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Sink
By convention, a site on the 
neuronal membrane where 
positive charges enter the 
neuron.

Electroneutrality
The phenomenon that, owing 
to charge conservation, at any 
given point in time the total 
charge entering and leaving the 
cell across all of its membrane 
equals zero.

Sources
Locations along the neuronal 
membrane where positive 
charge flows out of the neuron. 
For negative charge, the 
location of sinks and sources is 
inverted.

Return current
A loop current that flows in the 
opposite direction to an active 
sink or source.

Dipole
An ideal electric dipole is 
defined by two charges of 
opposite polarity with infinitely 
small separation, such that the 
product of the charge times the 
distance r separating them 
remains finite. The electric 
potential of a dipole falls off  
as 1/r2.

Equilibrium potential
The voltage difference between 
intracellular and extracellular 
space of a neuron when the net 
ionic flux across the membrane 
equals zero.

Ih currents
Currents flowing through 
hyperpolarization deinactivated 
cyclic nucleotide-gated channels.

IT currents
Low-threshold 
(hyperpolarization-induced) 
transient Ca2+ currents, which 
often lead to burst firing.

Resonance
A property of the neuronal 
membrane to respond to some 
input frequencies more 
strongly than others. At the 
resonant frequency, even weak 
periodic driving can produce 
large-amplitude oscillations.

Silicon probes
Multiple-site recording 
electrodes for high spatial 
density monitoring of the 
extracellular field. The 
recordings sites can record Ve 
along one, two or even three 
orthogonal axes.

Spike afterhyperpolarizations and ‘down’ states. 
Elevation of the intracellular concentration of a certain 
ion may trigger influx of other ions through activation of 
ligand-gated channels, and this will in turn contribute to 
Ve. For example, bursts of fast spikes and associated den-
dritic Ca2+ spikes are often followed by hyperpolarization 
of the membrane, owing to activation of a Ca2+-mediated 
increase of K+ conductance in the somatic region47. 
As the amplitude and duration of such burst-induced 

afterhyperpolarizations (AHPs) can be as large (and last 
as long as) synaptic events, AHPs also contribute to the 
extracellular field48, particularly when bursting of nearby 
neurons occurs in a temporally coordinated fashion: for 
example, following hippocampal sharp-wave events49. 
In the intact brain, responses to unexpected stimuli or 
movement initiation are often associated with relatively 
long-lasting (0.5–2 s) LFP shifts, which might be medi-
ated by synchronized AHPs. This slow LFP is often 

Figure 2 | Excitatory and inhibitory postsynaptic currents are the most ubiquitous contributors to Ve.  
a | Computer-simulated local field potential (LFP) traces (left panel; grey) in response to an excitatory synaptic current 
input (a sink, shown by the blue circle) injected into the distal apical dendrite of a purely passive layer 5 pyramidal model 
neuron. The waveform of the injected current is illustrated in the box. Red and blue contour lines correspond to positive 
and negative values for the LFP amplitude, respectively. The calculated double logarithmic power spectra of the 
transmembrane potential are also shown (right panel), following injection of current into the apical dendrite near the 
injection site (blue trace), mid-apical dendrite (green trace) and soma (orange trace). Note that high-frequency activity 
decreases with the distance from the active synaptic site (that is, the sink). b | A monosynaptic inhibitory connection 
between a putative layer 3 entorhinal cortical interneuron (red circle) and intracellularly recorded pyramidal cell (blue 
triangle). Below it, a cross-correlogram between the spikes of the reference interneuron (at time 0, red line) and the 
pyramidal cell and, superimposed on it, the spike-triggered average of the membrane potential (Vm) of the pyramidal cell 
(in blue). Note the small, short-latency hyperpolarization (the dip) superimposed on the rising phase of the intracellular 
theta oscillation and the corresponding decreased spike discharge of the pyramidal cell. c | Inhibition-induced LFPs. LFPs 
were generated in the vicinity of a pyramidal neuron (bottom cell) by intracellularly induced action potentials in a nearby 
basket cell (top cell), and were recorded extracellularly at six sites in multiple layers of the hippocampus. The mean LFP 
amplitude at each site is shown by the blue squares. Example LFP traces (blue) from six sites and the action potential of the 
basket cell (red trace) are shown on the right. Note that the largest positive response by inhibition-induced 
hyperpolarization occurs near the soma. d | Extracellular contribution of an action potential (‘spike’) to the LFP in the 
vicinity of the spiking pyramidal cell. The magnitude of the spike is normalized. The peak-to-peak voltage range is 
indicated by the colour of the traces. Note that the spike amplitude decreases rapidly with distance from the soma, 
without a change in polarity within the pyramidal layer (the approximate area of which is shown by the box), in contrast to 
the quadrupole (that is, reversed polarity signals both above and below the pyramidal layers) formed along the 
somatodendritic axis. The distance-dependence of the spike amplitude within the pyramidal layer is shown (bottom left 
panel) with voltages drawn to scale, using the same colour identity as the traces in the boxed area in d. The same traces are 
shown normalized to the negative peak (bottom right panel). Note the widening of the spike with distance from the soma, 
owing to greater contributions from dendritic currents and intrinsic filtering of high-frequency currents by the cell 
membrane. SLM, stratum lacunosum moleculare; SO, stratum oriens; SP, stratum pyramidale; SR, stratum radiatum. Part a 
is reproduced, with permission, from REF. 83 © (2010) Springer. Part b is reproduced, with permission, from REF. 137 © 
(2010) Society for Neuroscience. Part c is reproduced from REF. 29 © (2009) Macmillan Publishers Ltd. All rights reserved. 
Part d courtesy of E. W. Schomburg, California Institute of Technology, USA.
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of head-direction cells in subcortical 
structures tends to anticipate the 
rat’s actual head direction by about 
25 milliseconds, while cells in cortical 
areas correspond to current head 
direction. These findings, together 
with anatomical location and patterns 
of connectivity, have led to the 
proposal that cells in the cortical 
regions process incoming landmark 
information while those in subcortical 
regions process information about 
self-motion, including motor 
commands that carry advance 
warning of an impending head 
direction change. 

Although head-direction cells are 
ideal candidates for the origin of the 
directional signal that orients place 
fields, there are no direct connections 
from the head direction areas to the 
hippocampus. It is now believed that 
before reaching the place cells, the 
directional information is combined 
with distance information to form a 
conjunctive signal of direction and 
distance. This conjunctive signal 
resides in the grid cell system. 

Grid cells and neural odometry
The discovery of grid cells 
provided a great leap forward 
in our understanding of spatial 
processing. In contrast to place 
cells, which usually produce only 
one or sometimes a small number of 
firing fields, grid cells have multiple 
circular fields which tile the floor of 
an environment in a close-packed 
hexagonal array that extends 
horizontally in all directions (Figure 
2C). Grid cells seem to represent 
space at different scales, with the 
spacing between fields increasing 
from approximately 25 cm for cells 
located dorsally to several meters 
for cells at the most ventral extent. 
Grid cells recorded at the same 
dorsoventral position have similar 
receptive field spacings and grid 
orientations, but are offset relative to 
each other. This means that only a 
small subset of grid cells are needed 
to cover an environment entirely. 

Like place and head direction cells, 
grid cells use both environmental 
and self-motion information to 
localize their fields. Grid cell grids 
appear as soon as a rat first enters 
an environment, and their spacing 
is therefore initially intrinsic and 
self-motion-determined. Thereafter, 
environmental cues acquire an 
influence: for example, in a familiar 

environment, rotation of a polarizing 
landmark causes grids to rotate, 
and — as with place cells — 
stretching and squashing of the 
environment causes (slight) stretching 
and squashing of grids. However, grid 
cells continue to maintain the same 
firing pattern in complete darkness, 
confirming an ongoing input from 
self-motion cues. This capacity to 
mediate between environment-based 
and intrinsic self-motion-based 
information is one of the strongest 
arguments for the grid cells being part 
of the path integration system. 

How do grid cells pass their 
information on to place cells? Grid 
cells are one synapse upstream 
from place cells and so a logical 
assumption is that they directly inform 
the place cells about where to fire, 
perhaps by summing grids of different 
scales to produce focal hotspots 

of activity. However, as well as the 
feedforward connections from the 
entorhinal cortex to the hippocampus, 
there are also feedback connections 
from hippocampus to entorhinal 
cortex, and so it is possible that this 
relationship is bidirectional, with 
grid cells providing path integration 
information to place cells, and place 
cells feeding landmark-based place 
information (arriving by a different 
route) back to grid cells. The question 
of how grid and place cells interact is 
thus an open one at present. 

