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ability in the distribution of adaptation-related values. For any given
cell, values of adaptation strength and time constant obtained for each
current intensity were thereafter averaged. (For specific cells, adap-
tation index and time constant varied with current intensity, but at the
population level no consistent trend was observed.)
Cluster analysis was used to classify the cells by combining some

of the variables described above. This method allowed us to classify
the cells without a priori knowledge of the number of groups. Before
performing the cluster analysis all variables were normalized to their
z-scores. Some variables have not been used for the clustering and this
requires some justification: the action potential height was not used as
it could be influenced by the quality of the capacitance compensation,
which itself depends on the depth of the electrode below the agar
surface among other factors. The input resistance and time constant
are reported here, but were not used in the cluster analysis, since in the

in vivo preparation ongoing activity is likely to affect these measures
(e.g., Bernander et al. 1991; Destexhe and Pare 1999). Finally, when
two variables were strongly correlated (for example, spike width and
dV/dt ratio), only one was used for cluster analysis to avoid redun-
dancy. Joining trees were constructed using Ward’s method of amal-
gamation. The results of this classification method are plotted as a
hierarchical tree (Fig. 6), in which the horizontal axis denotes the
linkage distance calculated as Euclidean distance.
The result of the cluster analysis indicates the degree of similarity

among neurons but does not assign statistical significance to the
grouping. To determine whether the clusters contained cells with
statistically distinct properties, we used the multiple ANOVA
(MANOVA) test applied to the variables used to produce the clusters.
For any pair of clusters, the Fisher’s posthoc protected least significant
difference (PLSD) test was thereafter applied to compare the means.

FIG. 1. Examples of action potential responses to depolarizing current injection in the 4 subjectively classified subtypes of
cortical neuron. A: regular spiking (RS) cell. B: fast spiking (FS) cell. C: chattering (CH) cell. D: intrinsic bursting (IB) neuron.
Top of each panel shows responses to 3 different current intensities. Bottom plots show average action potential and dV/dt. The
individual action potentials and dV/dt in each panel are the result of averaging of !10 spikes. Therefore the amplitude and time
course of the 2nd spikes in Cb and Db are not accurate, owing to jitter in the timing of these events.
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network activity (“up state”) (240, 404) or sensory re-
sponses (269), excitatory and inhibitory synaptic poten-
tials in a single neuron display fluctuations on a range
of time scales (Fig. 15C), and such synaptic currents
across the dendrosomatic membrane are a major compo-
nent of the physiological substrate of LFP. Furthermore, it
has been suggested that, in some cases, an enhanced
high-frequency power might not reflect synchronous
rhythms but a decrease in the low frequency power and a

concomitant broadband power increase (684). Therefore,
to assess synchronous oscillations, it is important to un-
derstand better LFP broadband power structure and its
dependence on behavioral conditions.

Third, since the voltage produced by volume-con-
ducting currents decays inversely with distance from the
point sources, LFPs in neighboring structures might be
synchronous merely as a result of volume conduction
(732, 955; but see Ref. 906). Current source density (CSD)

FIG. 15. Local and long-distance synchronization in the gamma frequency range. A: under certain conditions in vitro, LFP gamma may exhibit
a sharp peak in the power spectrum. In this case, gamma rhythm was induced pharmacologically by metabotropic gluatamte receptor activation in
a rat hippocampal slice where fast synaptic excitations mediated by AMPA and NMDA receptors were blocked. B: in contrast, in vivo LFP
oscillations are typically manifested by small peaks superimposed on high powers at low frequencies (reflecting slow fluctuations or drifts over
time). Data were obtained in a single mouse during wheel running (red), REM sleep (blue), and slow-wave sleep (SWS, black). C: power spectra of
intracellularly recorded synaptic potentials recorded from a pyramidal neuron of ferret in vivo. Membrane fluctuations are dominated by inhibitory
postsynaptic potentials near 0 mV (blue) and by excitatory synaptic potentials near !80 mV (red). The peak in the gamma band is more significant
at 0 mV, suggesting a prominent role for synaptic inhibition in rhythmic fluctuations. D: coherence between two cortical areas of alert monkeys in
cross-modal information processing. LFPs were measured from the auditory cortex and the superior temporal sulcus (STS), an association area
involved with face processing and cross-modal integration. Voice: trials when a naturalistic sound (monkey’s vocalization) was played; face: trials
when the corresponding mouth movement was shown visually; face"voice: trials when both stimuli were presented concurrently. Left: LFP power
spectrum displays a peak in the gamma frequency range for both the auditory cortex and STS (red) in the face"voice condition, but there is no
significant gamma-band peak in the auditory cortex with voice alone (green). Middle: inter-areal coherence displays a maximum in the gamma-band
correlated with cross-modal integration (red), but not when face (blue) or voice (green) was presented alone. Right: time-frequency cross-areal
coherence as a function of time in the face"voice condition, showing coherence at gamma interspersed with theta transiently (for #300 ms).
E: coherence in V4 during sustained stimulation from behaving monkeys in an attention task. Red: attended condition; gray: nonattended condition.
Left: LFP power spectrum from area V4. Middle: spike-to-field coherence (between multiunit activity and LFP). Right: spike-to-spike coherence
between two simultaneously recorded multiunit spike trains. SSC (defined between 0 and 1) is $5%. [A from Whittington et al. (1053); B from
Buzsáki et al. (148); C from Hasenstaub et al. (423); D from Ghazanfar et al. (349) (with left panel kindly produced by Dr. A Ghazanfar); E from Fries
et al. (315).]
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Electrophysiological classes of cortical neurons  

…in cat cortical neurons of primary visual cortex 
…correspondence to morphology not entirely clear    

• Regular Spiking (RS) 
• Fast Spiking (FS) 
• Intrinsic Bursting (IB) 
• Chattering (CH) 



ability in the distribution of adaptation-related values. For any given
cell, values of adaptation strength and time constant obtained for each
current intensity were thereafter averaged. (For specific cells, adap-
tation index and time constant varied with current intensity, but at the
population level no consistent trend was observed.)
Cluster analysis was used to classify the cells by combining some

of the variables described above. This method allowed us to classify
the cells without a priori knowledge of the number of groups. Before
performing the cluster analysis all variables were normalized to their
z-scores. Some variables have not been used for the clustering and this
requires some justification: the action potential height was not used as
it could be influenced by the quality of the capacitance compensation,
which itself depends on the depth of the electrode below the agar
surface among other factors. The input resistance and time constant
are reported here, but were not used in the cluster analysis, since in the

in vivo preparation ongoing activity is likely to affect these measures
(e.g., Bernander et al. 1991; Destexhe and Pare 1999). Finally, when
two variables were strongly correlated (for example, spike width and
dV/dt ratio), only one was used for cluster analysis to avoid redun-
dancy. Joining trees were constructed using Ward’s method of amal-
gamation. The results of this classification method are plotted as a
hierarchical tree (Fig. 6), in which the horizontal axis denotes the
linkage distance calculated as Euclidean distance.
The result of the cluster analysis indicates the degree of similarity

among neurons but does not assign statistical significance to the
grouping. To determine whether the clusters contained cells with
statistically distinct properties, we used the multiple ANOVA
(MANOVA) test applied to the variables used to produce the clusters.
For any pair of clusters, the Fisher’s posthoc protected least significant
difference (PLSD) test was thereafter applied to compare the means.

FIG. 1. Examples of action potential responses to depolarizing current injection in the 4 subjectively classified subtypes of
cortical neuron. A: regular spiking (RS) cell. B: fast spiking (FS) cell. C: chattering (CH) cell. D: intrinsic bursting (IB) neuron.
Top of each panel shows responses to 3 different current intensities. Bottom plots show average action potential and dV/dt. The
individual action potentials and dV/dt in each panel are the result of averaging of !10 spikes. Therefore the amplitude and time
course of the 2nd spikes in Cb and Db are not accurate, owing to jitter in the timing of these events.
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requires some justification: the action potential height was not used as
it could be influenced by the quality of the capacitance compensation,
which itself depends on the depth of the electrode below the agar
surface among other factors. The input resistance and time constant
are reported here, but were not used in the cluster analysis, since in the
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dV/dt ratio), only one was used for cluster analysis to avoid redun-
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gamation. The results of this classification method are plotted as a
hierarchical tree (Fig. 6), in which the horizontal axis denotes the
linkage distance calculated as Euclidean distance.
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statistically distinct properties, we used the multiple ANOVA
(MANOVA) test applied to the variables used to produce the clusters.
For any pair of clusters, the Fisher’s posthoc protected least significant
difference (PLSD) test was thereafter applied to compare the means.
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ability in the distribution of adaptation-related values. For any given
cell, values of adaptation strength and time constant obtained for each
current intensity were thereafter averaged. (For specific cells, adap-
tation index and time constant varied with current intensity, but at the
population level no consistent trend was observed.)
Cluster analysis was used to classify the cells by combining some

of the variables described above. This method allowed us to classify
the cells without a priori knowledge of the number of groups. Before
performing the cluster analysis all variables were normalized to their
z-scores. Some variables have not been used for the clustering and this
requires some justification: the action potential height was not used as
it could be influenced by the quality of the capacitance compensation,
which itself depends on the depth of the electrode below the agar
surface among other factors. The input resistance and time constant
are reported here, but were not used in the cluster analysis, since in the

in vivo preparation ongoing activity is likely to affect these measures
(e.g., Bernander et al. 1991; Destexhe and Pare 1999). Finally, when
two variables were strongly correlated (for example, spike width and
dV/dt ratio), only one was used for cluster analysis to avoid redun-
dancy. Joining trees were constructed using Ward’s method of amal-
gamation. The results of this classification method are plotted as a
hierarchical tree (Fig. 6), in which the horizontal axis denotes the
linkage distance calculated as Euclidean distance.
The result of the cluster analysis indicates the degree of similarity

among neurons but does not assign statistical significance to the
grouping. To determine whether the clusters contained cells with
statistically distinct properties, we used the multiple ANOVA
(MANOVA) test applied to the variables used to produce the clusters.
For any pair of clusters, the Fisher’s posthoc protected least significant
difference (PLSD) test was thereafter applied to compare the means.

FIG. 1. Examples of action potential responses to depolarizing current injection in the 4 subjectively classified subtypes of
cortical neuron. A: regular spiking (RS) cell. B: fast spiking (FS) cell. C: chattering (CH) cell. D: intrinsic bursting (IB) neuron.
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ability in the distribution of adaptation-related values. For any given
cell, values of adaptation strength and time constant obtained for each
current intensity were thereafter averaged. (For specific cells, adap-
tation index and time constant varied with current intensity, but at the
population level no consistent trend was observed.)
Cluster analysis was used to classify the cells by combining some

of the variables described above. This method allowed us to classify
the cells without a priori knowledge of the number of groups. Before
performing the cluster analysis all variables were normalized to their
z-scores. Some variables have not been used for the clustering and this
requires some justification: the action potential height was not used as
it could be influenced by the quality of the capacitance compensation,
which itself depends on the depth of the electrode below the agar
surface among other factors. The input resistance and time constant
are reported here, but were not used in the cluster analysis, since in the

in vivo preparation ongoing activity is likely to affect these measures
(e.g., Bernander et al. 1991; Destexhe and Pare 1999). Finally, when
two variables were strongly correlated (for example, spike width and
dV/dt ratio), only one was used for cluster analysis to avoid redun-
dancy. Joining trees were constructed using Ward’s method of amal-
gamation. The results of this classification method are plotted as a
hierarchical tree (Fig. 6), in which the horizontal axis denotes the
linkage distance calculated as Euclidean distance.
The result of the cluster analysis indicates the degree of similarity

among neurons but does not assign statistical significance to the
grouping. To determine whether the clusters contained cells with
statistically distinct properties, we used the multiple ANOVA
(MANOVA) test applied to the variables used to produce the clusters.
For any pair of clusters, the Fisher’s posthoc protected least significant
difference (PLSD) test was thereafter applied to compare the means.

