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SCHAFFER COLLATERAL

Primary Disciplinary Field(s): Neuroscience, Neuroanatomy, Cognitive Science, Molecular
Biology

1. Core Definition

The Schaffer collateral is a vital anatomical and functional projection within the hippocampal
formation, representing the final major relay point in the classical trisynaptic circuit that governs
memory formation and spatial navigation. Specifically, the Schaffer collaterals are the axon
collaterals originating from the pyramidal cells located in the CA3 subfield of the hippocampus.
These axons travel across the stratum radiatum to form excitatory synapses primarily upon the
dendritic shafts and spines of the pyramidal neurons in the CA1l subfield. This pathway is
foundational to understanding synaptic plasticity, as the synapses formed by the Schaffer
collaterals onto CA1 neurons are perhaps the most studied sites of Long-Term Potentiation
(LTP) in the central nervous system (CNS).

Functionally, the Schaffer collateral pathway serves as the output mechanism for the complex
processing that occurs within the dentate gyrus and CA3. The CA3 region receives input that
allows for pattern completion--the retrieval of a complete memory from a partial cue--due to its
extensive recurrent collateral network. The Schaffer collaterals then transmit this processed
information forward to CA1, where it is thought to be stabilized and prepared for transfer to cortical
storage areas. The integrity of this communication link is absolutely crucial; disruption of
neurotransmission along the Schaffer collateral pathway severely impairs an organism's ability to
encode new declarative and spatial memaries, underscoring its role as a bottleneck for information
flow in the medial temporal lobe.

The Schaffer collateral projection is highly organized, ensuring specific communication between
the subfields. While the primary target is the CAL pyramidal cell layer, the collaterals also interface
with various inhibitory interneurons throughout the stratum radiatum and stratum oriens of CAL.
This interplay between excitatory input from CA3 and the local inhibitory network within CA1
dictates the overall excitability of the CAL1 neurons, which is critical for regulating the precision and
timing of memory encoding. This precise regulation ensures that only salient and contextually
relevant information is passed along, preventing network saturation and pathological hyperactivity,
such as that seen in certain forms of epilepsy.

2. Etymology and Historical Development

The structure is named after Karl Schaffer, a Hungarian neuroanatomist who, in the late 19th
century (around 1892), provided some of the earliest descriptions of the intricate cellular
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arrangements within the hippocampus, utilizing classical staining techniques such as the Golgi

method. Schaffer's anatomical work elucidated the fact that the pyramidal cells of the CA3 region
sent projections that paralleled the dendrites of the CA1 cells, establishing the basic structural
connection that was later proven to be functionally significant. Although Schaffer correctly identified
the structure, the profound functional importance of this specific pathway remained theoretical until
the mid-to-late 20th century, following the advent of advanced electrophysiological recording
techniques.

The historical significance of the Schaffer collateral pathway exploded with the groundbreaking
work of Timothy Bliss and Terje Lemo in 1973, who famously demonstrated the phenomenon of
LTP in the rabbit hippocampus. Their initial experiments primarily utilized the perforant path--the
input to the dentate gyrus--but subsequent research quickly established the Schaffer collateral-
CA1 synapse as the paradigmatic model for studying synaptic plasticity. Because the Schaffer
collaterals provide a robust, easily manipulable, and highly responsive excitatory connection onto
the CA1 field, researchers adopted this pathway as the standard preparation for investigating the
molecular and cellular basis of learning and memory consolidation.

Further historical refinement came through the work of numerous researchers who dissected the
molecular machinery underlying synaptic strengthening at these specific synapses. The discovery
of the crucial role of N-methyl-D-aspartate (NMDA) receptors in initiating LTP at the Schaffer
collateral-CA1 junction, and the subsequent discovery of calcium-dependent signaling cascades
and postsynaptic changes involving AMPA receptors, solidified this pathway's central role in
modern neuroscience. Thus, while the anatomical identification is over a century old, the functional
understanding of the Schaffer collateral as a key plasticity locus is a hallmark achievement of
contemporary neuroscience.

3. Neuroanatomical Context and Circuitry

The Schaffer collateral projection is inseparable from the concept of the hippocampal trisynaptic
circuit, which provides a unidirectional flow of information critical for declarative memory formation.
This circuit begins with the input from the entorhinal cortex (EC), which projects via the perforant
path to the granule cells of the dentate gyrus (DG). The DG, in turn, projects via the mossy fibers
to the CA3 pyramidal cells. The CA3 neurons then complete the primary circuit by projecting their
Schaffer collaterals to the CA1 pyramidal cells, which finally project out of the hippocampus to the
subiculum and other cortical regions.

