillations. Alterations in network topology, such as reduced segregation or inefficient
integration, are implicated in several psychiatric and neurological disorders.

The brain operates across multiple temporal scales. Ion channels operate in
microseconds, synaptic transmission in milliseconds, plasticity in seconds to minutes,
and neuromodulatory states over minutes to hours. Developmental plasticity sculpts
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circuits over months to years, and circadian rhythms impose a daily rhythm on
excitability and neurotransmitter release. Behavioral states—sleep, arousal,
stress—reconfigure circuit gain and coupling between regions. The network dynamics
that underlie a decision on one day may not be identical on another, because the
brain’s parameters are continuously updated by internal and external cues.
Understanding behavior requires integrating these scales, since a molecular change
can ripple upward to alter network rhythms and, ultimately, performance.

Linking circuits to behavior is an experimental challenge that has been met by a
growing toolbox. Electrophysiology, from single-unit recordings in animals to human
electroencephalography, captures the temporal dynamics of spikes and field
potentials. Calcium imaging visualizes population activity with cellular resolution,
revealing patterns such as sequential firing or coordinated ensembles. Optogenetics
provides causal tests by using light to activate or silence specific cell types with
millisecond precision, while chemogenetics use engineered receptors to modulate
activity over longer timescales. In humans, fMRI and PET measure regional activity
and receptor availability, and TMS and DBS offer causal perturbations. The trick is to
interpret these signals in a common language of circuit operations, and to validate
animal findings with clinical physiology.

The basic signaling principles can be illustrated by a simple cortical circuit receiving a
sensory input. An excitatory input from a thalamocortical fiber activates AMPA
receptors on a layer 4 pyramidal neuron, causing a brief depolarization. If the neuron
is near threshold, the addition of a dendritic inhibition from a parvalbumin interneuron
can gate the depolarization and control whether a spike is generated. If the neuron
does spike, axonal backpropagation can invade the dendrite, and if NMDA receptors
were coincidentally activated by a second input, calcium influx may strengthen that
synapse via Hebbian plasticity. The firing pattern produced will be shaped by
afterhyperpolarization currents and may entrain local gamma oscillations. If this
sensory event is unexpected and rewarded, dopamine release will modulate synaptic
weights in corticostriatal loops, biasing future responses. Over multiple repetitions, the
circuit learns to predict the sensory cue and its behavioral value, altering its tuning
and oscillatory coordination.

Neuromodulators set the context in which these microcircuit operations occur. During
sleep, acetylcholine levels drop in the cortex, altering the balance of thalamocortical
transmission and reducing sensory processing, while hippocampal sharp-wave ripples
support memory consolidation. During high arousal, norepinephrine boosts the
responsiveness of cortical neurons to incoming stimuli, making the circuit more
sensitive to weak inputs. Serotonin can adjust the excitability of prefrontal circuits that
implement behavioral flexibility, changing the threshold for switching strategies.
Dopamine adjusts the learning rate in corticostriatal circuits, so that outcomes that
exceed expectations cause larger synaptic changes. These modulators do not just
change the volume of activity; they change the algorithm that the circuit uses to
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process information.

Network synchronization is another key tool for controlling communication. When two
brain regions oscillate in the same frequency band, their neurons are more likely to
interact effectively. For example, during working memory maintenance, prefrontal and
parietal regions show coordinated alpha or beta rhythms, which may facilitate the
transfer of information while suppressing distractors. Coherence can be dynamic, with
a “sender” region tracking a rhythm and a “receiver” region aligning its excitability to
the same phase. This phase alignment increases the gain for inputs arriving at the
optimal time and reduces them at the opposite phase. It is like two people whispering
in rhythm so that every word is heard. If the rhythm breaks down, communication
fails, even if the neurons themselves are intact.

A practical way to visualize the organization of these systems is to consider how a
single behavior recruits multiple layers of mechanism. For a voluntary movement,
sensory inputs are integrated in sensorimotor cortex, the basal ganglia selects a
desired action while suppressing alternatives, the thalamus relays feedback, and the
cerebellum refines timing and predicts consequences. At the cellular level, synaptic
weights in these regions must be appropriate, inhibition must be properly timed, and
neuromodulators must set the gain to match motivational state. Oscillations
coordinate the large-scale ensemble, and plasticity allows the movement to be
learned and adapted. A failure at any of these points can produce distinct deficits,
which is why the same clinical syndrome can arise from different circuit lesions, and
why different syndromes can share overlapping features.

Therapeutic strategies exploit these fundamental mechanisms. Pharmacologic agents
can target receptors that control the E/I balance, such as benzodiazepines that
enhance GABA-A function or drugs that modulate glutamatergic signaling.
Neuromodulation, like deep brain stimulation of the subthalamic nucleus in
Parkinson’s disease, alters pathological beta oscillations and restores a more normal
pattern of information flow. Closed-loop systems that detect seizures or pathological
oscillations and deliver stimulation only when needed are examples of adaptive circuit
intervention. Cognitive therapies can be viewed as training regimens that leverage
plasticity to reshape maladaptive circuits. Across these approaches, the common idea
is to alter the parameters of neural signaling—ion channels, synaptic weights,
neuromodulatory tone, and synchronization—so that the network can recover a
healthier computational regime.

Foundational knowledge of signaling and circuit dynamics sets the stage for
everything that follows. It explains why a single spike can be both a simple event and
a rich message, how the synapse acts as a programmable unit, and how networks
generate complex computations from simple building blocks. It also reveals where
vulnerabilities lie: in ion channelopathies that alter excitability, in receptor mutations
that disturb plasticity, in neuromodulatory deficits that bias learning, and in
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connectivity changes that disrupt communication. With these principles in mind, we
can move from isolated components to integrated systems, and from descriptions of
behavior to mechanistic models that inform diagnosis and treatment. The next
chapters will observe and manipulate these systems, and then traverse the major
circuits that implement cognition, mood, and motor function.
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