FIG. 1. Examples of action potential responses to depolarizing current injection in the 4 subjectively classified subtypes of
cortical neuron. A: regular spiking (RS) cell. B: fast spiking (FS) cell. C: chattering (CH) cell. D: intrinsic bursting (IB) neuron.
Top of each panel shows responses to 3 different current intensities. Bottom plots show average action potential and dV/dt. The
individual action potentials and dV/dt in each panel are the result of averaging of !10 spikes. Therefore the amplitude and time
course of the 2nd spikes in Cb and Db are not accurate, owing to jitter in the timing of these events.

1544 NOWAK, AZOUZ, SANCHEZ-VIVES, GRAY, AND MCCORMICK

J Neurophysiol • VOL 89 • MARCH 2003 • www.jn.org

 on February 12, 2010 
jn.physiology.org

D
ow

nloaded from
 

......... ... . . . ........ .~~~~~~~~~~~~~~~~~~~~~~~~~~..y ;.. ..;..ja:; . ; .;SH..*@ - e :: ' ' : . ..- ......... gBR EPO R T S 

Chattering Cells: Superficial Pyramidal Neurons 
Contributing to the Generation of Synchronous 

Oscillations in the Visual Cortex 
Charles M. Gray and David A. McCormick 

In response to visual stimulation, a subset of neurons in the striate and prestriate cortex 
displays synchronous rhythmic firing in the gamma frequency band (20 to 70 hertz). This 
finding has raised two fundamental questions: What is the functional significance of 
synchronous gamma-band activity and how is it generated? This report addresses the 
second of these two questions. By means of intracellular recording and staining of single 
cells in the cat striate cortex in vivo, a biophysically distinct class of pyramidal neuron 
termed "chattering cells" is described. These neurons are located in the superficial layers 
of the cortex, intrinsically generate 20- to 70-hertz repetitive burst firing in response to 
suprathreshold depolarizing current injection, and exhibit pronounced oscillations in 
membrane potential during visual stimulation that are largely absent during periods of 
spontaneous activity. These properties suggest that chattering cells may make a sub- 
stantial intracortical contribution to the generation of synchronous cortical oscillations 
and thus participate in the recruitment of large populations of cells into synchronously 
firing assemblies. 

In striate and extrastriate areas of the visual 
cortex of cats and monkeys, many cells 
display synchronized firing in response to 
visual stimulation (1). Although the func- 
tional significance of this response synchro- 
nization is not entirely known, it has been 
postulated that it contributes to the inte- 
gration of common visual features in an 
image (1, 2). It has recently been demon- 
strated that synchronized firing between 
cells in different functional columns is often 
associated with rhythmic discharge in the 
gamma frequency band (20 to 70 Hz) (3, 4). 
This finding suggests a functional link be- 
tween gamma-band oscillations and re- 
sponse synchronization. A prominent fea- 
ture of gamma-band activity in the visual 
cortex is the occurrence of repetitive, high- 
frequency burst discharges in single cells 
that occurs synchronously with local field 
potential oscillations (4-7). These bursts of 
two to five spikes, having intraburst firing 
rates as high as 800 spikes per second, recur 
at intervals of approximately 15 to 50 ms 
(6, 7). Because this pattern of cortical ac- 
tivity is strikingly different from those pre- 
viously demonstrated to result from intrin- 
sic membrane properties (8), we conjec- 
tured that it may represent a class of cells 
with distinct biophysical properties (9). 

To test this hypothesis, we performed 
intracellular recording and staining of sin- 
gle cells in vivo from the striate cortex of 
anesthetized cats (10). Our aim was to char- 

C. M. Gray, Center for Neuroscience, Section of Neuro- 
biology, Physiology, and Behavior, University of Califor- 
nia, Davis, CA 95616, USA. E-mail: cmgray@ucdavis.edu 
David A. McCormick, Section of Neurobiology, Yale Uni- 
versity School of Medicine, 333 Cedar Street, New Ha- 
ven, CT 06510, USA. E-mail: davidhmccormick@yale.edu 

acterize each cell's intrinsic membrane 
properties and to determine if these proper- 
ties bore any relation to the cell's receptive 
field properties, temporal response proper- 
ties, morphology, or laminar position. Once 
a stable intracellular recording was obtained 
with a resting membrane potential negative 
to -60 mV, more than 20 megohms input 
resistance, and overshooting action poten- 
tials, we applied hyperpolarizing and depo- 
larizing current pulses (120 to 500 ms at 0.5 
Hz) over a range of magnitudes to deter- 
mine the cell's intrinsic membrane charac- 
teristics. In many recordings, we also deter- 

mined the cell's orientation and direction 
selectivity and the location of ON and OFF 
receptive field subregions and ocular domi- 
nance, and then activated the cell with 20 
to 30 presentations of an optimal drifting 
light bar or square wave grating through the 
dominant eye. At the end of this protocol, 
the cells were filled with biocytin by injec- 
tion of 1 nA of hyperpolarizing current, 
combined with 0.5-nA hyperpolarizing 
pulses (for 500 ms at 1 Hz), for at least 10 
min (11). 

The intracellular injection of current 
into 73 cells from 21 cats revealed four 
distinct cell classes (Fig. 1). Regular spiking 
(RS) cells (Fig. IA; n = 30) generated 
repetitive action potentials that often ex- 
hibited spike frequency adaptation in re- 
sponse to current injection. The action po- 
tentials of these cells ranged in duration 
from relatively thin to broad (0.36 to 1.1 ms 
at half amplitude; mean = 0.62 + 0.17 ms) 
and rarely occurred in bursts. Intrinsic 
bursting (IB) cells (Fig. iB; n = 11) typi- 
cally displayed an initial burst of two to six 
spikes superimposed on a slow depolarizing 
potential, followed by an afterhyperpolar- 
ization (AHP) and a transition to tonic 
firing. The action potentials of these cells 
were between 0.39 and 0.78 ms in duration 
(mean = 0.57 + 0.14 ms) and only rarely 
did these cells generate repetitive bursts. 
When repetitive bursting did occur, it did 
not exceed a frequency of approximately 15 
Hz. Fast spiking (FS) cells (Fig. IC; n = 7) 
displayed tonic firing, at rates as high as 800 
Hz, without spike frequency adaptation in 
response to current pulses that were less 
than 1.5 nA in amplitude. The action po- 

Fig. 1. Responses of the A RS B IB 
four cell classes to intra- 
cellular depolarizing cur- 
rent injection. The initial 
phase of the response is 
displayed on a faster 
time scale to the right. 
(A) RS pyramidal cell in 
layer VI. (B) lB pyramidal 6 
cell in layer V. (C) FS cell. -85 
(D) CH cell in layer ll. 
Note the switch from 
burst to tonic firing with C FS D CH 
depolarization in the IB 
neuron (B), the high-fre- 
quency train of action 
potentials in the FS neu- -DP 
ron (C), and the repetitive 
burst discharges in the plIa 
CH neuron (D). Action -65 > 
potentials in the CH neu- 0 E 7 
ron are associated with 100 ms 20 ms 
the generation of an 
ADP. The current intensities were 0.6 nA for the RS and FS cells and 0.9 nA for the IB and CH cells. The 
RS, IB, and CH neurons were all recorded and labeled in the same animal. The data presented in Figs. 
2 through 5 are from different cells recorded in six different animals. The data for this and additional 
figures are available at http://info.med.yale.edu/neurobio/mccormick/mccormick. 
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Nowak, Lionel G., Rony Azouz, Maria V. Sanchez-Vives,
Charles M. Gray, and David A. McCormick. Electrophysiolog-
ical classes of cat primary visual cortical neurons in vivo as revealed
by quantitative analyses. J Neurophysiol 89: 1541–1566, 2003;
10.1152/jn.00580.2002. To facilitate the characterization of cortical
neuronal function, the responses of cells in cat area 17 to intracellular
injection of current pulses were quantitatively analyzed. A variety of
response variables were used to separate the cells into subtypes using
cluster analysis. Four main classes of neurons could be clearly dis-
tinguished: regular spiking (RS), fast spiking (FS), intrinsic bursting
(IB), and chattering (CH). Each of these contained significant sub-
classes. RS neurons were characterized by trains of action potentials
that exhibited spike frequency adaptation. Morphologically, these
cells were spiny stellate cells in layer 4 and pyramidal cells in layers
2, 3, 5, and 6. FS neurons had short-duration action potentials (!0.5
ms at half height), little or no spike frequency adaptation, and a steep
relationship between injected current intensity and spike discharge
frequency. Morphologically, these cells were sparsely spiny or aspiny
nonpyramidal cells. IB neurons typically generated a low frequency
(!425 Hz) burst of spikes at the beginning of a depolarizing current
pulse followed by a tonic train of action potentials for the remainder
of the pulse. These cells were observed in all cortical layers, but were
most abundant in layer 5. Finally, CH neurons generated repetitive,
high-frequency (350–700 Hz) bursts of short-duration (!0.55 ms)
action potentials. Morphologically, these cells were layer 2–4 (mainly
layer 3) pyramidal or spiny stellate neurons. These results indicate that
firing properties do not form a continuum and that cortical neurons are
members of distinct electrophysiological classes and subclasses.

I N T R O D U C T I O N

The ability to identify neuronal types is of fundamental
importance to developing a cellular and network level under-
standing of the operations of the cerebral cortex. Cortical
neurons can be identified by any of a wide variety of charac-
teristics including laminar location, dendritic and axonal mor-
phology, neurotransmitter content and receptors, axon conduc-
tion velocity, receptive field characteristics, and intrinsic
electrophysiological properties. Knowledge about intrinsic
electrophysiological properties is of primary importance, not

only as a tool to identify neurons, but also because they
strongly influence the input-output relationships and operation
of cortical neurons and circuits.
Multiple schemes have been proposed to classify cortical

neurons on the basis of their discharge pattern and intrinsic
membrane properties. Early extracellular recording studies in
vivo differentiated cortical cells into two broad categories:
those that had thin (or “fast”) action potentials and exhibited
high spontaneous activity were termed “fast spiking” cells,
while neurons with broader action potentials and lower levels
of spontaneous activity were termed “regular spiking” cells
(Mountcastle et al. 1969; Simons 1978). These cells were
hypothesized to correspond to nonpyramidal and pyramidal
neurons, respectively (Mountcastle et al. 1969). However,
other studies performed in the motor cortex reported large
differences in action potential width between two subtypes of
pyramidal neurons, the slow (broad spikes) and fast (thin
spikes) pyramidal tract cells (Baranyi et al. 1993b; Calvin and
Sypert 1976; Deschênes et al. 1979; Stafstrom et al. 1984;
Takahashi 1965). Intracellular recording combined with label-
ing techniques revealed that RS cells were often pyramidal or
spiny stellate cells, while FS neurons showed morphological
features of subtypes of inhibitory neurons (Ahmed et al. 1998;
Azouz et al. 1997; Chagnac-Amitai et al. 1990; Chen et al.
1996a; Foehring et al. 1991; Gupta et al. 2000; Hirsch 1995,
Kaneko et al. 1995; Kawagushi 1995; Krimer and Goldman-
Rakic 2001; Larkman and Mason 1990; McCormick et al.
1985, 1993; Neagele and Katz 1990; Pockberger 1991; Thom-
son et al. 1996; Tseng and Prince 1993; Zhou and Hablitz
1996).
Intra- and extracellular recording studies in vivo also em-