Place cells and memory 
This hippocampus has long been 
associated with episodic memory, 
and much research into place cells 
has explored whether aspects of 
the physiology of spatial encoding 
might also serve to encode memory. 
In support of a possible memory 
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Figure 3. Two major classes of oscillation in the hippocampal spatial system, and patterns of 
associated cell firing. 
(A) Theta rhythm, a sinusoidal field potential oscillation which is prominent when an animal runs 
through space. In the schematic example shown, a rat is running successively through the place 
fields of two place cells, shown in red and blue, respectively. The actual spike patterns of the 
two cells are shown in the raster plots at the top, with each spike shown as a vertical line. The 
dotted lines show how the first spike in each burst corresponds to the phase of the ongoing 
theta rhythm — note that this line intersects the theta wave at earlier and earlier phases of the 
cycle with each burst — this is phase precession. The consequence is that the spikes occurring 
at the entry to the place field occur later in the cycle than spikes as the rat exits the place field. 
The second cell, shown in blue, has a place field that overlaps — when the rat enters this field 
it is exiting the field of the red cell and so its spikes occur at a different (later) phase of theta. 
Thus, even within one theta cycle, by knowing the phase of theta the brain can determine the 
relative locations of the two fields, which could help with self-localization. (B) A sharp-wave ripple 
(SWR), occurring as a result of neuronal bursting when the rat rests or sleeps. Note the different 
timescale — SWRs occur in very short time-windows. Nevertheless, the sequence of spikes in 
the burst is similar to the sequence of the same cells that had fired during the previous run. This 
replay may have a role in consolidating memory of the waking experience.



Electrocorticogram, local field potentials and unit recordings 
during slow wave sleep in human recorded using extracellular electrode array

delta waves

excitatory inhibitory



Intracellular recording of the transmembrane potential of an individual neuron 
has been the class focus.  Simultaneous intracellular recordings are possible, but 
technically challenging.  Intercellular recording can occur in various modes, e.g., 
voltage-clamp vs. current-clamp. 

Electroencephalogram (EEG) recorded at surface of scalp with macro-
electrodes.   Low-frequency events like synaptic potentials propagate over large 
distances in extracellular space and are recordable on the surface of the scalp.  
Action potentials do not contribute much to the EEG signal.  

Electro-corticogram (EcoG) is similar to EEG, but recorded from the surface 
of the brain using large subdural electrodes.

The Local Field Potential (LFP) is the electric potential recorded in the 
extracellular space in brain tissue, typically using micro-electrodes (metal, silicon or 
glass micropipettes).   LFPs are recorded from depths of cortical or subcortical 
tissue.

Extracellular recording of “units”:  extracellular electrical potential recording of 
action potentials (spikes).   APs are high frequency signals subject to steep 
attenuation in cortical tissue.  APs are visible only for the cell(s) immediately adjacent 
to the electrode.  Spikes are often “sorted” before making a “rastergram” that shows 
spike times. 
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Berens et al. Feature selectivity of the gamma-band of the LFP

spikes in LGN but not vice versa (Calabrese et al., 
under revision). While the LFP is used to study 
the neural processes underlying perception (Gail 
et al., 2004; Wilke et al., 2006), memory (Pesaran 
et al., 2002) and attention (Fries et al., 2001, 2008; 
Taylor et al., 2005), the mechanism underlying its 
generation and its precise spatial resolution is not 
yet well known.

A more detailed understanding of the relation-
ship of the LFP to the spiking activity of neural 
populations is essential for many applications: 
First, oscillations in brain activity as measured 
by the LFP might refl ect a specifi c mode of neural 
computation. In this spirit, the extracranial coun-
terpart of the LFP – the electroencephalogram 
(EEG) – has been used in research and medical 
applications for decades (Swartz and Goldensohn, 
1998) and oscillations in the EEG have been used 
as a marker of diverse cognitive states. Linking 
these high-level diagnostic markers to distinct 
modes of neural processing will require an in-
depth understanding of the LFP, as a mesoscale 
signal bridging the gap between EEG and neural 
activity (Whittingstall and Logothetis, 2008). 
Second, the LFP is correlated with the blood-oxy-
gen-level dependent signal (BOLD) as measured 
by fMRI (Goense and Logothetis, 2008; Logothetis 
et al., 2001; Nir et al., 2007). While both, LFP and 
MU activity, are correlated with BOLD for short 
stimulation paradigms, they dissociate in the 
case of prolonged stimulation with the sustained 
oscillations of the LFP better predicting the time 
course of the BOLD signal. Thus, understanding 
which features of neural population activity are 
measured via the LFP will help to elucidate the 

source of the BOLD signal (Logothetis, 2008). In 
addition, the LFP is comparably easy to obtain 
and has been used successfully to control motor 
prosthesis (Mehring et al., 2003; Andersen et al., 
2004). A better understanding of the mechanisms 
generating the LFP might allow for the construc-
tion of better prosthetic devices.

In different brain areas, the LFP comes in 
widely different fl avours. In the hippocampus, 
for instance, strong theta oscillations between 4 
and 10 Hz are the most prominent feature. They 
are believed to be critical for temporal coding 
of information and synaptic plasticity in these 
circuits (Buzsaki, 2002), as well as hippocampal– 
cortical interactions (Siapas et al., 2005; Sirota 
et al., 2008). In awake primates, sensorimotor 
regions of the cortex exhibit pronounced oscil-
lations in the beta frequency band between 15 and 
30 Hz related to motor preparation and planning 
(Sanes and Donoghue, 1993; Scherberger et al., 
2005). Finally, in primary visual cortex of awake 
primates fast oscillations in the gamma-band 
between 30 and 90 Hz are dominant during visual 
stimulation (Figure 1B, e.g. Berens et al., 2008; 
Frien et al., 2000). In this review, we will focus 
exclusively on the latter and describe what the 
feature selectivity of LFP gamma-oscillations in 
primary visual cortex can teach us about the spa-
tial extent of the network activity they resemble.

LOCAL FIELD POTENTIALS 
IN VISUAL CORTEX
In the absence of visual stimulation, the LFP in 
the primary visual cortex of awake macaques 
is dominated by slow fl uctuations (Figure 2A), 
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Figure 1 | (A) An extracellular electrode placed in the brain measures the mean extracellular fi eld potential, an aggregate 
signal originating from the population of neurons in the vicinity of the electrode tip. To obtain multi-unit spiking activity, the 
recorded voltage trace is high-pass fi ltered and individual action potentials are detected (top). The local fi eld potential (LFP) 
is comprised of the low frequency components of the extracellular fi eld potential up to 200 Hz (bottom). Its frequency 
composition varies over time. In the example shown here, prominent oscillations in the frequency band between 30 
and 90 Hz – called the gamma-band – are visible during the later part of the trace. (B) In primary visual cortex of awake 
primates, oscillations in the gamma-band of the local fi eld potential are dominant during visual stimulation, as illustrated 
in the example. The raw signal (black) has been fi ltered in the gamma frequency range to obtain the gamma LFP (grey).

EEG
The EEG (electroencephalogram) is an 
electrical signal recorded by electrodes 
placed on the outside of the skull. It is 
an attenuated measure of neural activity 
near the electrode. Due to its 
noninvasive nature, it has been widely 
used in basic research and for clinical 
diagnostic purposes. 

BOLD
The BOLD (blood oxygenation level 
dependent) contrast mechanism is most 
commonly used in functional MRI 
studies. It is based on the fact that the 
magnetic susceptibility of hemoglobin 
depends on its oxygenation state. 
Neural activity, in turn, changes locally 
the relative concentration of oxygenated 
and deoxygenated blood. 

LFP frequency bands
The classifi cation of the LFP into 
distinct frequency bands, known as 
delta (approx. 0-4 Hz), theta (4-10), 
alpha (8-12 Hz), beta (15-30 Hz) and 
gamma (30-90 Hz) has been adopted 
from the EEG literature. It is based on 
the strong correlation of each band with 
a distinct behavioral state.



next slide shows simultaneous recording of motor cortex, 
ventral lateral thalamic nuclei, and thalamic reticular nucleus
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Figure 5. Brief episodes of tonic activation are accompanied by sustained and correlated fast rhythms (40 Hz) in cortex and intracellularly recorded TC 
cell; ketamine and xylazine anesthesia. Top leff, Four traces represent simultaneous recording of surface- and depth-EEG from precruciate area 4, 
intracellular activity of TC cell from the VL nucleus, and extracellular discharges of rostrolateral RE cell. EEG, VL, and RE cells display a slow oscillation 
(0.7-0.8 Hz) consisting of long-lasting, depth-positive EEG waves, leading to sharp depth-negative EEG potentials, related to the initiation of biphasic, 
long-lasting IPSPs in VL cell. The IPSPs are coincident with (and presumably generated by) spike-bursts in RE neuron. Panel marked by I is expanded 
at right. One spike-burst of RE cell is expanded below (arrow) to show its high frequency (450 Hz) and typical accelerando-decelerando pattern. Panels 
2 (from activated epoch) and 3 are expanded below, with filtered activities (30-50 Hz) from surface- and depth-EEG as well as from local field potentials 
recorded by the microelectrode that picked up discharges of RE cell, and with intracellular activity of VL neuron. Part marked by horizontal bar in 2 is 
expanded further below (awow). Note relation between depolarizations leading to action potentials in VL cell and depth-negative waves in cortical EEG, 
at a frequency of 40 Hz. CROSS is taken from a period of activity without action potentials in VL cells and shows clear-cut relation, with opposition of 
phase, between depth-EEG and intracellularly recorded VL neuron. 

recorded from TC cells in the VL nucleus were typical EPSPs, 
according to their slope, duration, and voltage-dependency, and 
they strikingly resembled the EPSPs evoked in the same neurons 
by stimulating the cerebellothalamic pathway; however, in the 

remaining six TC neurons, the pattern of depolarizing events 
suggested that they represent all-or-none fast prepotentials (Ster- 
iade et al., 1991). 

