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PLACE CELLS

PLACE CELLS

Primary Disciplinary Field(s): Neuroscience, Cognitive Science, Neurobiology, Spatial Memory
Research

1. Core Definition

Place cells are specialized neurons primarily located within the hippocampus, specifically found in
the pyramidal cell layer of the CA1 and CA3 subfields. These cells are fundamental components of
the brain's spatial processing system. Their defining characteristic is their selective firing pattern: a
place cell exhibits a robust increase in its firing rate only when an animal occupies a specific,
circumscribed region of its environment, known as the place field. This highly localized activity is
stable across time and is independent of the animal's direction of travel or instantaneous behavior,
provided the environmental context remains consistent.

The concept of place cells provides the critical neural substrate for the cognitive map theory,

originally proposed by Edward Tolman in the 1940s. John O'Keefe and Lynn Nadel later provided
the definitive empirical evidence connecting the hippocampus to this spatial representation system.
The place cell population collectively encodes the entire spatial environment, creating an internal,
neural map that allows for sophisticated navigation and spatial memory retrieval. This
representation is not based merely on sensory input but is an integrated, allocentric (world-
centered) framework derived from a combination of distal sensory cues, self-motion information
(path integration), and internal memory traces.

The resulting spatial code is crucial for tasks requiring spatial orientation, such as finding a hidden
platform in the Morris water maze or navigating complex mazes. The firing pattern is often
described as an all-or-nothing phenomenon within the defined place field, transitioning rapidly from
low baseline activity to high-frequency bursting as the animal enters the specific location, and
returning to baseline upon exit. This precision is essential for differentiating between closely related
spatial locations, making the hippocampal formation the central hub for mapping physical reality
into a usable neurological coordinate system.

2. Etymology and Historical Development

The discovery of place cells is attributed to the British-American neuroscientist John O'Keefe and
his student Jonathan Dostrovsky in 1971. Using extracellular recording technigues in freely moving
rats, O'Keefe observed that specific hippocampal neurons became highly active only when the
animal passed through certain areas of its cage or testing arena. This groundbreaking observation
challenged the prevailing view that the hippocampus was solely dedicated to general memory
formation, suggesting a specific, specialized role in spatial cognition.
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O'Keefe and Nadel formalized these findings in their influential 1978 book, The Hippocampus as a
Cognitive Map, establishing the theoretical framework for understanding spatial memory
organization. They argued that the hippocampus constructs and maintains a representation of the
environment--the cognitive map--which is necessary for flexible, goal-directed navigation. This
theory was met with initial skepticism but gained widespread acceptance as subsequent research
confirmed the reliability and robustness of place cell firing across various species and experimental
paradigms.

The subsequent decades saw extensive research refining the understanding of place cell
properties, including their relationship to other spatially modulated cell types. Crucially, in 2014,
John O'Keefe, along with May-Britt Moser and Edvard Moser (who discovered related grid cells),
was awarded the Nobel Prize in Physiology or Medicine for their combined discoveries concerning
"a positioning system in the brain." This recognition solidified the discovery of place cells as one of
the most significant achievements in modern neuroscience, providing a tangible link between
neuronal activity and cognitive function.

3. Cellular Mechanisms and Place Field Formation

The formation and maintenance of a place cell's specific firing field involve complex interactions
within the hippocampal circuitry, particularly relying on inputs from the entorhinal cortex. The
primary input pathway is the trisynaptic circuit: information flows from the entorhinal cortex (EC) to
the dentate gyrus (DG), then to the CA3 region, and finally to the CA1 region where many place
cells are recorded. The CA3 region plays a particularly vital role due to its extensive recurrent
collateral connections, which allow it to act as an auto-associative network capable of pattern
completion and storage of spatial memories.

Place field stability is maintained through synaptic plasticity, primarily mediated by N-methyl-D-
aspartate (NMDA) receptors. Long-term potentiation (LTP) is widely hypothesized to be the
mechanism by which the associations between specific environmental cues (visual, olfactory,
tactile, and vestibular) and the firing of a particular neuron are strengthened, thus defining the
boundaries of the place field. When an animal enters the region corresponding to the established
synaptic weights, the summation of these inputs triggers the cell's selective firing.

Furthermore, the firing of place cells is modulated by the internal oscillatory dynamics of the
hippocampus, notably theta rhythm (4-12 Hz). As the animal traverses the place field, the firing
phase of the place cell systematically advances relative to the theta oscillation--a phenomenon
known as theta phase precession. This precession is thought to be a mechanism for encoding
temporal sequences of locations, enabling the brain to predict upcoming spatial locations and
potentially serving as a mechanism for sequence learning and memory retrieval during navigation.
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4. Key Properties of Place Fields

The properties of the individual place field dictate how the animal perceives and remembers a
specific location. One essential property is **positional specificity**. A given place cell generally
fires reliably in only one location within a specific environment. If the environment is large, a cell
may have multiple, spatially distinct place fields, although typically only one dominates in standard
laboratory settings.

Another crucial characteristic is **stability and constancy**. Once a place field is established, it
remains stable for days, weeks, or even months, provided the environment and the animal's
motivation are consistent. This stability is critical for long-term spatial memory. However, place
fields exhibit **environmental dependence**; if the animal is moved to a completely different
environment, the place cell population undergoes **global remapping**, meaning the set of active
cells and the locations of their respective place fields are completely reorganized to form a novel
map for the new space.