phasized the presence of burst firing in a subset of cortical
neurons (e.g., Bair et al. 1994; Baranyi et al. 1993a; Calvin and
Sypert 1976; Cattaneo et al. 1981; Dégenètais et al. 2002;
Istvan and Zarzecki 1994; Nuñez et al. 1993; Pockberger
1991). Bursting, however, does not appear to be a feature
homogeneous enough to characterize one single cell type,
because multiple types of bursting neurons have been de-
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ability in the distribution of adaptation-related values. For any given
cell, values of adaptation strength and time constant obtained for each
current intensity were thereafter averaged. (For specific cells, adap-
tation index and time constant varied with current intensity, but at the
population level no consistent trend was observed.)
Cluster analysis was used to classify the cells by combining some

of the variables described above. This method allowed us to classify
the cells without a priori knowledge of the number of groups. Before
performing the cluster analysis all variables were normalized to their
z-scores. Some variables have not been used for the clustering and this
requires some justification: the action potential height was not used as
it could be influenced by the quality of the capacitance compensation,
which itself depends on the depth of the electrode below the agar
surface among other factors. The input resistance and time constant
are reported here, but were not used in the cluster analysis, since in the

in vivo preparation ongoing activity is likely to affect these measures
(e.g., Bernander et al. 1991; Destexhe and Pare 1999). Finally, when
two variables were strongly correlated (for example, spike width and
dV/dt ratio), only one was used for cluster analysis to avoid redun-
dancy. Joining trees were constructed using Ward’s method of amal-
gamation. The results of this classification method are plotted as a
hierarchical tree (Fig. 6), in which the horizontal axis denotes the
linkage distance calculated as Euclidean distance.
The result of the cluster analysis indicates the degree of similarity

among neurons but does not assign statistical significance to the
grouping. To determine whether the clusters contained cells with
statistically distinct properties, we used the multiple ANOVA
(MANOVA) test applied to the variables used to produce the clusters.
For any pair of clusters, the Fisher’s posthoc protected least significant
difference (PLSD) test was thereafter applied to compare the means.

FIG. 1. Examples of action potential responses to depolarizing current injection in the 4 subjectively classified subtypes of
cortical neuron. A: regular spiking (RS) cell. B: fast spiking (FS) cell. C: chattering (CH) cell. D: intrinsic bursting (IB) neuron.
Top of each panel shows responses to 3 different current intensities. Bottom plots show average action potential and dV/dt. The
individual action potentials and dV/dt in each panel are the result of averaging of !10 spikes. Therefore the amplitude and time
course of the 2nd spikes in Cb and Db are not accurate, owing to jitter in the timing of these events.
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Nowak, Lionel G., Rony Azouz, Maria V. Sanchez-Vives,
Charles M. Gray, and David A. McCormick. Electrophysiolog-
ical classes of cat primary visual cortical neurons in vivo as revealed
by quantitative analyses. J Neurophysiol 89: 1541–1566, 2003;
10.1152/jn.00580.2002. To facilitate the characterization of cortical
neuronal function, the responses of cells in cat area 17 to intracellular
injection of current pulses were quantitatively analyzed. A variety of
response variables were used to separate the cells into subtypes using
cluster analysis. Four main classes of neurons could be clearly dis-
tinguished: regular spiking (RS), fast spiking (FS), intrinsic bursting
(IB), and chattering (CH). Each of these contained significant sub-
classes. RS neurons were characterized by trains of action potentials
that exhibited spike frequency adaptation. Morphologically, these
cells were spiny stellate cells in layer 4 and pyramidal cells in layers
2, 3, 5, and 6. FS neurons had short-duration action potentials (!0.5
ms at half height), little or no spike frequency adaptation, and a steep
relationship between injected current intensity and spike discharge
frequency. Morphologically, these cells were sparsely spiny or aspiny
nonpyramidal cells. IB neurons typically generated a low frequency
(!425 Hz) burst of spikes at the beginning of a depolarizing current
pulse followed by a tonic train of action potentials for the remainder
of the pulse. These cells were observed in all cortical layers, but were
most abundant in layer 5. Finally, CH neurons generated repetitive,
high-frequency (350–700 Hz) bursts of short-duration (!0.55 ms)
action potentials. Morphologically, these cells were layer 2–4 (mainly
layer 3) pyramidal or spiny stellate neurons. These results indicate that
firing properties do not form a continuum and that cortical neurons are
members of distinct electrophysiological classes and subclasses.

I N T R O D U C T I O N

The ability to identify neuronal types is of fundamental
importance to developing a cellular and network level under-
standing of the operations of the cerebral cortex. Cortical
neurons can be identified by any of a wide variety of charac-
teristics including laminar location, dendritic and axonal mor-
phology, neurotransmitter content and receptors, axon conduc-
tion velocity, receptive field characteristics, and intrinsic
electrophysiological properties. Knowledge about intrinsic
electrophysiological properties is of primary importance, not

only as a tool to identify neurons, but also because they
strongly influence the input-output relationships and operation
of cortical neurons and circuits.
Multiple schemes have been proposed to classify cortical

neurons on the basis of their discharge pattern and intrinsic
membrane properties. Early extracellular recording studies in
vivo differentiated cortical cells into two broad categories:
those that had thin (or “fast”) action potentials and exhibited
high spontaneous activity were termed “fast spiking” cells,
while neurons with broader action potentials and lower levels
of spontaneous activity were termed “regular spiking” cells
(Mountcastle et al. 1969; Simons 1978). These cells were
hypothesized to correspond to nonpyramidal and pyramidal
neurons, respectively (Mountcastle et al. 1969). However,
other studies performed in the motor cortex reported large
differences in action potential width between two subtypes of
pyramidal neurons, the slow (broad spikes) and fast (thin
spikes) pyramidal tract cells (Baranyi et al. 1993b; Calvin and
Sypert 1976; Deschênes et al. 1979; Stafstrom et al. 1984;
Takahashi 1965). Intracellular recording combined with label-
ing techniques revealed that RS cells were often pyramidal or
spiny stellate cells, while FS neurons showed morphological
features of subtypes of inhibitory neurons (Ahmed et al. 1998;
Azouz et al. 1997; Chagnac-Amitai et al. 1990; Chen et al.
1996a; Foehring et al. 1991; Gupta et al. 2000; Hirsch 1995,
Kaneko et al. 1995; Kawagushi 1995; Krimer and Goldman-
Rakic 2001; Larkman and Mason 1990; McCormick et al.
1985, 1993; Neagele and Katz 1990; Pockberger 1991; Thom-
son et al. 1996; Tseng and Prince 1993; Zhou and Hablitz
1996).
Intra- and extracellular recording studies in vivo also em-

phasized the presence of burst firing in a subset of cortical
neurons (e.g., Bair et al. 1994; Baranyi et al. 1993a; Calvin and
Sypert 1976; Cattaneo et al. 1981; Dégenètais et al. 2002;
Istvan and Zarzecki 1994; Nuñez et al. 1993; Pockberger
1991). Bursting, however, does not appear to be a feature
homogeneous enough to characterize one single cell type,
because multiple types of bursting neurons have been de-
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response variables were used to separate the cells into subtypes using
cluster analysis. Four main classes of neurons could be clearly dis-
tinguished: regular spiking (RS), fast spiking (FS), intrinsic bursting
(IB), and chattering (CH). Each of these contained significant sub-
classes. RS neurons were characterized by trains of action potentials
that exhibited spike frequency adaptation. Morphologically, these
cells were spiny stellate cells in layer 4 and pyramidal cells in layers
2, 3, 5, and 6. FS neurons had short-duration action potentials (!0.5
ms at half height), little or no spike frequency adaptation, and a steep
relationship between injected current intensity and spike discharge
frequency. Morphologically, these cells were sparsely spiny or aspiny
nonpyramidal cells. IB neurons typically generated a low frequency
(!425 Hz) burst of spikes at the beginning of a depolarizing current
pulse followed by a tonic train of action potentials for the remainder
of the pulse. These cells were observed in all cortical layers, but were
most abundant in layer 5. Finally, CH neurons generated repetitive,
high-frequency (350–700 Hz) bursts of short-duration (!0.55 ms)
action potentials. Morphologically, these cells were layer 2–4 (mainly
layer 3) pyramidal or spiny stellate neurons. These results indicate that
firing properties do not form a continuum and that cortical neurons are
members of distinct electrophysiological classes and subclasses.
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The ability to identify neuronal types is of fundamental
importance to developing a cellular and network level under-
standing of the operations of the cerebral cortex. Cortical
neurons can be identified by any of a wide variety of charac-
teristics including laminar location, dendritic and axonal mor-
phology, neurotransmitter content and receptors, axon conduc-
tion velocity, receptive field characteristics, and intrinsic
electrophysiological properties. Knowledge about intrinsic
electrophysiological properties is of primary importance, not

only as a tool to identify neurons, but also because they
strongly influence the input-output relationships and operation
of cortical neurons and circuits.
Multiple schemes have been proposed to classify cortical

neurons on the basis of their discharge pattern and intrinsic
membrane properties. Early extracellular recording studies in
vivo differentiated cortical cells into two broad categories:
those that had thin (or “fast”) action potentials and exhibited
high spontaneous activity were termed “fast spiking” cells,
while neurons with broader action potentials and lower levels
of spontaneous activity were termed “regular spiking” cells
(Mountcastle et al. 1969; Simons 1978). These cells were
hypothesized to correspond to nonpyramidal and pyramidal
neurons, respectively (Mountcastle et al. 1969). However,
other studies performed in the motor cortex reported large
differences in action potential width between two subtypes of
pyramidal neurons, the slow (broad spikes) and fast (thin
spikes) pyramidal tract cells (Baranyi et al. 1993b; Calvin and
Sypert 1976; Deschênes et al. 1979; Stafstrom et al. 1984;
Takahashi 1965). Intracellular recording combined with label-
ing techniques revealed that RS cells were often pyramidal or
spiny stellate cells, while FS neurons showed morphological
features of subtypes of inhibitory neurons (Ahmed et al. 1998;
Azouz et al. 1997; Chagnac-Amitai et al. 1990; Chen et al.
1996a; Foehring et al. 1991; Gupta et al. 2000; Hirsch 1995,
Kaneko et al. 1995; Kawagushi 1995; Krimer and Goldman-
Rakic 2001; Larkman and Mason 1990; McCormick et al.
1985, 1993; Neagele and Katz 1990; Pockberger 1991; Thom-
son et al. 1996; Tseng and Prince 1993; Zhou and Hablitz
1996).
Intra- and extracellular recording studies in vivo also em-

phasized the presence of burst firing in a subset of cortical
neurons (e.g., Bair et al. 1994; Baranyi et al. 1993a; Calvin and
Sypert 1976; Cattaneo et al. 1981; Dégenètais et al. 2002;
Istvan and Zarzecki 1994; Nuñez et al. 1993; Pockberger
1991). Bursting, however, does not appear to be a feature
homogeneous enough to characterize one single cell type,
because multiple types of bursting neurons have been de-

Address for reprint requests: D. A. McCormick, Dept. of Neurobiology,
Yale Univ. School of Medicine, 333 Cedar St., New Haven, CT 06510 (E-mail:
david.mccormick@yale.edu).