In keeping with the results from TC cells, the fast oscillations of 

simultaneous recording of motor cortex (area 4), ventral lateral 
(VL)  thalamic nuclei, and thalamic reticular nucleus (RE)
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at a frequency of 40 Hz. CROSS is taken from a period of activity without action potentials in VL cells and shows clear-cut relation, with opposition of 
phase, between depth-EEG and intracellularly recorded VL neuron. 
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recorded from TC cells in the VL nucleus were typical EPSPs, 
according to their slope, duration, and voltage-dependency, and 
they strikingly resembled the EPSPs evoked in the same neurons 
by stimulating the cerebellothalamic pathway; however, in the 

remaining six TC neurons, the pattern of depolarizing events 
suggested that they represent all-or-none fast prepotentials (Ster- 
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Local field potentials in cats during wake 
and sleep states. Eight electrodes were 
inserted into the depth (1 mm) of areas 
5-7 of cat parietal cortex. 

A. When the animal was awake, LFPs 
were characterized by low-amplitude 
fast activities in the beta/gamma 
frequency range (15-75 Hz). 
Correlations decayed steeply with 
distance. 

B. During slow-wave sleep, the LFPs 
were dominated by large-amplitude 
slow-wave complexes recurring at a 
low frequency (<1 Hz; up to 4 Hz). 
Correlations stayed high for large 
distances. 

C. During episodes of REM sleep, LFPs 
and correlations had similar 
characteristics as during wake 
periods.

relationship between LFP and firing of neurons depends on brain state

http://www.scholarpedia.org/article/Parietal_cortex


simultaneous recording with two electrode arrays
Recording, data processing, and documentation by Nick Steinmetz, 
nick[dot]steinmetz@gmail, in the CortexLab at UCL.

state-of-the-art multi-unit recordings

https://www.ucl.ac.uk/cortexlab


Local field potentials and underlying current sinks and sources. 
(B) Excitatory synaptic events at the apical dendrite of pyramidal neurons generate an active 
current sink as positive ions flow into neurons; a concurrent passive source is recorded from the 

somatic region. (C) Inhibitory synaptic events at the perisomatic regions of pyramidal neurons 
generate an active source accompanied by a passive current sink at the dendrites.

exc inh

inward

outward
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Sink
By convention, a site on the 
neuronal membrane where 
positive charges enter the 
neuron.

Electroneutrality
The phenomenon that, owing 
to charge conservation, at any 
given point in time the total 
charge entering and leaving the 
cell across all of its membrane 
equals zero.

Sources
Locations along the neuronal 
membrane where positive 
charge flows out of the neuron. 
For negative charge, the 
location of sinks and sources is 
inverted.

Return current
A loop current that flows in the 
opposite direction to an active 
sink or source.

Dipole
An ideal electric dipole is 
defined by two charges of 
opposite polarity with infinitely 
small separation, such that the 
product of the charge times the 
distance r separating them 
remains finite. The electric 
potential of a dipole falls off  
as 1/r2.

Equilibrium potential
The voltage difference between 
intracellular and extracellular 
space of a neuron when the net 
ionic flux across the membrane 
equals zero.

Ih currents
Currents flowing through 
hyperpolarization deinactivated 
cyclic nucleotide-gated channels.

IT currents
Low-threshold 
(hyperpolarization-induced) 
transient Ca2+ currents, which 
often lead to burst firing.

Resonance
A property of the neuronal 
membrane to respond to some 
input frequencies more 
strongly than others. At the 
resonant frequency, even weak 
periodic driving can produce 
large-amplitude oscillations.

Silicon probes
Multiple-site recording 
electrodes for high spatial 
density monitoring of the 
extracellular field. The 
recordings sites can record Ve 
along one, two or even three 
orthogonal axes.

Spike afterhyperpolarizations and ‘down’ states. 
Elevation of the intracellular concentration of a certain 
ion may trigger influx of other ions through activation of 
ligand-gated channels, and this will in turn contribute to 
Ve. For example, bursts of fast spikes and associated den-
dritic Ca2+ spikes are often followed by hyperpolarization 
of the membrane, owing to activation of a Ca2+-mediated 
increase of K+ conductance in the somatic region47. 
As the amplitude and duration of such burst-induced 

afterhyperpolarizations (AHPs) can be as large (and last 
as long as) synaptic events, AHPs also contribute to the 
extracellular field48, particularly when bursting of nearby 
neurons occurs in a temporally coordinated fashion: for 
example, following hippocampal sharp-wave events49. 
In the intact brain, responses to unexpected stimuli or 
movement initiation are often associated with relatively 
long-lasting (0.5–2 s) LFP shifts, which might be medi-
ated by synchronized AHPs. This slow LFP is often 

Figure 2 | Excitatory and inhibitory postsynaptic currents are the most ubiquitous contributors to Ve.  
a | Computer-simulated local field potential (LFP) traces (left panel; grey) in response to an excitatory synaptic current 
input (a sink, shown by the blue circle) injected into the distal apical dendrite of a purely passive layer 5 pyramidal model 
neuron. The waveform of the injected current is illustrated in the box. Red and blue contour lines correspond to positive 
and negative values for the LFP amplitude, respectively. The calculated double logarithmic power spectra of the 
transmembrane potential are also shown (right panel), following injection of current into the apical dendrite near the 
injection site (blue trace), mid-apical dendrite (green trace) and soma (orange trace). Note that high-frequency activity 
decreases with the distance from the active synaptic site (that is, the sink). b | A monosynaptic inhibitory connection 
between a putative layer 3 entorhinal cortical interneuron (red circle) and intracellularly recorded pyramidal cell (blue 
triangle). Below it, a cross-correlogram between the spikes of the reference interneuron (at time 0, red line) and the 
pyramidal cell and, superimposed on it, the spike-triggered average of the membrane potential (Vm) of the pyramidal cell 
(in blue). Note the small, short-latency hyperpolarization (the dip) superimposed on the rising phase of the intracellular 
theta oscillation and the corresponding decreased spike discharge of the pyramidal cell. c | Inhibition-induced LFPs. LFPs 
were generated in the vicinity of a pyramidal neuron (bottom cell) by intracellularly induced action potentials in a nearby 
basket cell (top cell), and were recorded extracellularly at six sites in multiple layers of the hippocampus. The mean LFP 
amplitude at each site is shown by the blue squares. Example LFP traces (blue) from six sites and the action potential of the 
basket cell (red trace) are shown on the right. Note that the largest positive response by inhibition-induced 
hyperpolarization occurs near the soma. d | Extracellular contribution of an action potential (‘spike’) to the LFP in the 
vicinity of the spiking pyramidal cell. The magnitude of the spike is normalized. The peak-to-peak voltage range is 
indicated by the colour of the traces. Note that the spike amplitude decreases rapidly with distance from the soma, 
without a change in polarity within the pyramidal layer (the approximate area of which is shown by the box), in contrast to 
the quadrupole (that is, reversed polarity signals both above and below the pyramidal layers) formed along the 
somatodendritic axis. The distance-dependence of the spike amplitude within the pyramidal layer is shown (bottom left 
panel) with voltages drawn to scale, using the same colour identity as the traces in the boxed area in d. The same traces are 
shown normalized to the negative peak (bottom right panel). Note the widening of the spike with distance from the soma, 
owing to greater contributions from dendritic currents and intrinsic filtering of high-frequency currents by the cell 
membrane. SLM, stratum lacunosum moleculare; SO, stratum oriens; SP, stratum pyramidale; SR, stratum radiatum. Part a 
is reproduced, with permission, from REF. 83 © (2010) Springer. Part b is reproduced, with permission, from REF. 137 © 
(2010) Society for Neuroscience. Part c is reproduced from REF. 29 © (2009) Macmillan Publishers Ltd. All rights reserved. 
Part d courtesy of E. W. Schomburg, California Institute of Technology, USA.
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Inhibition-induced LFPs 
recorded extracellularly at 
six sites in multiple layers 
of the hippocampus.  The 
mean LFP amplitude at 
each site is shown by the 
blue squares. Example LFP 
traces (blue) from six sites 
and the action potential of 
the basket cell (red trace) 
are shown on the right.  
Note that the largest 
positive response by 
inhibition-induced 
hyperpolarization occurs 
near the soma. 