A more subtle form of plasticity is rate remapping, which occurs when the physical environment
remains identical, but the internal context or behavioral demands change (e.qg., if the animal is
required to find food in a different location within the same room). In rate remapping, the locations
of the place fields remain the same, but the firing rate within those fields changes dramatically,
suggesting that place cells encode not only "where" the animal is, but also the context or
behavioral relevance associated with that location.

5. Relationship to the Entorhinal Cortex and Grid Cells

The discovery of place cells paved the way for identifying other fundamental components of the
spatial positioning system. The most crucial related cell type is the grid cell, found in the medial
entorhinal cortex (MEC), which provides the primary input to the hippocampus. Grid cells fire when
the animal occupies multiple locations that form a highly regular, triangular (hexagonal) lattice
across the entire environment.

The consensus view is that grid cells provide the necessary metric input--a geometric coordinate
system--that the hippocampus uses to construct the specific, context-dependent place maps. Grid
cells function as an internal odometer, tracking the animal's movement distance and direction
through path integration. The irregular firing fields of place cells are thought to be formed by
combining and integrating the inputs from multiple grid cells, along with various sensory and self-
motion cues, resulting in the unique spatial specificity characteristic of the hippocampal code.

Furthermore, the MEC contains other key spatial cell types, including **head-direction cells**
(which fire based on the animal's directional heading, regardless of location) and **border cells**
(which fire near the boundaries of an enclosure). These cells work collaboratively with place cells
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to provide a complete, robust, and allocentric representation of the animal's navigable space,
illustrating a sophisticated, distributed network for spatial navigation that extends well beyond the
hippocampus itself.

6. Significance in Spatial Memory and Navigation

The primary significance of place cells lies in their role as the neural basis for explicit spatial
memory. They allow an animal (or human) to form and utilize a stable mental model of its
surroundings, which is essential for tasks requiring flexible spatial problem-solving, rather than
mere stimulus-response reflexes. When a memory is formed about a specific location--such as the
location of a water source or a threat--it is encoded within the ensemble firing pattern of the place
cell population.

Place cells are fundamentally involved in processes like **dead reckoning** (path integration) and
generating novel routes. If an animal is navigating from point A to point B, the sequence of place
cells that fire effectively forms a trajectory memory. During rest or sleep, the hippocampus exhibits
rapid replay of these sequences, known as **sharp wave ripples (SWRs)**, which are believed to
be crucial for consolidating newly acquired spatial information and transferring these memories to
the cortex for long-term storage.

In humans, functional neuroimaging studies and recordings from epileptic patients using
microelectrodes have confirmed the existence of hippocampal neurons with spatial firing properties
analogous to place cells, often referred to as "spatial view cells" or similar types of spatially
modulated neurons. The functionality of this system underscores why damage to the hippocampus,
such as in cases of severe amnesia or neurodegenerative diseases, results in profound deficits in
forming new spatial and episodic memories.

7. Clinical Relevance and Pathophysiology

The susceptibility of place cells and the hippocampal region to damage highlights their clinical
significance. The hippocampus is one of the first brain regions affected by Alzheimer's disease

(AD). Before the onset of severe general cognitive decline, patients often experience spatial
disorientation, difficulty finding their way, and becoming lost even in familiar environments. These
early symptoms are directly linked to the progressive degeneration of the entorhinal cortex and
hippocampus, impairing the function of both grid cells and place cells.

Disruption of place cell function has also been implicated in other neurological conditions. For
example, stress and high levels of circulating glucocorticoids (stress hormones) can cause
dendritic atrophy in the CA3 region, impairing the recurrent network necessary for robust pattern
completion and place field stability. Furthermore, deficits in hippocampal spatial processing are
noted in models of schizophrenia and post-traumatic stress disorder (PTSD), suggesting that the
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ability to accurately contextualize memories in time and space is vulnerable to various forms of
neural dysfunction.

Understanding the mechanisms of place cell firing and stability provides potential targets for
therapeutic intervention. Research focusing on restoring synaptic plasticity, particularly NMDA
receptor function, or enhancing theta rhythm oscillations could potentially mitigate the spatial
memory deficits associated with aging and neurodegenerative disorders. The hippocampal spatial
map thus serves not only as a cognitive model but also as a critical barometer for overall brain
health and memory system integrity.

8. Debates and Criticisms

While the cognitive map theory anchored by place cells is dominant, debates persist regarding the
exact nature of their coding and their exclusivity to spatial mapping. One major debate revolves
around whether place cells primarily encode physical location (allocentric space) or if their firing is
heavily modulated by non-spatial factors, such as goals, rewards, or the animal's momentary
behavioral state. While location is the primary determinant, findings suggest that place cells often
fire selectively for "behavioral places," locations associated with specific actions or outcomes.

Another theoretical challenge is the precise mechanism by which the continuous, metric input from
grid cells is transformed into the discrete, localized firing fields of place cells. Computational
models vary widely in their proposals, ranging from simple feed-forward integration to complex
mechanisms involving inhibitory interneurons and dendritic non-linearities. Resolving this
transformation process remains a central challenge in systems neuroscience.

Finally, there is an ongoing discussion about the role of the hippocampus in non-spatial memory.

While place cells clearly encode space, the hippocampus is also essential for episodic memory
(memory for specific events). The spatial framework provided by place cells is often viewed as the
fundamental organizing principle upon which non-spatial, contextual details of an experience (the
"what" and "when") are organized, suggesting that place cells serve as a general index for
contextual binding rather than being purely spatial encoders.

Further Reading

Place cell (Wikipedia)
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Hippocampus Structure and Function

The Nobel Prize in Physiology or Medicine 2014
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