The costs of publication of this article were defrayed in part by the payment
of page charges. The article must therefore be hereby marked ‘‘advertisement’’
in accordance with 18 U.S.C. Section 1734 solely to indicate this fact.

J Neurophysiol 89: 1541–1566, 2003;
10.1152/jn.00580.2002.

15410022-3077/03 $5.00 Copyright © 2003 The American Physiological Societywww.jn.org

 on February 12, 2010 
jn.physiology.org

D
ow

nloaded from
 



TRENDS in Neurosciences 

X

LMAN

DLM

HVC

RA

nXIIts
SNc/VTA

Auditory input

Pallium

MSt LMANRA

HVC

DLM

Area X

SNc/VTA

Syrinx
(vocal organ)

Respiration

(a) (b)

Figure 2. Simplified illustrations of song-related nuclei in oscine songbirds. (a) Vocal control nuclei are organized in two major pathways. Auditory inputs (largely from the
song systemnucleusNIf) project to the nucleus HVC. Amotor pathway (red) descends fromnucleus HVC to the robust nucleus of the arcopallium (RA). RA projects both to the
hypoglossal nucleus (nXIIts), which innervates the syrinx (the vocal organ of birds), and to several brainstem respiratory centers. This pathway is essential for song
production. A second circuit (blue), known as the anterior forebrain pathway (AFP), arises from a separate set of projection neurons in the pallial nucleus HVC. These neurons
project to Area X of the medial striatum (MSt). Area X projects to the dorsolateral thalamic nucleus (DLM), which projects to the lateral magnocellular nucleus of the
nidopallium (LMAN). LMAN projects back to motor circuitry at the RA, with collateral axons projecting to Area X. Dopaminergic neurons (green) from the ventral tegmental
area (VTA) and the substantia nigra pars compacta (SNc) project strongly to Area X, and more weakly to LMAN (not shown). (b) The major pallial inputs and outputs of the
AFP, and its internal connectivity. The AFP is not essential for production of songs, but is required for learning and adult song plasticity [47,49].
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neurons (SN) (a). Three neuron classes correspond to striatal interneurons: long-lasting afterhyperpolarization (LA) neurons, which are cholinergic (b); fast spiking (FS)
neurons (c); and low-threshold spike (LTS) neurons (d). In addition, Area X contains a cell type resembling mammalian pallidal cells and named aspiny fast-firing (AF)
neurons (e). Data reproduced, with permission, from [26] q (2002) Society for Neuroscience.
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Recent advances in anatomical, physiological and
histochemical characterization of avian basal ganglia
neurons and circuitry have revealed remarkable simi-
larities to mammalian basal ganglia. A modern revision
of the avian anatomical nomenclature has now provided
a common language for studying the function of the
cortical–basal-ganglia–cortical loop, enabling neuros-
cientists to take advantage of the specialization of
basal ganglia areas in various avian species. For
instance, songbirds, which learn their vocal motor
behavior using sensory feedback, have specialized a
portion of their cortical–basal ganglia circuitry for song
learning and production. This discrete circuit dedicated
to a specific sensorimotor task could be especially
tractable for elucidating the interwoven sensory,
motor and reward signals carried by basal ganglia, and
the function of these signals in task learning and
execution.

Introduction
The cortical–basal ganglia circuit has been implicated in
the learning and execution of sequences of movements
[1–5]. Advancing this concept in mammals has been
hindered by the complexity of the connections within the
basal ganglia. Despite the general structure of functional
loops connecting the cortex and basal ganglia [6,7], the
complex pattern of convergent and divergent projections,
and the sparse connectivity within these structures [8,9],
has not enabled specific behavioral repertoires to be linked
to specific circuits.

We propose that several major obstacles to under-
standing cortical–basal ganglia function could be reduced
by using more comparative and neuroethological
approaches to the problem. Birds possess virtually all
mammalian basal ganglia structures, and their pallial
inputs and thalamic and brainstem outputs, with some
intriguing differences that could shed light on function.
Moreover, a subset of birds, the songbirds, learn to
produce their complex, sequenced vocal motor output
using sensory feedback [10], and have specialized a
portion of their forebrain–basal ganglia circuitry
expressly for the purpose of song learning. Because this

specialized cortical–basal ganglia circuit, known as the
anterior forebrain pathway (AFP), is discrete and devoted
to a specific well-defined behavior, rather than a broad
range of motor behaviors, it should be particularly
tractable for investigating how basal ganglia structures
contribute to the learning and performance of motor skills.

Here, we review the anatomical and electrophysiologi-
cal studies that support the strong parallels between
avian and mammalian basal ganglia circuitry, and the
functional investigations of the songbird AFP that are
beginning to suggest the behavior-related signals it
carries.

Avian basal ganglia and the new avian nomenclature
Modern views of the avian telencephalon
A glance at a traditional avian atlas would suggest that
almost the entire avian telencephalon is basal ganglia,
because most of the structures of the lateral telencephalic
wall have names with the word ‘striatum’ as a root.
However, modern neuroanatomical, molecular biological
and neurochemical studies have shown that the avian
basal ganglia have much the same telencephalic extent as
in mammals (Figure 1). The voluminous territory above
the basal ganglia in birds is now recognized as function-
ally and developmentally akin to the neocortex of
mammals, deriving in the same way as cortex from the
pallial sector of embryonic telencephalon. At an open
meeting in July 2002 known as the Avian Brain Nomen-
clature Forum, avian brain nomenclature was revised to
reflect this modern knowledge [11] (Figure 1).

The new terminology for the avian basal ganglia and its
major brainstem afferent and efferent cell groups is very
similar to that in mammals. For example, the basal
telencephalic territory that is rich in dopaminergic fibers
and cholinesterase, which in mammals is known as the
striatum (i.e. caudate–putamen), is now also called the
striatum in birds [12,13]. Similarly, the basal telencepha-
lic structure that resembles mammalian globus pallidus in
its neurochemistry, cytology and connections is now called
the globus pallidus in birds too. Recent studies of forebrain
patterning reinforce these homologies, showing that birds
andmammals use the same genes during the development
of the striatal, pallidal and pallial sectors of the tele-
ncephalon [14].

Corresponding author: Stern, E.A. (stern@helix.mgh.harvard.edu).
Available online 1 June 2005

Review TRENDS in Neurosciences Vol.28 No.7 July 2005

www.sciencedirect.com 0166-2236/$ - see front matter Q 2005 Elsevier Ltd. All rights reserved. doi:10.1016/j.tins.2005.05.005

Birdbrains could teach basal ganglia
research a new song
Allison J. Doupe1, David J. Perkel2, Anton Reiner3 and Edward A. Stern4

1Departments of Psychiatry and Physiology, UCSF, San Francisco, CA 94143-0444, USA
2Departments of Biology and Otolaryngology, University of Washington, Seattle, WA 98195-6515, USA
3Department Anatomy & Neurobiology, University of Tennessee Health Science Center, Memphis, TN 38163, USA
4Department of Neurology, Massachusetts General Hospital and Harvard Medical School, Charlestown, MA 02129, USA

Recent advances in anatomical, physiological and
histochemical characterization of avian basal ganglia
neurons and circuitry have revealed remarkable simi-
larities to mammalian basal ganglia. A modern revision
of the avian anatomical nomenclature has now provided
a common language for studying the function of the
cortical–basal-ganglia–cortical loop, enabling neuros-
cientists to take advantage of the specialization of
basal ganglia areas in various avian species. For
instance, songbirds, which learn their vocal motor
behavior using sensory feedback, have specialized a
portion of their cortical–basal ganglia circuitry for song
learning and production. This discrete circuit dedicated
to a specific sensorimotor task could be especially
tractable for elucidating the interwoven sensory,
motor and reward signals carried by basal ganglia, and
the function of these signals in task learning and
execution.

Introduction
The cortical–basal ganglia circuit has been implicated in
the learning and execution of sequences of movements
[1–5]. Advancing this concept in mammals has been
hindered by the complexity of the connections within the
basal ganglia. Despite the general structure of functional
loops connecting the cortex and basal ganglia [6,7], the
complex pattern of convergent and divergent projections,
and the sparse connectivity within these structures [8,9],
has not enabled specific behavioral repertoires to be linked
to specific circuits.

We propose that several major obstacles to under-
standing cortical–basal ganglia function could be reduced
by using more comparative and neuroethological
approaches to the problem. Birds possess virtually all
mammalian basal ganglia structures, and their pallial
inputs and thalamic and brainstem outputs, with some
intriguing differences that could shed light on function.
Moreover, a subset of birds, the songbirds, learn to
produce their complex, sequenced vocal motor output
using sensory feedback [10], and have specialized a
portion of their forebrain–basal ganglia circuitry
expressly for the purpose of song learning. Because this

specialized cortical–basal ganglia circuit, known as the
anterior forebrain pathway (AFP), is discrete and devoted
to a specific well-defined behavior, rather than a broad
range of motor behaviors, it should be particularly
tractable for investigating how basal ganglia structures
contribute to the learning and performance of motor skills.

Here, we review the anatomical and electrophysiologi-
cal studies that support the strong parallels between
avian and mammalian basal ganglia circuitry, and the
functional investigations of the songbird AFP that are
beginning to suggest the behavior-related signals it
carries.

Avian basal ganglia and the new avian nomenclature
Modern views of the avian telencephalon
A glance at a traditional avian atlas would suggest that
almost the entire avian telencephalon is basal ganglia,
because most of the structures of the lateral telencephalic
wall have names with the word ‘striatum’ as a root.
However, modern neuroanatomical, molecular biological
and neurochemical studies have shown that the avian
basal ganglia have much the same telencephalic extent as
in mammals (Figure 1). The voluminous territory above
the basal ganglia in birds is now recognized as function-
ally and developmentally akin to the neocortex of
mammals, deriving in the same way as cortex from the
pallial sector of embryonic telencephalon. At an open
meeting in July 2002 known as the Avian Brain Nomen-
clature Forum, avian brain nomenclature was revised to
reflect this modern knowledge [11] (Figure 1).
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The interplay between inhibition and excitation is at the core of cortical network activity. In many cortices, including auditory cortex
(ACx), interactions between excitatory and inhibitory neurons generate synchronous network gamma oscillations (30 –70 Hz). Here, we
show that differences in the connection patterns and synaptic properties of excitatory–inhibitory microcircuits permit the spatial extent
of network inputs to modulate the magnitude of gamma oscillations. Simultaneous multiple whole-cell recordings from connected
fast-spiking interneurons and pyramidal cells in L2/3 of mouse ACx slices revealed that for intersomatic distances !50 !m, most
inhibitory connections occurred in reciprocally connected (RC) pairs; at greater distances, inhibitory connections were equally likely in
RC and nonreciprocally connected (nRC) pairs. Furthermore, the GABAB-mediated inhibition in RC pairs was weaker than in nRC pairs.
Simulations with a network model that incorporated these features showed strong, gamma band oscillations only when the network
inputs were confined to a small area. These findings suggest a novel mechanism by which oscillatory activity can be modulated by
adjusting the spatial distribution of afferent input.