Inhibition-induced LFPs generated near a pyramidal neuron  
by Iapp-induced action potentials in a nearby basket cell
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Figure 5. Brief episodes of tonic activation are accompanied by sustained and correlated fast rhythms (40 Hz) in cortex and intracellularly recorded TC 
cell; ketamine and xylazine anesthesia. Top leff, Four traces represent simultaneous recording of surface- and depth-EEG from precruciate area 4, 
intracellular activity of TC cell from the VL nucleus, and extracellular discharges of rostrolateral RE cell. EEG, VL, and RE cells display a slow oscillation 
(0.7-0.8 Hz) consisting of long-lasting, depth-positive EEG waves, leading to sharp depth-negative EEG potentials, related to the initiation of biphasic, 
long-lasting IPSPs in VL cell. The IPSPs are coincident with (and presumably generated by) spike-bursts in RE neuron. Panel marked by I is expanded 
at right. One spike-burst of RE cell is expanded below (arrow) to show its high frequency (450 Hz) and typical accelerando-decelerando pattern. Panels 
2 (from activated epoch) and 3 are expanded below, with filtered activities (30-50 Hz) from surface- and depth-EEG as well as from local field potentials 
recorded by the microelectrode that picked up discharges of RE cell, and with intracellular activity of VL neuron. Part marked by horizontal bar in 2 is 
expanded further below (awow). Note relation between depolarizations leading to action potentials in VL cell and depth-negative waves in cortical EEG, 
at a frequency of 40 Hz. CROSS is taken from a period of activity without action potentials in VL cells and shows clear-cut relation, with opposition of 
phase, between depth-EEG and intracellularly recorded VL neuron. 

recorded from TC cells in the VL nucleus were typical EPSPs, 
according to their slope, duration, and voltage-dependency, and 
they strikingly resembled the EPSPs evoked in the same neurons 
by stimulating the cerebellothalamic pathway; however, in the 

remaining six TC neurons, the pattern of depolarizing events 
suggested that they represent all-or-none fast prepotentials (Ster- 
iade et al., 1991). 

In keeping with the results from TC cells, the fast oscillations of 
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In keeping with the results from TC cells, the fast oscillations of 

ventral lateral (VL) 
thalamocortical (TC) 
relay neurons spike 

with a particular 
phase relationship to 
local field potential 
(LFP) in thalamic 
reticular nucleus 
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correlogram measures 
cross-correlation TC
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Berens et al. Feature selectivity of the gamma-band of the LFP
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Figure 2 | (A) Exemplar raw traces showing the LFP during a typical trial. Before the onset of stimulation, low frequency 
fl uctuations dominate the LFP. During stimulation with an oriented grating, however, strong gamma-oscillations are 
visible. (B) Typical power spectrum of the LFP during the resting state. Low frequency fl uctuations dominate the 
spectrum, which follows roughly a 1/f decay. (C) Typical power spectra of the LFP during visual stimulation with two 
gratings of different orientation (differing colours). A pronounced power increase in the gamma-band is observed. 
In particular, this increase depends in strength on the orientation of the visual stimulus. All displays in this fi gure were 
adapted from (Berens et al., 2008).

such that the power in low frequencies domi-
nates the frequency spectrum (Figure 2B; e.g. 
Berens et al., 2008; Henrie and Shapley, 2005; 
Juergens et al., 1999; Young et al., 1992). This 
frequency dependence of the LFP power spec-
trum is not due to a frequency dependence of 
the impedance spectrum of the cortical tissue 
(Logothetis et al., 2007), although the morphol-
ogy of neural dendrites might result in a low-
pass fi ltering effect on neural signals (Pettersen 
and Einevoll, 2008; see below). Dominant fast 
oscillations in the gamma-band (30–90 Hz) 
emerge during visual stimulation (Figure 2A) 
and, accordingly, a pronounced increase of the 
power in this band can be observed (Figure 2C). 
Interestingly, spikes of single neurons occur 
preferentially at the trough of these oscillations 
(“phase locking”, Berens et al., 2006; Ray et al., 
2008a) and the gamma-power is the single most 
relevant feature for the prediction of spike den-
sity functions from the LFP (Rasch et al., 2008). 
A similar result has also been obtained in cat area 
17, where the coupling between spikes and LFP 
under visual stimulation as measured by the fre-
quency dependent spike-fi eld coherence is also 
highest in the gamma-band (Siegel, 2003). LFP 
gamma-power thus might originate from proc-
esses that are intimately linked to the spiking 
of local populations of cortical neurons and, as 
gamma-oscillations occur predominantly during 
visual stimulation, they possibly refl ect ongoing 
computations in these networks.

While for spiking activity relatively precise 
estimates of the volume from which spikes are 
recorded are available (Gray et al., 1995; Henze 

et al., 2000; Logothetis, 2003, 2008), the exact 
spatial extent of the neural population con-
tributing to the LFP as an aggregate signal is 
yet unknown and evidence remains some-
what inconclusive. Estimates based on spectral 
coherence between simultaneously recorded 
sites (Goense and Logothetis, 2008; Juergens 
et al., 1999) or  current-source density analy-
sis (Mitzdorf, 1987) range from 500 µm up to 
3 mm. Recently, Goense and Logothetis (2008) 
have used reverse correlation with small circu-
lar gratings to determine the spatial summation 
properties of the LFP signal and found them to 
be very similar to those of the MU activity. A 
recent study has tried to predict the LFP time 
course from the spiking activity of MU activity 
and has found that taking sites from up to 1 mm 
away into account can signifi cantly improve the 
reconstruction accuracy (Calabrese et al., under 
revision).

The question of spatial resolution, however, 
is crucial: Far reaching LFP coherence between 
sites, in particular in the gamma-band, has been 
interpreted as a hallmark of synchronization of 
distant cortical populations (Engel et al., 2001). 
To unambiguously attribute these fi ndings to 
synchronization it is mandatory to have a precise 
estimate of the extent of the network contributing 
to the LFP gamma-band. While the complexity 
of network interactions prevents to study this 
question with current methodology directly, it 
can be approached indirectly by studying selec-
tivity of the LFP to features of the visual stimulus 
and comparing it to the selectivity of MU activity 
(Berens et al., 2008).

drifting gratings
different orientationsdrifting grating stimulus induces 40 Hz gamma oscillations

power spectrum
resting state
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John O’Keefe discovered, in 1971, that certain nerve cells 
in the brain were activated when a rat assumed a particular 
place in the environment. Other nerve cells were activated at 
other places. He proposed that these “place cells” build up 
an inner map of the environment. Place cells are located in a 
part of the brain called the hippocampus.

Grid cells, together with other cells in the entorhinal cortex that recognize the 
direction of the head of the animal and the border of the room, form networks with 
the place cells in the hippocampus. This circuitry constitutes a comprehensive 
positioning system, an inner GPS, in the brain. The positioning system in the 
human brain appears to have similar components as those of the rat brain.

May-Britt och Edvard I. Moser discovered in 2005 that other nerve cells in 
a nearby part of the brain, the entorhinal cortex, were activated when the rat 
passed certain locations. Together, these locations formed a hexagonal grid, 
each “grid cell” reacting in a unique spatial pattern. Collectively, these grid cells 
form a coordinate system that allows for spatial navigation.

Fig. 1

Fig. 2

Fig. 3

place cells, grid cells, the theta rhythm 
and episodic memory 



2 
 

Tolman’s theory opposed the prevailing view 
among behaviourists that complex 
behaviours are achieved by chains of 
sensory-motor response relationships. But it 
did not address where in the brain these 
functions may be localized and how the 
brain computes such complex behaviours. 
The advent of techniques to record from 
cells in the brain of animals that were freely 
moving in the environment, using chronically 
implanted micro wires (Sturmwasser, 1958), 
made it possible to approach these 
questions.  
 
Finding the place cells  
John O’Keefe had a background in 
physiological psychology, working with 
Ronald Melzack at McGill University before 
he moved to the laboratory of the pain 
researcher Patrick Wall at University College 
in London, where he started his work on 
behaving animals in the late 1960s. There he 
discovered the place cells, when recording 
from neurons in the dorsal partition of 
hippocampus, called CA1, together with 
Dostrovsky, in rats moving freely in a 
bounded area (O'Keefe and Dostrovsky, 
1971) (Figure 1). 
 

Figure 1. Place cells. To the right is a schematic of the 
rat. The hippocampus, where the place cells are 
located is highlighted. The grey square depicts the 
open field the rat is moving over. Place cells fire when 
the animal reaches a particular location in the 
environment. The dots indicate the rat’s location in 
the arena when the place cell is active. Different place 
cells in the hippocampus fire at different places in the 
arena.  
 

The firing pattern of these cells was 
completely unexpected. Place cells were 
active in a way that had not been seen for 
any cells in the brain before. Individual place 
cells were only active when the animal was 
in a particular place in the environment, 
namely their place field. By systematically 
changing the environment and testing 
different theoretical possibilities for the 
creation of the place fields O’Keefe showed 
that place cell firing did not merely reflect 
activity in sensory neurons, but that it 
represented a complex gestalt of the 
environment. 
 