The CA3 pyramidal cells, the source of the collaterals, are unique because they possess both
extrinsic outputs (the Schaffer collaterals to CA1l) and intrinsic recurrent connections. These
recurrent connections allow CA3 to act as an autoassociative network, capable of storing and
retrieving complete patterns, even when only fragments are provided--a process known as pattern
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completion. The Schaffer collaterals effectively broadcast the output of this pattern completion
process to the CAL field, which acts as a comparator or decoder of the information received.

Upon reaching the CA1 dendrites, the Schaffer collateral axons primarily synapse onto the distal
portions of the dendrites, primarily within the stratum radiatum. These synapses are asymmetrical,
typical of excitatory connections, and are characterized by a dense concentration of
neurotransmitter receptors, particularly glutamate receptors. The precise location of these
synapses ensures that the input from CA3 is integrated with other modulatory inputs--including
projections from the thalamus and basal forebrain--that terminate on different parts of the CAl
dendritic tree, allowing CA1 to perform complex computational functions necessary for memory
trace stabilization.

4. Mechanism of Synaptic Plasticity (LTP)

The Schaffer collateral synapse is renowned for its capacity to undergo robust synaptic plasticity,
principally in the form of LTP, which is widely considered the cellular mechanism underlying
learning and memory storage. The induction of classical, N-methyl-D-aspartate (NMDA) receptor-
dependent LTP at the CA3-CALl synapse requires a specific confluence of events: high-frequency
presynaptic stimulation (from the Schaffer collateral) coinciding with strong postsynaptic
depolarization (in the CA1 neuron). This simultaneous activity satisfies Hebb's postulate, often
summarized as "neurons that fire together, wire together."

The molecular cascade initiated by this coincident activity is dependent upon the voltage-gated
properties of the NMDA receptor. During normal, low-frequency transmission, NMDA receptors are
blocked by magnesium ions, and transmission is mediated primarily by AMPA receptors. However,
during strong depolarization, the magnesium block is removed, allowing a substantial influx of
calcium ions into the postsynaptic CAl spine through the NMDA receptor channel. This transient
rise in intracellular calcium acts as a crucial second messenger, activating various kinases, most
notably Calcium/Calmodulin-dependent Protein Kinase Il (CaMKII) and Protein Kinase C (PKC).

The activation of these kinases leads to two critical processes that mediate the strengthening of
the synapse: first, the phosphorylation of existing AMPA receptors, increasing their conductance;
and second, the insertion of new AMPA receptors into the postsynaptic membrane from
intracellular stores. These changes lead to an immediate and sustained increase in the
postsynaptic response to subsequent presynaptic input, meaning the CA1 neuron is now more
readily excited by CA3 input. This morphological and functional change constitutes the early phase
of LTP (E-LTP). For the long-lasting maintenance of memory (Late-LTP or L-LTP), these events
must trigger gene expression and protein synthesis to stabilize the structural changes at the
synapse, representing a permanent physical change to the Schaffer collateral projection's efficacy.
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5. Role in Memory Consolidation and Retrieval

The Schaffer collateral pathway plays a highly specific and critical role in the temporal stages of
memory processing. Following initial learning, the CA3-CA1l pathway is hypothesized to be
essential for the rapid encoding of new information, particularly contextual and spatial details.
Information is encoded via rapid changes in synaptic strength (LTP) at these synapses, linking
specific patterns of CA3 activity to resulting CA1 output patterns. This initial, labile memory trace
allows for temporary storage immediately following the learning event.

The process of memory consolidation, whereby unstable short-term memories are converted into
stable long-term memories, is heavily reliant on the recurrent activity involving the Schaffer
collaterals. During periods of rest or sleep, the hippocampus exhibits sharp-wave ripples (SWRS),
which are bursts of synchronous activity that are thought to replay previously experienced patterns
of neural firing. The Schaffer collateral synapse is central to this replay, facilitating the coordinated
firing between CA3 and CALl that drives the memory trace stabilization. This repeated reactivation
is believed to strengthen the connections both within the hippocampus and between the
hippocampus and the neocortex, enabling the gradual transfer of memory storage to extra-
hippocampal sites.