Introduction
The responses of cortical neurons to sensory stimuli are strongly
influenced by the recruitment of inhibition during network ac-
tivity. Fast-spiking (FS) interneurons have a high probability of
connection with pyramidal cells (PCs) and are thus a major
source of intracortical inhibition (Thomson et al., 1996; Gonchar
and Burkhalter, 1999; Beierlein et al., 2003; Holmgren et al.,
2003). FS–PC circuitry has been implicated in tuning receptive
fields and dampening cortical responses (Gonchar and Burkhalter,
1999; Beierlein et al., 2003; Swadlow, 2003; Sun et al., 2006; Atencio and
Schreiner,2008).Inaddition,experimental(Buhletal.,1998;Sukovand
Barth, 2001; Hasenstaub et al., 2005; Morita et al., 2008) and theoretical
investigations (Brunel and Wang, 2003; Cunningham et al.,
2004; Börgers et al., 2005) have suggested that coupled networks of
excitatory and inhibitory neurons support synchronous network os-
cillations. In the present study, we show how the spatial pattern of
connectivity in FS–PC microcircuits influences the recruitment of
inhibition and modulates oscillatory activity.

Oscillations in the gamma frequency range ("30 –70 Hz) have
been correlated with specific stimuli in auditory cortex (ACx)
(Barth and MacDonald, 1996; Sukov and Barth, 2001; Brosch

et al., 2002), as well as other sensory systems [somatosensory
(Jones and Barth, 2002); visual (Gray and Singer, 1989); olfac-
tory (Laurent et al., 1996); electrosensory (Doiron et al., 2003)].
Moreover, gamma activity in ACx is modulated by site-specific
stimulation of auditory thalamus (Barth and MacDonald, 1996;
Metherate and Cruikshank, 1999; Sukov and Barth, 2001), cross-
modal activation of somatosensory and visual thalamocortical
pathways (Lakatos et al., 2005, 2007), and selective attention to
auditory stimuli (Lakatos et al., 2004). Responses to acoustic
stimuli in ACx are tonotopically ordered (Stiebler et al., 1997;
Schreiner et al., 2000; Schreiner and Winer, 2007), which suggests
a spatial organization of inputs and circuitry within ACx could
impart specificity and modulation of gamma oscillations.

Gamma oscillations are most prominent in the upper layers
(L2–L4) of ACx (Metherate and Cruikshank, 1999; Cunningham
et al., 2004; Lakatos et al., 2005) and may be mediated by PC and
FS cell interactions (Sukov and Barth, 2001). Although the prop-
erties of FS–PC circuitry have been characterized in other sensory
systems (Thomson et al., 1996; Markram et al., 1998; Reyes et al.,
1998; Gupta et al., 2000; Thomson et al., 2002; Holmgren et al.,
2003), comparable studies have not been conducted in ACx. We
investigated the spatial distribution and synaptic properties of
inhibitory connections between PC and FS cells in L2/3 of ACx.
When the somata of FS–PC pairs were separated by !50 !m,
most inhibitory connections occurred in reciprocally con-
nected (RC) pairs. For longer distances (50 –100 !m), RC and
nonreciprocally connected (nRC) FS–PC pairs occurred with
equal probability. In addition, PCs in RC pairs received less
GABAB-mediated inhibition than those in nRC pairs. We incor-
porated these results in a spiking network model and found max-
imal gamma oscillatory power for network inputs with a spatial
profile that coincided with the "50 !m region dominated by RC
pairs. Inputs that activated larger network areas recruited more
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by a prominent apical dendrite that ex-
tended to L1, whereas FS cells had multi-
polar dendritic morphology (Fig. 1A).
PCs responded to suprathreshold, con-
stant current injections with a high-frequency
spike doublet followed by lower frequency
firing that ranged from 6 ! 4 Hz at rheo-
base (0.17 ! 0.1 nA) to 51 ! 15 Hz at
higher current injections (Fig. 1B, left). In
contrast, FS cells exhibited nonadapting
firing rates (ISIL:ISIF " 1.09 ! 0.15; n "
101) (see Materials and Methods) that
ranged from 18 ! 13 Hz at rheobase
(0.26 ! 0.09 nA) to 178 ! 38 Hz with
higher current injections (Fig. 1B, right).

The connections between PC and FS
cells were characterized by evoking action
potentials in one cell and recording PSPs
in the other (Fig. 1C). For the cells shown
in Figure 1A, stimulation of the FS cell
evoked IPSPs in both PC1 and PC2. Stim-
ulation of the PC1, but not PC2, evoked
EPSPs in the FS cell. Thus, PC1 is RC to
the FS cell and PC2 is nRC through an
inhibitory connection. This study focuses
on the spatial distribution and properties
of inhibitory connections in RC (red) ver-
sus nRC (blue) FS–PC pairs.

Variation of connection probability
with intersomatic distance
We recorded a total of 315 FS–PC pairs
and found 213 pairs had at least one syn-
aptic connection between them. We cal-
culated the probability of excitatory (PE)
and inhibitory (PI) connections as well as
RC (PRC) and nRC (PnRC) pairs as a func-
tion of intersomatic distance. We binned
distance in 10 –30 !m increments and, for
each bin, estimated the probability of connection (PC) by divid-
ing number of connections (NC) of a given type (C: E, I, RC, nRC)
by the number of connections of that type tested (NT). PE de-
creased significantly between 20 !m (0.65 ! 0.08) and 100 !m
(0.41 ! 0.08) (Fig. 2A) (*p # 0.05, Fisher’s exact test), whereas PI

did not differ over the same range (0.55– 0.47; p $ 0.10).
Approximately 27% of FS–PC pairs were reciprocally con-

nected (n " 86) (Fig. 2B, red triangles); the remaining connec-
tions were unidirectional (inhibitory: n " 65, blue triangles;
excitatory: n " 60, black triangles; unconnected pairs are indi-
cated by % signs). The probability of inhibitory connections oc-
curring in RC (PRC) versus nRC (PnRCI) FS–PC pairs also differed
significantly with intersomatic distance. Within the &40 !m ra-
dius of the FS cell, RC pairs outnumbered inhibitory nRCI pairs
&2:1 (Fig. 2B). Moreover, for distances #20 !m, the PRC was
nearly five times greater (0.45; red) (Fig. 2C) than the PnRCI (0.10;
blue; p " 0.002, Fisher’s exact test). Between 20 and 50 !m, PRC

declined while the PnRCI increased such that PRC ' PnRCI ' 0.21
at distances $50 !m. The probability of nonreciprocal excitatory
connections (PnRCE) over distance was comparable with PnRCI

(data not shown).
The spatial profile of RC pairs parallels that of excitatory con-

nections— both PRC and PE decline by &0.2 between 20 and 100
!m—suggesting that PRC depends on PE. It has been shown that

presence of a reciprocal connection can be predicted based on
excitatory connectivity in primary visual cortex (V1) (Yoshimura
and Callaway, 2005). We performed similar analyses and found
that because of the high, nearly equal numbers of excitatory (n "
151) and inhibitory (n " 146) connections, the number of recip-
rocal connections (n " 86) depended equivalently on PE and PI

( p " 0.04, Fisher’s exact test). Thus, in contrast to V1, there is an
equal likelihood of finding an RC pair when either an excitatory
or inhibitory connection is found. In V1, PE is much lower (0.19)
than ACx, whereas PI (&0.47) is comparable in both areas (Yo-
shimura and Callaway, 2005). This difference may underlie the
dependence of RC pairs on excitatory connection in V1. The
differences in PE between V1 and ACx were not attributable to
differences in postnatal day age of the animals used in the two
studies [P21–P26 (Yoshimura and Callaway, 2005) vs P14 –P29
in the present study]. We found that the PI (&0.45) does not vary
with age, whereas PE increased slightly from &0.40 between P14
and P18 to &0.55 at P19 –P29 (supplemental Fig. 1A, available at
www.jneurosci.org as supplemental material). Thus, these results
may reflect differences in the connection architecture of V1 ver-
sus ACx rather than the age of the animal.

We further investigated whether or not reciprocal connec-
tions occurred with greater probability than predicted if excita-
tory and inhibitory connections occur independently. When PE

Figure 1. The intrinsic and synaptic properties of fast spiking interneurons and pyramidal cells. A, A representative FS cell
(green) that was an RC pyramidal cell (PC1; red) and an nRC to another (PC2; blue). Scale bar, 50 !m. B, Responses evoked with
depolarizing step current injection for the cells shown in A [left, PC2, 0.2 nA (bottom) and 0.4 nA (top); right, FS cell, 0.6 nA (bottom)
and 0.8 nA (top)]. Calibration: vertical, 40 mV; horizontal, 200 ms. C, Left, Suprathreshold stimulation (10 Hz) of the FS cell (green
trace) resulted in IPSPs in both PC1 (red trace) and PC2 (blue trace). Right, Stimulation of the RC PC1 (10 Hz; red trace) produced
EPSPs in the FS cell (top; green trace). Stimulation of the nRC PC2 (blue trace) did not evoke EPSPs (bottom; green trace).
Calibration: vertical, PSPs, 0.5 mV; action potentials, 40 mV; horizontal, 100 ms.
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may reflect differences in the connection architecture of V1 ver-
sus ACx rather than the age of the animal.

We further investigated whether or not reciprocal connec-
tions occurred with greater probability than predicted if excita-
tory and inhibitory connections occur independently. When PE

Figure 1. The intrinsic and synaptic properties of fast spiking interneurons and pyramidal cells. A, A representative FS cell
(green) that was an RC pyramidal cell (PC1; red) and an nRC to another (PC2; blue). Scale bar, 50 !m. B, Responses evoked with
depolarizing step current injection for the cells shown in A [left, PC2, 0.2 nA (bottom) and 0.4 nA (top); right, FS cell, 0.6 nA (bottom)
and 0.8 nA (top)]. Calibration: vertical, 40 mV; horizontal, 200 ms. C, Left, Suprathreshold stimulation (10 Hz) of the FS cell (green
trace) resulted in IPSPs in both PC1 (red trace) and PC2 (blue trace). Right, Stimulation of the RC PC1 (10 Hz; red trace) produced
EPSPs in the FS cell (top; green trace). Stimulation of the nRC PC2 (blue trace) did not evoke EPSPs (bottom; green trace).
Calibration: vertical, PSPs, 0.5 mV; action potentials, 40 mV; horizontal, 100 ms.
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which could provide an essential excitatory driving force
for the generation of gamma activity [43].

Oscillations at theta frequency
Theta activity was originally thought to depend entirely
on inputs from the medial septum because inactivation of
this region abolished theta oscillations [44]. However, they
can be generated in hippocampal slices [45], indicating
that the intrinsic hippocampal circuitry can generate
these oscillations. The mechanisms that underlie the
generation of theta activity are not fully resolved but,
like gamma activity, theta activity is an inhibition-based
rhythm in that inhibitory interneurons are essential [21].