Different place cells could be active in 
different places and the combination of 
activity in many place cells created an 
internal neural map representing a particular 
environment (O'Keefe, 1976; O'Keefe and 
Conway, 1978). O’Keefe concluded together 
with Nadel that place cells provide the brain 
with a spatial reference map system, or a 
sense of place (O'Keefe and Nadel, 1978). He 
showed that the hippocampus can contain 
multiple maps represented by combinations 
of activity in different place cells that were 
active at different times in different 
environments. A specific serial combination 
of active place cells may therefore represent 
a unique environment, while other 
combinations represent other environments. 
Through O’Keefe’s discoveries, the cognitive 
map theory had found its representation in 
the brain. 
 
A prerequisite for O’Keefe’s experiments 
was the development of appropriate 
recording techniques to be used in freely 
moving animals. Although O’Keefe was an 
early user of these techniques, he was not 
the first to record from hippocampal or 
other nerve cells in intact animals (see 
O’Keefe and Nadel 1978). However, 
researchers mostly used restricted 
behavioural task or strict stimulus-response 
protocols. In contrast, O’Keefe recorded the 

hippocampal 
“place cells” are 

active 
when animal is within 
a certain region of the 

environment

this type of 
receptive field was 

never seen before



Spatial firing patterns of 7 place cells recorded from the CA1 layer of a rat.  The rat ran several hundred 
laps clockwise around an elevated triangular track, stopping in the middle of each arm to eat a small portion 
of food. Black dots indicate positions of the rat's head; colored dots indicate action potentials, using a 
different color for each cell.
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and orientation of the grid, but different 
phasing, so that together they cover every 
point in the environment. 
 

 
Figure 2. Grid cells. The grid cells are located in the 
entorhinal cortex depicted in blue. A single grid cell 
fires when the animal reaches particular locations in 
the arena. These locations are arranged in a 
hexagonal pattern.  
 
The Mosers found that the distance of the 
grid fields varies in the medial entorhinal 
cortex with the largest fields in the ventral 
part of the cortex. They also showed that the 
grid formation did not arise out of a simple 
transformation of sensory or motor signals, 
but out of complex network activity. 
 
The grid pattern had not been seen in any 
brain cells before! The Mosers concluded 
that the grid cells were part of a navigation 
or path integration system. The grid system 
provided a solution to measuring movement 
distances and added a metric to the spatial 
maps in hippocampus.  
 
The Mosers further showed that grid cells 
were embedded in a network in the medial 
entorhinal cortex of head direction cells and 
border cells, and in many cases, cells with a 
combined function (Solstad et al., 2008). 
Head-direction cells were first described by 
James Ranck (1985) in another part of the 
brain, the subiculum. They act like a 
compass and are active when the head of an 
animal points in a certain direction. Border 
cells are active in reference to walls that the 
animal encounters when moving in a closed 
environment (Solstad et al., 2008; Savelli, et 

al. 2008). The existence of border cells was 
predicted by theoretical modelling by 
O’Keefe and colleagues (Hartley, et al. 2000). 
The Mosers showed that the grid cells, the 
head direction cells, and the border cells, 
projected to hippocampal place cells (Zhang 
et al. 2013). Using recordings from multiple 
grid cells in different parts of the entorhinal 
cortex, the Mosers also showed that the grid 
cells are organized in functional modules 
with different grid spacing ranging in 
distance from a few centimetres to meters, 
thereby covering small to large 
environments.  
 
The Mosers further explored the 
relationship between grid cells and place 
cells in theoretical models (Solstad et al., 
2006), lesion experiments (Bonnevie et al., 
2013; Hafting et al., 2008), and in remapping 
experiments (Fyhn et al. 2007). These and 
other studies by Mosers and O’Keefe, as well 
as by others, have shown that there is a 
reciprocal influence between grid cells in the 
medial entorhinal cortex and place cells in 
the hippocampus and that other spatially-
tuned cells in the entorhinal cortex, in 
particular the border cells (Figure 3), may 
contribute in the generation of the firing 
pattern of the place cells (Brandon et al., 
2011; Koenig et al., 2011; Bush, Berry and 
Burgess, 2014, Bjerkness et al. 2014). 
 
 
 

 
Figure 3. A schematic showing grid cells (blue) and 
place cells (yellow) in the entorhinal cortex and 
hippocampus, respectively.  
 

Grid cells are active 
in multiple places 

forming nodes of a 
hexagonal grid. 

Grid cells in same 
area of medial 

enthorinal cortex fire 
with same spacing 
and orientation of 
grid, but different 
phasing, together 

covering the 
environment. 

Spacing of grid fields 
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entorhinal cortex w/ 
largest fields in the 

ventral part.
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of information generated from an 
animal’s own movements, which can 
update the positional calculation by 
a process known as path integration. 
Such information includes vestibular 
signals, proprioceptive signals, optic 
and other forms of sensory flow, 
and information about commanded 
movements (motor efference 
copy), and is sometimes known as 
‘idiothetic’.

One of the most intriguing 
characteristics of the place cell 
map of space is how it responds to 
environmental alteration. Animals are 
constantly bombarded with change — 
leaves grow, snow falls, objects 
appear and disappear — and the 
cognitive map would be of little use if 
it responded to every small change. 
Place cells thus have the capacity 
to make decisions about whether an 
environmental change is sufficiently 
great to warrant remapping — and 
indeed this may be one of the 
functions of the hippocampal 
system: to process incoming sensory 
information, compare it with its stored 
memory traces and decide if the 
environment is familiar, familiar but 
changed a little, or completely novel. 
This decision process is thought to 
be mediated by attractor dynamics, 
in which the interconnections of the 
hippocampal network allow neurons 
to regulate each others’ responses 
to the incoming sensory information 
and collectively gravitate towards 

a stable state, which may be either 
a stored state (a memory) or a new 
state, which will then itself be added 
to the store. These processes occur 
constantly, which may at least 
partly account for why hippocampal 
synapses are so plastic.

As well as space, there is also 
evidence that there is a temporal 
aspect to the place cell code, with 
firing occurring in relation to specific 
phases of the hippocampal activity 
pattern known as theta: the ‘clock’ of 
the hippocampus (Figure 3A). Theta 
is a rhythmical 6–12 Hz sinusoidal 
oscillation in the local field potential 
that is observed in awake, freely 
behaving rats, primarily during 
movements or translation through 
space such as walking, running, or 
swimming as well as during states of 
arousal and attention. It is thought to 
represent the membrane oscillations 
of large populations of neurons in 
the hippocampus synchronized by 
networks of inhibitory interneurons. 
Place cells fire rhythmically in bursts 
at what appears to be the same 
frequency as theta, but which on 
close inspection turns out to be 
very slightly faster. Thus, as a rat 
runs through its place field, the 
phase of theta at which the place 
cell fires occurs progressively earlier 
in successive theta cycles. This 
temporal shift or phase precession in 
place cell firing is highly correlated 
with an animal’s location within 

its place field and may allow finer-
grained encoding of place. 

Head-direction cells and the sense  
of direction
While place cells provide an animal 
with a sense of location, the head-
direction cells provide it with a sense 
of direction. A given head-direction 
cell fires only when the rat’s head is 
turned towards a particular horizontal 
direction (azimuth) in the environment 
(Figure 2B), with firing falling off on 
either side of this direction almost 
linearly, to produce a triangular 
response profile (tuning curve) with 
a typical angular span of around 
90–120 degrees. Within a population 
of cells, all directions are equally 
represented and the system appears 
to work as a coherent whole: when 
one head-direction cell rotates its 
tuning curve, other cells recorded 
at the same time rotate theirs by the 
same amount too, thus preserving 
their relative directions. This high 
degree of coherence has led to 
speculation that the cells are mutually 
interconnected in an attractor 
network, and that their function is to 
stably represent directional heading 
even across intervals when the animal 
has lost perception of or attention to 
landmarks. 

Head-direction cells, then, 
collectively act like a neural compass. 
Unlike a real compass, however, 
the cells are not affected by the 
Earth’s geomagnetic field, and firing 
directions are tied to a local reference 
frame, which is — as with place 
cells — defined by contextual cues 
and oriented by landmarks. The fact 
that head direction cell firing can be 
maintained in complete darkness 
(although tuning curves slightly drift 
over time) shows that self-motion 
information is also sufficient for 
generating and updating the head 
direction signal: an important part of 
the path integration process.