Furthermore, in the context of spatial cognition, the Schaffer collateral pathway is integral to the
function of hippocampal place cells. CA3 place cells, which fire when an animal is in a specific
location, transmit this spatial information via the collaterals to CA1 place cells. The plastic nature of
the CA3-CALl synapse allows the spatial representation established in CA3--which benefits from
the autoassociative properties of CA3--to be flexibly modified and accurately projected to CAL.
Interference with LTP along this pathway, such as genetic or pharmacological blockade of NMDA
receptors in CA1l, severely compromises an animal's ability to learn and recall spatial maps in
tasks like the Morris Water Maze, demonstrating the pathway's indispensability for spatial memory
retrieval.

6. Significance in Experimental Neurophysiology

The Schaffer collateral-CA1 synapse is arguably the most important preparation for investigating
fundamental mechanisms of synaptic transmission and plasticity in the mammalian brain. Its
popularity stems from several experimental advantages. First, the laminar organization of the
hippocampus allows for precise localization of the cell bodies (in CA1/CA3 layers) and the
synapses (in the stratum radiatum), enabling researchers to selectively stimulate the presynaptic
axons (Schaffer collaterals) while recording from the postsynaptic dendrites or soma (CA1l
pyramidal cells).

Second, the synapse is highly accessible for in vitro studies using acute hippocampal slices. In this
preparation, slices of the brain containing the intact CA3-CA1 connection can be maintained in
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oxygenated artificial cerebrospinal fluid, allowing for prolonged electrophysiological recordings.
Researchers can easily insert stimulating electrodes into the stratum radiatum to activate the
Schaffer collaterals and recording electrodes into the CAL cell layer to measure the resulting field
excitatory postsynaptic potentials (fEPSPs) or intracellular membrane currents. This accessibility
permits sophisticated manipulation of the extracellular and intracellular environment, including the
application of specific pharmacological agents to dissect receptor function or signaling pathways.

Finally, the robust nature of plasticity in this pathway ensures that experimental manipulation yields
reliable and reproducible results. Both LTP and Long-Term Depression (LTD)--a mechanism for
weakening synapses necessary for clearing old memories and preventing saturation--can be
reliably induced by varying the stimulation protocol. Consequently, the Schaffer collateral synapse
has served as the testing ground for hundreds of pharmacological agents, molecular knockouts,
and optogenetic tools aimed at understanding and potentially treating cognitive disorders involving
synaptic dysfunction.

7. Clinical Relevance and Pathology

Given its central role in synaptic plasticity and memory, dysfunction within the Schaffer collateral
pathway is implicated in a broad spectrum of neurological and psychiatric disorders. One of the
most prominent associations is with Alzheimer's disease (AD). Early cognitive decline in AD is

characterized by impaired episodic memory, directly correlating with pathology in the hippocampus
and entorhinal cortex. Studies suggest that soluble amyloid-beta (Ap) oligomers--a hallmark of AD
pathology--can directly impair synaptic transmission and plasticity at the Schaffer collateral-CAl
synapse, leading to a failure to induce or maintain LTP, which is viewed as a key mechanism
contributing to memory loss.

The pathway is also critically involved in temporal lobe epilepsy (TLE). The recurrent nature of the
CA3 network, coupled with the potent excitatory drive delivered by the Schaffer collaterals to CA1,
makes this region highly vulnerable to excitotoxicity and seizure generation. Following an initial
insult, such as a head injury or febrile seizure, the CA3-CALl circuit often undergoes a process of
pathological reorganization, including dendritic sprouting and loss of inhibitory interneurons. This
leads to hyperexcitability within the CA1 field, where the strong Schaffer collateral input can trigger
or sustain seizure activity, turning the hippocampus into an epileptogenic focus.

Furthermore, disruptions in synaptic function along this pathway have been linked to psychiatric
conditions, including schizophrenia and major depressive disorder. Alterations in NMDA receptor
function, which is central to Schaffer collateral plasticity, are a persistent finding in models of
schizophrenia. Conversely, manipulation of synaptic strength at the CA3-CAL junction is being
explored as a therapeutic target for depression, given that chronic stress and subsequent
hippocampal atrophy are linked to reduced neurogenesis and impaired synaptic function within the
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memory circuit. Thus, maintaining the functional integrity of the Schaffer collateral remains a major

focus for clinical neuroscientists.
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