Theta activity is associated with activation of many
different subtypes of inhibitory interneurons [21].
Gamma-frequency and theta-frequency activity often
occur together, and during theta oscillations basket cells
also fire at gamma frequency, providing perisomatic
inhibition [20]. However, unlike gamma oscillations,

theta oscillations have their largest amplitude in distal
dendritic regions of pyramidal cells, and inhibition to
these regions is crucial for theta activity. One class of
interneuron of particular interest is that of the O–LM cells
[26]. These dendrite-targeting interneurons fire at theta
frequencies (Figure 2), a property related to their
expression of the hyperpolarization-activated mixed
cation current Ih [46]. Some interneuron subtypes fire at
theta frequencies when depolarized by direct current [46]
or when treated with agonists of ACh [47] or metabotropic
glutamate [48] receptors. Recently, the firing properties
of several morphologically different interneuron subtypes
during theta oscillations in vivo have been characterized
[49,50]. Firing of O–LM and bistratified cells coincided
with the strongest hyperpolarization in the distal den-
drites of pyramidal cells. By contrast, the basket cells
and axo-axonic cells fired when the gamma power was
highest and the pyramidal cell firing probability was
lowest.
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Alveus CA1
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(ii)
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Figure 2. The hippocampal microcircuit. (a) Major cell types and synaptic connections in hippocampal CA3 region. Excitatory neurons are in red, inhibitory neurons are in
blue, excitatory synapses are shown as V-shapes, inhibitory synapses are shown as circles, and electrical synapses are shown as a black zigzag. Dashed circles depict afferent
and efferent extracortical input. Inhibitory synapses onto pyramidal cells (PC) are displayed according to the target domains: axonal inhibition is provided by axo-axonic cells
(AAC), and somatic inhibition by basket cells (BC). Bistratified cells (BS), trilaminar cells (TC), and oriens–lacunosummoleculare cells (O–LM) target dendritic regions. Insets
showmorphological reconstructions of biocytin-filled O–LM (b) and trilaminar (c) cells in the stratum oriens (SO, str. or.). The soma and dendrites are in red and the axons are
in black. The horizontal dendritic branches are restricted to stratum oriens for both cell types. However, the O–LM cell axons cross the pyramidal cell layer and arborize in
stratum lacunosum moleculare (SLM, str. l.-m.). The axons of the trilaminar cell arborize in stratum oriens, stratum pyramidale (SP, str. pyr.) and stratum radiatum (SR, str.
rad) but do not extend into stratum lacunosummoleculare. Axon collaterals of the trilaminar neuron also extend into CA1 and reach the subiculum (not shown). Traces show
extracellular field (i) and concomitant current-clamp (ii) recordings following induction of gamma-frequency activity evoked by pressure ejection of kainate. During gamma-
frequency activity, O–LM cells fire intermittently at theta frequency, whereas trilaminar cells generate doublet action potentials on each cycle of the gamma activity.
Panels (b) and (c) modified from [33]. Additional abbreviations: CH, contralateral hemisphere; EC, entorhinal cortex; MF, mossy fibre.
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The intrinsic membrane properties of hippocampal
interneurons are important for determining their contri-
bution to different types of oscillatory activity. In addition
to the resonant properties of some interneurons when
firing at gamma frequencies discussed previously [31],
horizontal interneurons and pyramidal cells resonate at
theta frequencies. O–LM cells show regular spiking and
substantial accommodation, similar to pyramidal cells
[51]. These intrinsic oscillatory properties could have a
role in maintaining theta activity. By contrast, the fast-
spiking basket cells that are activated during gamma-
frequency activity [30,33] can fire at several hundred
hertz without accommodation. Expression of the Kv3
family of KC channels is important for this fast spiking
behaviour

In conclusion
Gamma and theta rhythms can be expressed at the same
time. Gamma activity depends on the interaction of fast-
spiking inhibitory neurons targeting the perisomatic

region of pyramidal cells. Some of the interneurons are
coupled through dendritic gap junctions that synchronize
their activity, and thereby also provide a synchronous
inhibition of the pyramidal cells. They become activated
on the rebound following the inhibition, and also provide
mutual inhibition to each other. Pyramidal cells resonate
at the slow theta frequency, and so do the inhibitory O–LM
cells that target the distal pyramidal dendrites. The
O–LM cells fire in the theta rhythm, which is related to
their specific cellular properties.

Neocortical microcircuit dynamics
The six-layered neocortical microcircuit (Figure 3)
resembles in many aspects that of the hippocampus
(Figure 2) but is more complex. It has several layers of
pyramidal neurons, which constitute 80–90% of the
cells in the neocortex. They excite each other, and also
various interneurons (Figure 3) that provide feedback
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proximal dendrites (double-bouquet, bitufted, bipolar and
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Figure 3. The neocorticalmicrocircuit –major cell types and synaptic connections. Excitatory neurons are in red, inhibitory neurons are in blue, excitatory synapses are shown
as V-shapes, inhibitory synapses are shown as circles, and electrical synapses are shown as a black zigzag. Dashed circles depict afferent and efferent extracortical brain
regions. Inhibitory synapses onto pyramidal neurons (PC) are displayed according to the target domains: axonal inhibition is provided by chandelier cells (CHC), somatic
inhibition by basket cells (BC), and dendritic inhibition by double-bouquet cells (DBC), bipolar cells (BP), neurogliaform cells (NGC), Martinotti cells (MC) and Cajal-Retzius
cells (CRC). PCs projecting to different brain areas reside in different layers: layer 5 is the main projection layer, with PCs projecting to subcortical regions such as the
brainstem (Bs), spinal cord (SC), superior colliculus, basal ganglia (BG) and thalamus (TH). Layer 6 PCs project mainly to the thalamus, and PCs in superficial layers project to
other cortical targets, such as neighbouring columns and the contralateral cortical hemisphere (CL). The representation of the different interneurons also changes across
layers [44], with NGCs and DBCs mainly located in superficial layers, andMCs dominating the deep layers. BCs of different types constitutew50% of interneurons in layers
2–6. Interneurons display diverse interlaminar targeting preferences: DBCs target dendrites that are typically located deeper than the soma, and MCsmainly target dendrites
in themore superficial layers. BCs, NGCs, BPs and CRCs innervate neuronsmainly within the same layer, although BC axons also spread laterally and innervate neurons from
neighbouring cortical columns. Additional abbreviations: SSC, spiny stellate cell; WM, white matter.
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target of VPM axons is layer 4, there is also a weaker inner-
vation of upper layer 6 (Figure 1C). The clear anatomical
maps segregating neighboring whisker representations
in this ‘‘lemniscal’’ pathway strongly suggest a labeled-
line single-whisker signaling pathway from the periphery
to the barrel cortex. However, there are two striking differ-
ences in the whisker-related sensory processing compar-
ing the periphery to the barrel cortex. First, whereas sen-
sory information in the trigeminal ganglion at the
periphery encodes whisker stimuli with remarkable reli-
ability (Jones et al., 2004; Arabzadeh et al., 2005), the neo-
cortex instead responds with enormous trial-to-trial vari-
ability to identical well-controlled stimuli (Petersen et al.,
2003b; Sachdev et al., 2004; Arabzadeh et al., 2005).
This variability is driven predominantly by interactions with
ongoing spontaneous cortical activity (Petersen et al.,
2003b; Sachdev et al., 2004). Second, the single-whisker
receptive fields found in the trigeminal ganglion contrast
with the broad receptive fields in the neocortex (Simons,
1978; Moore and Nelson, 1998; Zhu and Connors, 1999;
Brecht et al., 2003; Higley and Contreras, 2003). These
observations suggest that a primary function of the neo-
cortex is to generate associations of different sensory
inputs which are processed in a highly context-dependent
manner.

The increasing complexity of sensory processing in
higher brain areas is likely to be mediated, in part, through
interactions of parallel ascending pathways for processing

whisker-related information. Although the lemniscal path-
way is likely to be a major sensory pathway for whisker-re-
lated information, it is by no means the only one (Yu et al.,
2006). In addition to the synapses formed in the principal
trigeminal nucleus, the axons of the trigeminal sensory
neurons also provide excitatory input to spinal trigeminal
brainstem nuclei. The trigeminal spinal interpolaris nu-
cleus is also somatotopically organized into barrelettes
and responds well to whisker deflections. The interpolaris
nucleus can be subdivided into two anatomically and
functionally distinct regions (Furuta et al., 2006). The cau-
dal part forms the recently discovered ‘‘extralemniscal’’
pathway signaling through a ventrolateral strip of the
VPM to the secondary somatosensory cortex and the
‘‘septal’’ regions of S1 (Pierret et al., 2000). In the rat there
can be large gaps, called ‘‘septa,’’ between individual
layer four barrels, which have different microcircuits to
the barrel columns (Kim and Ebner, 1999). Although these
septal regions may play an important role in the rat whisker
sensorimotor system, they are not obvious in the mouse,
where neighboring barrels are tightly apposed to each
other. For the sake of simplicity and presenting a unified
view of the rat and mouse barrel cortex, the septal system
will not be further discussed in this review. The rostral part
of the interpolaris nucleus forms the beginning of the im-
portant ‘‘paralemniscal’’ pathway, projecting to the poste-
rior medial (POM) nucleus of the thalamus, which in turn
primarily innervates layer 1 and 5A of the primary

Figure 1. Synaptic Pathways for
Processing Whisker-Related Sensory
Information in the Rodent Barrel Cortex
(A) Deflection of a whisker evokes action po-
tentials in sensory neurons of the trigeminal
nerve, which release glutamate at a first syn-
apse in the brain stem (1). The brain stem neu-
rons send sensory information to the thalamus
(2), where a second glutamatergic synapse ex-
cites thalamocortical neurons projecting to the
primary somatosensory barrel cortex (3).
(B) The layout of whisker follicles (left, only C-
row whiskers shown) on the snout of the rodent
is highly conserved and is identical between
rats and mice. There are obvious anatomical
structures termed ‘‘barrels’’ in layer 4 of the pri-
mary somatosensory neocortex (right), which
are laid out in a near identical pattern to the
whiskers. The standard nomenclature for
both whiskers and barrels consists of the
rows A–E and the arcs 1, 2, 3, etc. The C2 whis-
ker follicle and the C2 barrel are highlighted in
yellow.
(C) There are at least two important parallel
thalamocortical pathways for signaling whis-
ker-related sensory information to the barrel
cortex. Neurons in the ventral posterior medial
(VPM) nucleus (labeled red, left) are glutama-

tergic and signal information relating primarily to deflections of a single whisker. The axons of VPM neurons terminate predominantly in individual
layer 4 barrels, with a minor innervation in upper layer 6 (right). Corticothalamic layer 6 neurons provide reciprocal feedback to the VPM (not shown).
Neurons of the posterior medial (POM) thalamic nucleus (labeled green, left) have broader receptive fields and are tightly regulated by state-depen-
dent control imposed by zona incerta and the cortex. The axons of POM neurons avoid the layer 4 barrels and target primarily layer 1 and 5A (right).
Corticothalamic neurons in layer 5 provide a strong input to POM (not shown).
(D) Neurons in the barrel cortex are reciprocally connected to other cortical areas through long-range glutamatergic corticocortical synapses. The
most important pathways connect the primary somatosensory (S1) barrel cortex with secondary somatosensory cortex (S2) and primary motor cortex
(M1) on the same hemisphere. Callosal projections are also present but less prominent.
(A) is modified and reproduced from Neuron, Knott et al. (2002), Copyright (2002), with kind permission from Cell Press, Elsevier.
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ulus frequency to !20 Hz led to a delayed recruitment of
powerful disynaptic IPSPs (Fig. 13B). The depressing dynam-
ics of both the excitatory inputs (Fig. 4) and the inhibitory
outputs of FS cells (Fig. 8) make them very poor candidates for
the type of facilitating inhibition illustrated in Fig. 13B. How-
ever the frequency and time dependence of this facilitating
inhibition closely resembled the characteristics of the facilitat-
ing excitatory synapses onto LTS interneurons (Fig. 13B; see
also Figs. 4 and 5), as well as the IPSPs generated by LTS cells
(Fig. 8). We conclude that LTS cells mediate a form of local
inhibition that is only engaged when local activity reaches high
frequencies for a few tens of milliseconds.