Since the initial discovery of head-
direction cells in postsubiculum, they 
have been found in multiple brain 
regions, many of which comprise 
the classic Papez circuit, long 
known to be critical for memory. 
The adaptive significance of having 
head-direction cells in so many brain 
areas is not well understood, and 
nor is their relationship to memory. In 
different brain areas, there are subtle 
differences in firing rates and tuning 
curve widths. Additionally, the firing 
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Figure 2. Typical firing patterns of the major cell types in the cognitive map. 
(A) A place cell, recorded by Elizabeth Marozzi (EM), which concentrated its firing in the Northeast 
corner of the enclosure. (B) A head direction cell, courtesy of Rebecca Knight, with a preferred 
firing direction to the Southwest of the enclosure. (C) A grid cell, recorded by EM, with firing fields 
evenly spaced in a close-packed hexagonal array across the surface of the arena. (D) A border 
cell, courtesy of Lin Lin Ginzberg, which only fired when the rat was in very close proximity to 
the North wall of the enclosure. For the spike plots (A, C and D), the neuronal action potentials 
(red squares) are superimposed on the path of the rat (black line) at the place where the rat was 
when the cell fired. These plots are not to scale, but the environment for the place cells was 60 x 
60 cm, for the grid cell 120 x 120 cm, and for the border cell 100 x 100 cm. For the head direction 
cell (B), which fires everywhere in an environment, the firing is instead shown in the form of firing 
rate (distance from origin) as a function of head direction.
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of information generated from an 
animal’s own movements, which can 
update the positional calculation by 
a process known as path integration. 
Such information includes vestibular 
signals, proprioceptive signals, optic 
and other forms of sensory flow, 
and information about commanded 
movements (motor efference 
copy), and is sometimes known as 
‘idiothetic’.

One of the most intriguing 
characteristics of the place cell 
map of space is how it responds to 
environmental alteration. Animals are 
constantly bombarded with change — 
leaves grow, snow falls, objects 
appear and disappear — and the 
cognitive map would be of little use if 
it responded to every small change. 
Place cells thus have the capacity 
to make decisions about whether an 
environmental change is sufficiently 
great to warrant remapping — and 
indeed this may be one of the 
functions of the hippocampal 
system: to process incoming sensory 
information, compare it with its stored 
memory traces and decide if the 
environment is familiar, familiar but 
changed a little, or completely novel. 
This decision process is thought to 
be mediated by attractor dynamics, 
in which the interconnections of the 
hippocampal network allow neurons 
to regulate each others’ responses 
to the incoming sensory information 
and collectively gravitate towards 

a stable state, which may be either 
a stored state (a memory) or a new 
state, which will then itself be added 
to the store. These processes occur 
constantly, which may at least 
partly account for why hippocampal 
synapses are so plastic.

As well as space, there is also 
evidence that there is a temporal 
aspect to the place cell code, with 
firing occurring in relation to specific 
phases of the hippocampal activity 
pattern known as theta: the ‘clock’ of 
the hippocampus (Figure 3A). Theta 
is a rhythmical 6–12 Hz sinusoidal 
oscillation in the local field potential 
that is observed in awake, freely 
behaving rats, primarily during 
movements or translation through 
space such as walking, running, or 
swimming as well as during states of 
arousal and attention. It is thought to 
represent the membrane oscillations 
of large populations of neurons in 
the hippocampus synchronized by 
networks of inhibitory interneurons. 
Place cells fire rhythmically in bursts 
at what appears to be the same 
frequency as theta, but which on 
close inspection turns out to be 
very slightly faster. Thus, as a rat 
runs through its place field, the 
phase of theta at which the place 
cell fires occurs progressively earlier 
in successive theta cycles. This 
temporal shift or phase precession in 
place cell firing is highly correlated 
with an animal’s location within 

its place field and may allow finer-
grained encoding of place. 

Head-direction cells and the sense  
of direction
While place cells provide an animal 
with a sense of location, the head-
direction cells provide it with a sense 
of direction. A given head-direction 
cell fires only when the rat’s head is 
turned towards a particular horizontal 
direction (azimuth) in the environment 
(Figure 2B), with firing falling off on 
either side of this direction almost 
linearly, to produce a triangular 
response profile (tuning curve) with 
a typical angular span of around 
90–120 degrees. Within a population 
of cells, all directions are equally 
represented and the system appears 
to work as a coherent whole: when 
one head-direction cell rotates its 
tuning curve, other cells recorded 
at the same time rotate theirs by the 
same amount too, thus preserving 
their relative directions. This high 
degree of coherence has led to 
speculation that the cells are mutually 
interconnected in an attractor 
network, and that their function is to 
stably represent directional heading 
even across intervals when the animal 
has lost perception of or attention to 
landmarks. 

Head-direction cells, then, 
collectively act like a neural compass. 
Unlike a real compass, however, 
the cells are not affected by the 
Earth’s geomagnetic field, and firing 
directions are tied to a local reference 
frame, which is — as with place 
cells — defined by contextual cues 
and oriented by landmarks. The fact 
that head direction cell firing can be 
maintained in complete darkness 
(although tuning curves slightly drift 
over time) shows that self-motion 
information is also sufficient for 
generating and updating the head 
direction signal: an important part of 
the path integration process.

Since the initial discovery of head-
direction cells in postsubiculum, they 
have been found in multiple brain 
regions, many of which comprise 
the classic Papez circuit, long 
known to be critical for memory. 
The adaptive significance of having 
head-direction cells in so many brain 
areas is not well understood, and 
nor is their relationship to memory. In 
different brain areas, there are subtle 
differences in firing rates and tuning 
curve widths. Additionally, the firing 
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Figure 2. Typical firing patterns of the major cell types in the cognitive map. 
(A) A place cell, recorded by Elizabeth Marozzi (EM), which concentrated its firing in the Northeast 
corner of the enclosure. (B) A head direction cell, courtesy of Rebecca Knight, with a preferred 
firing direction to the Southwest of the enclosure. (C) A grid cell, recorded by EM, with firing fields 
evenly spaced in a close-packed hexagonal array across the surface of the arena. (D) A border 
cell, courtesy of Lin Lin Ginzberg, which only fired when the rat was in very close proximity to 
the North wall of the enclosure. For the spike plots (A, C and D), the neuronal action potentials 
(red squares) are superimposed on the path of the rat (black line) at the place where the rat was 
when the cell fired. These plots are not to scale, but the environment for the place cells was 60 x 
60 cm, for the grid cell 120 x 120 cm, and for the border cell 100 x 100 cm. For the head direction 
cell (B), which fires everywhere in an environment, the firing is instead shown in the form of firing 
rate (distance from origin) as a function of head direction.



directions (head-direction cells), and vicinity to boundaries
(border cells).

Relation between entorhinal and hippocampal maps
What are the relationships between place cells and the
various cell types of the entorhinal cortex? Place cells in
CA3 are contacted directly by axons from layer II cells in
MEC (Box 1). Place cells in CA1 receive direct projections
from layer III neurons in MEC. Both layers contain grid
cells. Conversely, grid cells in layer V receive output from
place cells in CA1. Thus it seems that grid cells and place

cells are only one synapse apart, suggesting that there
exists a simple transformation between grid and place
representations. Several models have proposed that place
cells, by use of a Fourier-like transformation, can emerge as
a sum of inputs from many grid cells with different spatial
phases and orientations [5,41–48]. Place cells could also
depend on input from other entorhinal cell types, such as
border cells [38,40,49,50]. Lesions of ventral MEC, where
grid fields are larger, lead to a decrease in the size of place
fields in the hippocampus [51]. This is consistent with
the proposed grid-to-place cell transformation [5,41–48]

Box 3. Remapping

Changes in the environment cause consistent changes in spatial maps
in the hippocampus and the entorhinal cortex. These transformations
are referred to as remapping [18].

Three main types of transformations can be considered:
! Place cell deformations: Squeezing or stretching the environment

can cause a systematic move of the position of the place fields
relative to the surrounding boundaries (Figure Ia). Such deforma-
tion was reported in 2-D boxes [50] but also along linear tracks [65].
In situations where place cells undergo spatial deformation, grid
cells deform too [91].

! Rate remapping: In some cases, environmental transformations
cause a dramatic change in the distribution of firing rates among
place cells without an accompanying change in firing positions (Figure
Ib). An example of a manipulation of the environment that induces
rate remapping is to change the wall color of the box the rat is in from
black to white [92]. When place cells undergo rate remapping,
simultaneously recorded grid cells do not change their firing in a
consistent way [68].

! Global (place) remapping: In some cases, environmental changes
can change the position of the place fields in an unpredictable
way. For example, when the rat is walking in a box in one room
(room A) and then in a similar box in another room (room B), the
positions and firing rates of the different place cells are
apparently unrelated [93,94] (Figure Ic). Global remapping might
also occur in the same location when the geometry or other
salient properties of the environment change radically [18,68].
When place cells undergo global remapping, the firing vertices of
grid cells undergo changes such as shifts in grid phase, grid
orientation or grid scale [68]. Place cells do not preserve distance
information during global remapping whereas grid cells do; that
is, two place cells which had adjacent place fields in one
environment might have very distant place fields in a second
environment, whereas two grids with similar spacing will shift
together such that the spatial phase relationships between the
grid fields are conserved [30,68].