D I S C U S S I O N

One of the most salient features of neocortical architecture is
its wide variety of inhibitory interneurons (Peters and Jones
1984; Mountcastle 1998). The presence of so many types of
interneurons suggests that each type may have a specialized
role and that there are diverse functions of interneurons in the
cortex. Deducing the nature of these functions requires infor-
mation about the physiological properties of the interneurons
themselves and the synaptic circuitry they participate in. Here
we show that the synaptic dynamics of two common types of
inhibitory interneurons in layer 4 are dramatically different.
Both the inputs and outputs of FS cells are relatively strong and
reliable and display short-term depression. In contrast, synaptic
inputs and outputs of LTS cells tend to be weak and unreliable
at low frequencies, show relatively little short-term depression,
and often facilitate at high frequencies. Thus FS and LTS cells
differ sharply in the properties of their chemical synapses and
their intrinsic membrane properties (Gupta et al. 2000;
Kawaguchi 1995; Kawaguchi and Kubota 1997), and each
makes cell-type-specific electrical synapses (Gibson et al.
1999). These differences strongly imply that FS and LTS cells
serve distinctly different functions in layer 4.

Functional patterns of inhibitory circuitry in layer 4

By sampling paired combinations of RS, FS, and LTS neu-
rons, we were able to provide a functional anatomy of the
neural circuitry within layer 4 (Table 2). Figure 14 schematizes
this circuitry together with some connections observed in other
studies. Judging from their connection probabilities, both FS
and LTS cells seemed to be targeted monosynaptically by a
large percentage of their neighboring excitatory neurons. Input
from thalamocortical relay cells was more selective; it fre-
quently and strongly excited FS cells (Agmon and Connors
1991; Beierlein et al. 2002; Porter et al. 2001) but only rarely
and weakly excited LTS cells (Gibson et al. 1999). As stated in
the preceding text, we cannot quantify the connection proba-
bilities from thalamic axons because we used extracellular
stimulation. Nevertheless studies in the somatosensory barrel
cortex in vivo suggest that each FS cell receives monosynaptic
input from a majority of the relay cells in its corresponding
thalamic barreloid (Swadlow 2003; Swadlow and Gusev 2001;
Swadlow et al. 1998). LTS cells have not been studied in vivo
because there is no unambiguous way to distinguish their
action potentials extracellularly. In general, the data suggest
that individual FS cells are the frequent recipients of both
intrinsic and extrinsic sources of excitation. By contrast, LTS

interneurons appear to be more exclusively dedicated to the
neural activity of the local cortical circuit. It remains to be seen
how much input each interneuron receives from more distant
neocortical cells.
Both FS and LTS cells made frequent inhibitory synapses

onto local excitatory neurons (Fig. 14). Thus we can infer that
both cell types contribute to feedback inhibitory pathways onto
RS cells. In addition, FS cells also mediate a fast and strong
feedforward inhibitory pathway triggered by thalamic input.
The amplitude of FS-mediated IPSPs was, on average, twice
the size of the IPSPs mediated by LTS cells. This may reflect
differences in release probabilities to some extent (see follow-
ing text), but it is also consistent with different sites of termi-
nation on the postsynaptic cells. In other cortical areas and
layers, axons of FS cells project primarily to perisomatic areas
of postsynaptic pyramidal cells neurons, whereas LTS cells
have more terminations in distal dendritic regions than do FS
cells (Kawaguchi and Kubota 1997; Xiang et al. 1998). Thus
smaller amplitudes and slower rise times of LTS-evoked IPSPs
are consistent with the expected electrotonic attenuation of
more distal synaptic events (Xiang et al. 2002).
In this study, we focused on the inhibitory connections that

FS and LTS cells make onto excitatory RS neurons. However,
it is important to point out that inhibitory interneurons com-

FIG. 14. Two dynamically distinct systems of inhibition in layer 4. Black
pathways have synapses with relatively reliable transmission and short-term
depression. Gray pathways have synapses that are relatively unreliable initially
but generate short-term facilitation (LTS-to-RS connections range from facil-
itating to weakly depressing). Excitatory synapses are rectangular, inhibitory
synapses are round. Details are described in the text.
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M E T H O D S

Slice preparation and recording

Methods were similar to those used in previous studies
(Beierlein et al. 2000; Gibson et al. 1999). Thalamocortical
slices (350–400 !m) thick were prepared from Sprague-Daw-
ley rats aged P14–P21. Slices were incubated at 32°C for 1 h,
maintained in a holding chamber at room temperature until
transferred to the recording chamber, and then held at 32°C
during measurements. All recordings were done in layer 4 of
the barrel region of somatosensory cortex. The bathing solution
contained (in mM) 126 NaCl, 3 KCl, 1.25 NaH2PO4, 2 MgSO4,
26 NaHCO3, 10 dextrose, and 2 CaCl2, saturated with 95%
O2-5% CO2. Micropipettes of 5–12 M! were filled with (in
mM) 135 K-gluconate, 4 KCl, 2 NaCl, 10 HEPES, 0–0.2
EGTA, 4 ATP-Mg, 0.3 GTP-Tris, and 5–10 phosphocreatine-
Tris (pH 7.25, 290 mosM). Recordings were not corrected for
the liquid junction potential. During all recordings 50 !M
DL-2-amino-5-phosphopentanoic acid (AP5, Sigma) was
present in the bath. Some recordings of inhibitory postsynaptic
potentials (IPSPs) were done in the presence of AP5 and
6,7-dinitroquinoxaline-2,3-dione (DNQX; 20 !M, Sigma).
All recordings were made in current-clamp mode (Axopatch

1D, Axoclamp 2B or Axoprobe 1A), with IR-DIC visualization
using a Zeiss Axioskop and a CCD camera (Hamamatsu).
Where noted, synaptic responses were evoked with extracellu-
lar stimuli lasting 200 !s, typically with average amplitude of
"40 !A (range: 5–100 !A), applied through paired micro-
wires (FHC). For local cortical stimulation, electrodes were
placed within layers 2/3, "500 !m lateral from the recording
site. To evoke thalamocortical inputs, electrodes were placed
into the ventrobasal (VB) nucleus, near the border of the
thalamic reticular nucleus (TRN).

Data analysis

Recordings were filtered at 10 kHz, and acquired and ana-
lyzed using software written in Labview by J.R.G.

CELL TYPES. Cell types were categorized by their evoked
spike-firing pattern. Spike width was measured at half-ampli-
tude, and spike amplitude was measured from the point of
inflection on the rising phase. Spike frequency adaptation was
quantified as the ratio of the firing frequency at the beginning
(1st interspike interval) and the end (last interspike interval) of
a spike train evoked by depolarizing current steps of 600-ms
duration. The frequency of firing at the end of the smallest
current step that generated sustained firing was defined as the
“minimum steady-state firing frequency.”

SYNAPSES. Excitatory postsynaptic potentials (EPSPs) in in-
terneurons were measured from a holding potential of "62
mV. IPSPs in excitatory cells were evoked from a holding
potential of #55 mV. The measured reversal potential for
GABAA-mediated IPSPs was#73 mV. We found that changes
in driving force due to temporal summation of IPSPs did not
significantly contribute to changes in amplitude. For measure-
ments of EPSP and IPSP shape parameters, multiple trials of
postsynaptic recordings were averaged using the peak of the
presynaptic spike as a trigger. Amplitude measurements in
single trials were done using a fixed baseline-to-peak time
window obtained from the averaged response. Response am-

plitude variability was measured as the coefficient of variation
(CV). Noise-corrected values for the CV were computed as:
$Variancesignal # Variancenoise/meansignal. Noise was mea-
sured from the baseline just before the PSP onset by employing
the same fixed baseline-to-peak time window as for the re-
sponse. Response measurements that were smaller than 1.6 %
RMS (root mean square) of the noise were considered synaptic
failures (Markram et al. 1997). All data are expressed as
means & SD except as noted.

R E S U L T S

Whole cell recordings were obtained from somata of visu-
ally identified cells in layer 4. Among the 968 cells recorded,
960 (99%) could be reliably categorized into one of three
groups (Gibson et al. 1999), based on spike and afterpotential
shape and repetitive firing characteristics (Fig. 1A, Table 1).
RS cells always generated adapting trains of spikes, and each
spike had a relatively long half-width. FS cells fired at rates of
up to 300 Hz, had very high steady-state minimum firing
frequencies, and on average displayed no spike-frequency ad-

FIG. 1. Intrinsic firing pattern of 3 types of layer 4 neurons. A: depolarizing
current steps evoked low-frequency firing in regular-spiking (RS) and low-
threshold-spiking (LTS) cells at threshold, whereas fast-spiking (FS) neurons
displayed high minimum firing frequencies. Current steps at higher amplitudes
evoked spike-frequency adaptation in RS and LTS cells but not in FS cells. B:
close-up of the afterpotential waveforms following the 1st spikes at threshold
(A, top). Notice the monophasic afterhyperpolarization (AHP) in the FS cell,
whereas the LTS cell generated both fast and slow AHPs. C: spike-frequency
adaptation in the 3 cell types. Current step amplitudes were adjusted to evoke
an initial firing frequency of 100 Hz in all sampled cells. Data shown are
means & SD for each cell type (FS, n ' 36 cells; LTS, n ' 34; RS, n ' 25).
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close-up of the afterpotential waveforms following the 1st spikes at threshold
(A, top). Notice the monophasic afterhyperpolarization (AHP) in the FS cell,
whereas the LTS cell generated both fast and slow AHPs. C: spike-frequency
adaptation in the 3 cell types. Current step amplitudes were adjusted to evoke
an initial firing frequency of 100 Hz in all sampled cells. Data shown are
means & SD for each cell type (FS, n ' 36 cells; LTS, n ' 34; RS, n ' 25).

2988 M. BEIERLEIN, J. GIBSON, AND B. W. CONNORS

J Neurophysiol • VOL 90 • NOVEMBER 2003 • www.jn.org

intrinsic firing properties 
of layer 4 neurons

after-hyperpolarization 
(AHP)

 
spike-frequency adaptation

(SFA) 



Current Biology Vol 23 No 23
R1028

cells. In goldfish and mouse, this 
rod–cone coupling is controlled by a 
circadian clock. During the day, the 
retinal clock increases the release of 
dopamine from interplexiform cells 
to the extracellular space, which 
activates the D2-like dopamine 
receptor on rods and cones, and 

then reduces intracellular cAMP and 
PKA activity, leading to a reduction 
in the conductance of gap junctions 
between rods and cones. At night, 
by contrast, decreased dopamine 
levels allow the activation of PKA that 
increases the junction conductance 
of rod-cone electrical synapses. This 
retinal clock mechanism ensures the 
rod–cone pathway operates only at 
night; in bright light, signals from 
cones would otherwise leak through 
the gap junctions and saturate the 
responses of rods, compromising 
daylight acuity.

Well-regulated gap junctions play 
an important role in distributing 
information throughout the retina. 
Horizontal cells, which extend 
processes laterally in the outer layer, 
receive input from photoreceptors, 
and distribute their responses 
through electrical synapses to other 
horizontal cells. Thus, each horizontal 
cell has a much larger receptive 
field than the area covered by its 
dendritic arbor. Horizontal cells feed 
inhibition back to the surrounding 
photoreceptors and forward to 
bipolar cells, ensuring the center-
surround organization of responses 
in bipolar cells. The conductances 
of gap junctions joining horizontal 
cells are also regulated by luminance-
dependent extracellular dopamine 
and nitric oxide levels, which act 
through cAMP/PKA- and cGMP/PKG-
dependent intracellular mechanisms, 
respectively. The phosphorylation of 
connexins by PKA or PKG appears to 
decrease the junction conductance 
between horizontal cells. 
Interestingly, the extent of coupling is 
greatest at intermediate light intensity 
and decreases under both dark- and 
light-adapted conditions. When dark 
adapted, coupling among horizontal 
cells decreases, attenuating the 
surround signal, thus increasing 
sensitivity to light at the cost of 
contrast detection. In bright light, 
decreased coupling among horizontal 
cells enhances local contrast 
detection. 