[()TD$FIG]
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TRENDS in Cognitive Sciences 

Figure I. Transformation of place cell maps. (a) Illustration of a place cell deformation. When the box is elongated, different cells change their firing position to
correspond to the deformation of the box. For example, the blue cell anchors its firing field to the left wall, the red cell anchors to the right wall, and the green cell
elongates itself. (b) Illustration of rate remapping. The different cells in box A continue to fire at a different firing rate in box B but at similar positions. When returning to
box A the rates return to the original values. (c) Illustration of global remapping. Some cells fire in one room and not in another; other cells change the position of firing
from one room to another in an unpredictable way.
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Place cells have memory functions!  The rearrangement of 
place fields in different environments is called remapping.

directions (head-direction cells), and vicinity to boundaries
(border cells).

Relation between entorhinal and hippocampal maps
What are the relationships between place cells and the
various cell types of the entorhinal cortex? Place cells in
CA3 are contacted directly by axons from layer II cells in
MEC (Box 1). Place cells in CA1 receive direct projections
from layer III neurons in MEC. Both layers contain grid
cells. Conversely, grid cells in layer V receive output from
place cells in CA1. Thus it seems that grid cells and place

cells are only one synapse apart, suggesting that there
exists a simple transformation between grid and place
representations. Several models have proposed that place
cells, by use of a Fourier-like transformation, can emerge as
a sum of inputs from many grid cells with different spatial
phases and orientations [5,41–48]. Place cells could also
depend on input from other entorhinal cell types, such as
border cells [38,40,49,50]. Lesions of ventral MEC, where
grid fields are larger, lead to a decrease in the size of place
fields in the hippocampus [51]. This is consistent with
the proposed grid-to-place cell transformation [5,41–48]

Box 3. Remapping

Changes in the environment cause consistent changes in spatial maps
in the hippocampus and the entorhinal cortex. These transformations
are referred to as remapping [18].

Three main types of transformations can be considered:
! Place cell deformations: Squeezing or stretching the environment

can cause a systematic move of the position of the place fields
relative to the surrounding boundaries (Figure Ia). Such deforma-
tion was reported in 2-D boxes [50] but also along linear tracks [65].
In situations where place cells undergo spatial deformation, grid
cells deform too [91].

! Rate remapping: In some cases, environmental transformations
cause a dramatic change in the distribution of firing rates among
place cells without an accompanying change in firing positions (Figure
Ib). An example of a manipulation of the environment that induces
rate remapping is to change the wall color of the box the rat is in from
black to white [92]. When place cells undergo rate remapping,
simultaneously recorded grid cells do not change their firing in a
consistent way [68].

! Global (place) remapping: In some cases, environmental changes
can change the position of the place fields in an unpredictable
way. For example, when the rat is walking in a box in one room
(room A) and then in a similar box in another room (room B), the
positions and firing rates of the different place cells are
apparently unrelated [93,94] (Figure Ic). Global remapping might
also occur in the same location when the geometry or other
salient properties of the environment change radically [18,68].
When place cells undergo global remapping, the firing vertices of
grid cells undergo changes such as shifts in grid phase, grid
orientation or grid scale [68]. Place cells do not preserve distance
information during global remapping whereas grid cells do; that
is, two place cells which had adjacent place fields in one
environment might have very distant place fields in a second
environment, whereas two grids with similar spacing will shift
together such that the spatial phase relationships between the
grid fields are conserved [30,68].
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Figure I. Transformation of place cell maps. (a) Illustration of a place cell deformation. When the box is elongated, different cells change their firing position to
correspond to the deformation of the box. For example, the blue cell anchors its firing field to the left wall, the red cell anchors to the right wall, and the green cell
elongates itself. (b) Illustration of rate remapping. The different cells in box A continue to fire at a different firing rate in box B but at similar positions. When returning to
box A the rates return to the original values. (c) Illustration of global remapping. Some cells fire in one room and not in another; other cells change the position of firing
from one room to another in an unpredictable way.
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MEC (Box 1). Place cells in CA1 receive direct projections
from layer III neurons in MEC. Both layers contain grid
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are referred to as remapping [18].

Three main types of transformations can be considered:
! Place cell deformations: Squeezing or stretching the environment
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relative to the surrounding boundaries (Figure Ia). Such deforma-
tion was reported in 2-D boxes [50] but also along linear tracks [65].
In situations where place cells undergo spatial deformation, grid
cells deform too [91].

! Rate remapping: In some cases, environmental transformations
cause a dramatic change in the distribution of firing rates among
place cells without an accompanying change in firing positions (Figure
Ib). An example of a manipulation of the environment that induces
rate remapping is to change the wall color of the box the rat is in from
black to white [92]. When place cells undergo rate remapping,
simultaneously recorded grid cells do not change their firing in a
consistent way [68].

! Global (place) remapping: In some cases, environmental changes
can change the position of the place fields in an unpredictable
way. For example, when the rat is walking in a box in one room
(room A) and then in a similar box in another room (room B), the
positions and firing rates of the different place cells are
apparently unrelated [93,94] (Figure Ic). Global remapping might
also occur in the same location when the geometry or other
salient properties of the environment change radically [18,68].
When place cells undergo global remapping, the firing vertices of
grid cells undergo changes such as shifts in grid phase, grid
orientation or grid scale [68]. Place cells do not preserve distance
information during global remapping whereas grid cells do; that
is, two place cells which had adjacent place fields in one
environment might have very distant place fields in a second
environment, whereas two grids with similar spacing will shift
together such that the spatial phase relationships between the
grid fields are conserved [30,68].
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Figure I. Transformation of place cell maps. (a) Illustration of a place cell deformation. When the box is elongated, different cells change their firing position to
correspond to the deformation of the box. For example, the blue cell anchors its firing field to the left wall, the red cell anchors to the right wall, and the green cell
elongates itself. (b) Illustration of rate remapping. The different cells in box A continue to fire at a different firing rate in box B but at similar positions. When returning to
box A the rates return to the original values. (c) Illustration of global remapping. Some cells fire in one room and not in another; other cells change the position of firing
from one room to another in an unpredictable way.
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of head-direction cells in subcortical 
structures tends to anticipate the 
rat’s actual head direction by about 
25 milliseconds, while cells in cortical 
areas correspond to current head 
direction. These findings, together 
with anatomical location and patterns 
of connectivity, have led to the 
proposal that cells in the cortical 
regions process incoming landmark 
information while those in subcortical 
regions process information about 
self-motion, including motor 
commands that carry advance 
warning of an impending head 
direction change. 

Although head-direction cells are 
ideal candidates for the origin of the 
directional signal that orients place 
fields, there are no direct connections 
from the head direction areas to the 
hippocampus. It is now believed that 
before reaching the place cells, the 
directional information is combined 
with distance information to form a 
conjunctive signal of direction and 
distance. This conjunctive signal 
resides in the grid cell system. 

Grid cells and neural odometry
The discovery of grid cells 
provided a great leap forward 
in our understanding of spatial 
processing. In contrast to place 
cells, which usually produce only 
one or sometimes a small number of 
firing fields, grid cells have multiple 
circular fields which tile the floor of 
an environment in a close-packed 
hexagonal array that extends 
horizontally in all directions (Figure 
2C). Grid cells seem to represent 
space at different scales, with the 
spacing between fields increasing 
from approximately 25 cm for cells 
located dorsally to several meters 
for cells at the most ventral extent. 
Grid cells recorded at the same 
dorsoventral position have similar 
receptive field spacings and grid 
orientations, but are offset relative to 
each other. This means that only a 
small subset of grid cells are needed 
to cover an environment entirely. 

Like place and head direction cells, 
grid cells use both environmental 
and self-motion information to 
localize their fields. Grid cell grids 
appear as soon as a rat first enters 
an environment, and their spacing 
is therefore initially intrinsic and 
self-motion-determined. Thereafter, 
environmental cues acquire an 
influence: for example, in a familiar 

environment, rotation of a polarizing 
landmark causes grids to rotate, 
and — as with place cells — 
stretching and squashing of the 
environment causes (slight) stretching 
and squashing of grids. However, grid 
cells continue to maintain the same 
firing pattern in complete darkness, 
confirming an ongoing input from 
self-motion cues. This capacity to 
mediate between environment-based 
and intrinsic self-motion-based 
information is one of the strongest 
arguments for the grid cells being part 
of the path integration system. 

How do grid cells pass their 
information on to place cells? Grid 
cells are one synapse upstream 
from place cells and so a logical 
assumption is that they directly inform 
the place cells about where to fire, 
perhaps by summing grids of different 
scales to produce focal hotspots 

of activity. However, as well as the 
feedforward connections from the 
entorhinal cortex to the hippocampus, 
there are also feedback connections 
from hippocampus to entorhinal 
cortex, and so it is possible that this 
relationship is bidirectional, with 
grid cells providing path integration 
information to place cells, and place 
cells feeding landmark-based place 
information (arriving by a different 
route) back to grid cells. The question 
of how grid and place cells interact is 
thus an open one at present. 

Place cells and memory 
This hippocampus has long been 
associated with episodic memory, 
and much research into place cells 
has explored whether aspects of 
the physiology of spatial encoding 
might also serve to encode memory. 
In support of a possible memory 
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Figure 3. Two major classes of oscillation in the hippocampal spatial system, and patterns of 
associated cell firing. 
(A) Theta rhythm, a sinusoidal field potential oscillation which is prominent when an animal runs 
through space. In the schematic example shown, a rat is running successively through the place 
fields of two place cells, shown in red and blue, respectively. The actual spike patterns of the 
two cells are shown in the raster plots at the top, with each spike shown as a vertical line. The 
dotted lines show how the first spike in each burst corresponds to the phase of the ongoing 
theta rhythm — note that this line intersects the theta wave at earlier and earlier phases of the 
cycle with each burst — this is phase precession. The consequence is that the spikes occurring 
at the entry to the place field occur later in the cycle than spikes as the rat exits the place field. 
The second cell, shown in blue, has a place field that overlaps — when the rat enters this field 
it is exiting the field of the red cell and so its spikes occur at a different (later) phase of theta. 
Thus, even within one theta cycle, by knowing the phase of theta the brain can determine the 
relative locations of the two fields, which could help with self-localization. (B) A sharp-wave ripple 
(SWR), occurring as a result of neuronal bursting when the rat rests or sleeps. Note the different 
timescale — SWRs occur in very short time-windows. Nevertheless, the sequence of spikes in 
the burst is similar to the sequence of the same cells that had fired during the previous run. This 
replay may have a role in consolidating memory of the waking experience.

The theta rhythm is a sinusoidal field 
potential oscillation that is prominent 
when an animal runs through space. 

Left: the rat is running successively through 
the place fields of two place cells (red 
and blue).   Raster plots show spike 
patterns (each spike is a vertical line).  

The dotted lines show how the first spike in 
each burst corresponds to the phase of the 
ongoing theta rhythm — this line intersects 
theta wave at earlier and earlier phases of 
the cycle with each burst — this is phase 
precession. 
Consequence:  spikes occurring at entry to 
place field occur later in the cycle than 
spikes at exit of place field.  When the rat 
enters the blue field it is exiting the red 
field and so its spikes occur at later phase of 
theta.  

The brain may use the phase of theta to 
determine the relative locations of the two 
fields, which could help with self-localization. 
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of head-direction cells in subcortical 
structures tends to anticipate the 
rat’s actual head direction by about 
25 milliseconds, while cells in cortical 
areas correspond to current head 
direction. These findings, together 
with anatomical location and patterns 
of connectivity, have led to the 
proposal that cells in the cortical 
regions process incoming landmark 
information while those in subcortical 
regions process information about 
self-motion, including motor 
commands that carry advance 
warning of an impending head 
direction change. 

Although head-direction cells are 
ideal candidates for the origin of the 
directional signal that orients place 
fields, there are no direct connections 
from the head direction areas to the 
hippocampus. It is now believed that 
before reaching the place cells, the 
directional information is combined 
with distance information to form a 
conjunctive signal of direction and 
distance. This conjunctive signal 
resides in the grid cell system. 

Grid cells and neural odometry
The discovery of grid cells 
provided a great leap forward 
in our understanding of spatial 
processing. In contrast to place 
cells, which usually produce only 
one or sometimes a small number of 
firing fields, grid cells have multiple 
circular fields which tile the floor of 
an environment in a close-packed 
hexagonal array that extends 
horizontally in all directions (Figure 
2C). Grid cells seem to represent 
space at different scales, with the 
spacing between fields increasing 
from approximately 25 cm for cells 
located dorsally to several meters 
for cells at the most ventral extent. 
Grid cells recorded at the same 
dorsoventral position have similar 
receptive field spacings and grid 
orientations, but are offset relative to 
each other. This means that only a 
small subset of grid cells are needed 
to cover an environment entirely. 

Like place and head direction cells, 
grid cells use both environmental 
and self-motion information to 
localize their fields. Grid cell grids 
appear as soon as a rat first enters 
an environment, and their spacing 
is therefore initially intrinsic and 
self-motion-determined. Thereafter, 
environmental cues acquire an 
influence: for example, in a familiar 

environment, rotation of a polarizing 
landmark causes grids to rotate, 
and — as with place cells — 
stretching and squashing of the 
environment causes (slight) stretching 
and squashing of grids. However, grid 
cells continue to maintain the same 
firing pattern in complete darkness, 
confirming an ongoing input from 
self-motion cues. This capacity to 
mediate between environment-based 
and intrinsic self-motion-based 
information is one of the strongest 
arguments for the grid cells being part 
of the path integration system. 

How do grid cells pass their 
information on to place cells? Grid 
cells are one synapse upstream 
from place cells and so a logical 
assumption is that they directly inform 
the place cells about where to fire, 
perhaps by summing grids of different 
scales to produce focal hotspots 

of activity. However, as well as the 
feedforward connections from the 
entorhinal cortex to the hippocampus, 
there are also feedback connections 
from hippocampus to entorhinal 
cortex, and so it is possible that this 
relationship is bidirectional, with 
grid cells providing path integration 
information to place cells, and place 
cells feeding landmark-based place 
information (arriving by a different 
route) back to grid cells. The question 
of how grid and place cells interact is 
thus an open one at present. 

Place cells and memory 
This hippocampus has long been 
associated with episodic memory, 
and much research into place cells 
has explored whether aspects of 
the physiology of spatial encoding 
might also serve to encode memory. 
In support of a possible memory 
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Figure 3. Two major classes of oscillation in the hippocampal spatial system, and patterns of 
associated cell firing. 
(A) Theta rhythm, a sinusoidal field potential oscillation which is prominent when an animal runs 
through space. In the schematic example shown, a rat is running successively through the place 
fields of two place cells, shown in red and blue, respectively. The actual spike patterns of the 
two cells are shown in the raster plots at the top, with each spike shown as a vertical line. The 
dotted lines show how the first spike in each burst corresponds to the phase of the ongoing 
theta rhythm — note that this line intersects the theta wave at earlier and earlier phases of the 
cycle with each burst — this is phase precession. The consequence is that the spikes occurring 
at the entry to the place field occur later in the cycle than spikes as the rat exits the place field. 
The second cell, shown in blue, has a place field that overlaps — when the rat enters this field 
it is exiting the field of the red cell and so its spikes occur at a different (later) phase of theta. 
Thus, even within one theta cycle, by knowing the phase of theta the brain can determine the 
relative locations of the two fields, which could help with self-localization. (B) A sharp-wave ripple 
(SWR), occurring as a result of neuronal bursting when the rat rests or sleeps. Note the different 
timescale — SWRs occur in very short time-windows. Nevertheless, the sequence of spikes in 
the burst is similar to the sequence of the same cells that had fired during the previous run. This 
replay may have a role in consolidating memory of the waking experience.
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cells continue to maintain the same 
firing pattern in complete darkness, 
confirming an ongoing input from 
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mediate between environment-based 
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information is one of the strongest 
arguments for the grid cells being part 
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cells are one synapse upstream 
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assumption is that they directly inform 
the place cells about where to fire, 
perhaps by summing grids of different 
scales to produce focal hotspots 
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feedforward connections from the 
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information (arriving by a different 
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has explored whether aspects of 
the physiology of spatial encoding 
might also serve to encode memory. 
In support of a possible memory 

1 sec 100 ms 

Current Biology 

A B

Figure 3. Two major classes of oscillation in the hippocampal spatial system, and patterns of 
associated cell firing. 
(A) Theta rhythm, a sinusoidal field potential oscillation which is prominent when an animal runs 
through space. In the schematic example shown, a rat is running successively through the place 
fields of two place cells, shown in red and blue, respectively. The actual spike patterns of the 
two cells are shown in the raster plots at the top, with each spike shown as a vertical line. The 
dotted lines show how the first spike in each burst corresponds to the phase of the ongoing 
theta rhythm — note that this line intersects the theta wave at earlier and earlier phases of the 
cycle with each burst — this is phase precession. The consequence is that the spikes occurring 
at the entry to the place field occur later in the cycle than spikes as the rat exits the place field. 
The second cell, shown in blue, has a place field that overlaps — when the rat enters this field 
it is exiting the field of the red cell and so its spikes occur at a different (later) phase of theta. 
Thus, even within one theta cycle, by knowing the phase of theta the brain can determine the 
relative locations of the two fields, which could help with self-localization. (B) A sharp-wave ripple 
(SWR), occurring as a result of neuronal bursting when the rat rests or sleeps. Note the different 
timescale — SWRs occur in very short time-windows. Nevertheless, the sequence of spikes in 
the burst is similar to the sequence of the same cells that had fired during the previous run. This 
replay may have a role in consolidating memory of the waking experience.