Because the main rod pathway 
relies on AII amacrine cells, regulation 
of electrical coupling among these 
cells is critical for keeping the retinal 
circuit sensitive through a wide range 
of brightness. As in horizontal cells, 
the modulation of electrical coupling 
among AII amacrine cells is also 
triphasic. When dark-adapted, the 
array of AII amacrine cells becomes 

relatively decoupled and the main 
rod pathway becomes more sensitive 
to single photons by preventing its 
signals from dissipating through 
surrounding AII amacrine cells. 
As luminance increases, coupling 
among AII amacrine cells increases, 
leading to an improved signal-to-
noise ratio achieved by averaging 
inputs across the coupled amacrine 
cell population. When light adapted, 
AII amacrine cells are decoupled 
to a level comparable to the dark-
adapted condition, which decreases 
the extent of ‘crossover inhibition’, a 
mechanism allowing ON bipolar cells 
to inhibit OFF bipolar cells and OFF 
ganglion cells through AII amacrine 
cells, which impairs acuity. The 
strength of the gap junction coupling 
is modulated by dopamine released 
from a subtype of amacrine cells, 
which signals through the D1 receptor 
and a downstream cAMP-mediated 
PKA cascade. 

In other neurons the strength of an 
electrical synapse can be regulated 
by the activity of glutamatergic 
synapses. The activity-dependent 
regulation of gap junction 
conductance has been studied 
in the teleost auditory system, 
where afferent input makes mixed 
electrical and chemical synapses 
in each terminal (known as a club 
ending) onto Mauthner cells (Figure 
3A). Depending on the stimulus 
protocol, tetanic stimulation of 
the afferent input can lead to 
long-term potentiation, short-term 
potentiation, or long-term depression. 
After afferent nerves are stimulated 
with a brief burst of high frequency 
(500 Hz) stimulation, both electrical 
and chemical components of the 
postsynaptic potential become 
potentiated over both the short- and 
long-term. 

Another form of potentiation 
between club endings and the 
Mauthner cell has also been reported. 
Low frequency tetanizing stimulation 
of the presynaptic nerve induces the 
release of endocannabinoids from the 
lateral dendrites of the Mauthner cell, 
which in turn activates the release 
of dopamine from varicosities that 
surround the club endings. Local 
dopamine application has been shown 
to induce long-term potentiation 
of both chemical and electrical 
components of these synapses.

Interactions between glutamatergic 
synapses and electrical synapses 
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Figure 2. Electrical properties of gap junc-
tions. 
(A) Equivalent circuit and characteriza-
tion of the coupling coefficient (CC) of two 
neurons connected through gap junctions. 
Parallel circuits composed of the conduct-
ance (g1 and g2) and capacitance (Cm1 and 
Cm2) of two neurons are connected through 
a gap junction conductance (gj). CC can be 
measured in both directions. To character-
ize CC from cell1 to cell2 (CC12), a step cur-
rent is injected into cell1 and the resulting 
voltage deflections in cell1 (ΔV1) and cell2 
(ΔV2) are measured at their steady state. 
CC12 corresponds to the ratio of ΔV2 to ΔV1, 
which equals gj/(gj+g2). CC12 and CC21 are 
not necessarily equal because different cells 
have different membrane conductances. (B) 
Electrical synapses work as low-pass filters 
because membrane capacitance takes time 
to charge. To measure the filter properties 
of an electrical synapse, sinusoidal currents 
of different frequencies are injected into one 
cell and signal attenuation is measured in the 
other cell. Signal attenuation is normalized 
to measurements made for low frequency. A 
result of such filtering is that at some electri-
cal synapses, fast components in the presy-
naptic signal (red), such as spikes, are greatly 
attenuated in the postsynaptic signal (green), 
while slower components, such as the hy-
perpolarization that follows a spike, are less 
affected.

Cell 1 Cell 2

gap junctional coupling of inhibitory interneurons



weakly coupled oscillators (Kuramoto, 1984; Hansel et al., 1995;
Kopell and Ermentrout, 2002; Lewis and Rinzel, 2003; Pfeuty et
al., 2003), were then used to obtain insight into the observed
phase-locking patterns.

Materials and Methods
Slice preparation and recording. Tissue was obtained from three different
rodent strains: Sprague Dawley rats, FVB-TgN (Gad GFP) 45704 Swn
mice (The Jackson Laboratory, Bar Harbor, ME), and G42/C57BL/6
mice (Z. Josh Huang, Cold Spring Harbor Laboratory, Cold Spring Har-
bor, NY) ages postnatal days 13–16. FVB-TgN (Gad GFP) 45704 Swn
mice express green fluorescent protein (GFP) in somatostatin-expressing
cells and were used to aid in the visualization of somatostatin-expressing
LTS cells. G42/C57BL/6 mice express GFP in parvalbumin-positive cells
and were used to aid in the visualization of parvalbumin-expressing FS
cells. Thalamocortical slices (Agmon and Connors, 1991) 350 – 400 !m
thick were prepared in ice-cold artificial CSF (ACSF). Slices were imme-
diately transferred to 32°C ACSF for 1 h. Slices were then transferred to
room temperature and kept at that temperature in the recording cham-
ber (22.7 ! 1.4°C). ACSF was saturated with 95% O2/5% CO2 and was
composed of the following (in mM): 126 NaCl, 3 KCl, 1.25 NaH2PO4, 2
MgSO4, 26 NaHCO3, 10 dextrose, and 2 CaCl2.

Patch pipettes were made from 1.5 mm glass (Sutter Instruments,
Novato, CA) and filled with the following (in mM): 130 K-gluconate, 4
KCl, 2 NaCl, 10 HEPES, 10 sucrose, 0.2 EGTA, 4 ATP-Mg, 0.3 GTP-Tris,
and 14 phosphocreatine-Tris (pH adjusted to 7.25 with 1 M KOH and
osmolarity to 295 mOsm). Whole-cell patch recordings were obtained
under infrared-differential interference contrast (IR-DIC) using a Nikon
(Tokyo, Japan) E600-FN microscope. Current-clamp recordings were
obtained using Axoclamp 2B amplifiers (Molecular Devices, Palo Alto,
CA). Data were collected and analyzed using programs written in Lab-
VIEW 5.0 (National Instruments, Austin, TX).

Dual whole-cell recordings from pairs of interneurons of rat and
mouse barrel cortex were obtained by either selecting cells under IR-DIC
with large vertically oriented somata (Amitai et al., 2002) or selecting
fluorescent cells from GFP-expressing mice.

AMPA/kainate and NMDA receptors were blocked with either 2.4 mM

kynurenic acid or a combination of 50 !M D-2-amino-5-
phosphonovaleric acid and 20 !M 6,7-dinitroquinoxaline-2,3-dione.
The presence of inhibitory synaptic connections was checked by depo-
larizing the postsynaptic cell while evoking action potentials in the pre-
synaptic cell. When IPSPs were observed, GABAA-mediated inhibition
was blocked by adding 50 !M picrotoxin. Drugs were obtained from
Sigma (St. Louis, MO) and bath applied to the slices.

Coupling coefficient, cs. The strength of electrical coupling between
pairs of neurons was quantified using a coupling coefficient (cs) (Bennett,
1977). cs was calculated by injecting a hyperpolarizing current step into
cell 1 ("500 pA, 10 trials) and dividing the amplitude of the steady-state
voltage deflection produced in cell 2, #V2, by the amplitude of the steady-
state voltage deflection in cell 1, #V1, i.e., cs $ #V2/#V1 (Fig. 1) (Gibson
et al., 1999).

Electrical coupling using dynamic clamp. Three pairs of interneurons
with weak or no electrical connections were artificially coupled with
either analog- or software-based dynamic clamp (Sharp et al., 1993; Dor-
val et al., 2001; Pinto et al., 2001). Coupling was modeled as an ohmic
conductance, i.e., the coupling current injected into cell j was Icoup,jk $
gcoup(Vk " Vj), j,k $ 1,2; j % k, where Vj is the membrane potential of the
jth cell.

Stimulus protocols: ramps and steps. A firing frequency versus injected
current ( f–I ) plot was constructed for every cell using intracellular cur-
rent steps. Current steps started at "400 pA and were incremented in 50
pA steps toward more depolarizing levels until near-saturation of the
firing frequency. Each step lasted 600 ms.

The f–I plots were used to construct current ramps and current steps
intended to drive both cells of a simultaneously recorded cell pair
through a matched range of firing frequencies. Current ramps drove both
cells continuously through a range of frequencies. Current steps were
used to examine interactions between the cells at different steady-state
frequencies.

Current ramps started at a level below firing threshold to examine the
widest possible range of frequencies. Each ramp lasted a total of 15 s.
Current steps lasted 1 s each and were presented with a 5 or 10 s interstep
interval. To avoid biasing the phase locking of pairs toward synchrony,
the onsets of the steps presented to the two cells were offset by 6 ms.

Stimulus protocols: experimentally determined PRCs. A small-
amplitude, brief current stimulus delivered at a particular time in the
firing cycle of a cell shifts the phase of the firing time of the cell (Reyes and
Fetz, 1993a; Mattei and Schmied, 2002; Galán et al., 2005; Gutkin et al.,
2005). Measuring these phase shifts, #", attributable to stimuli presented
at many (or theoretically all) different times, t, and normalizing by the
amplitude, Istim, and duration, #t, gives the PRC:

Z&t' #
#" &t'

Istim#t
, t ! &0,T', (1)

where T is the natural firing period of the cell when unperturbed.
PRCs for FS and LTS cells recorded in vitro were constructed by using

either 400 or 500 ms current steps to evoke repetitive firing at a fixed
frequency. During this activity, a 2 ms, depolarizing current pulse was
used to perturb the cell. The amplitude of the pulse was adjusted to
produce a (2 mV deflection in the membrane potential when cells were
at rest (Reyes and Fetz, 1993a). This was repeated in 100 –150 trials for
each neuron. To vary the timing (phase) at which the pulse was delivered,
we used the natural variability in spike timing (i.e., jitter) during repeti-
tive firing (for values of the variance in interspike intervals as a function
of firing rate, see supplemental Fig. 1, available at www.jneurosci.org as
supplemental material). The phase change produced by the pulse was
calculated by the time difference between the interspike interval (ISI) of
the two spikes immediately preceding the pulse and the ISI of the two
spikes surrounding the pulse. The phase change, #", was divided by the
duration and amplitude of the stimulus and plotted against the phase of
the stimulus t (i.e., the time difference between the pulse and the preced-
ing spike) to obtain the PRC Z(t). For each PRC, the median period of the
oscillations T was found, and the membrane potential for a cycle of
period T was obtained [V0(t)]. Data in each PRC were binned using 1 or
2 ms bins, and the mean value of the data in each bin was computed. A
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Figure 1. Whole-cell current-clamp recordings of FS cells (left) and LTS cells (right), in layer
IV of somatosensory cortex, showing their typical membrane voltage responses to current steps.
A, Response of cells to suprathreshold current injections. B, Responses of electrically coupled pairs of
cells to suprathreshold and hyperpolarizing currents steps injected into cell 1. The bottom set of traces
show the voltage responses attributable to coupling in the second cell (cell 2).

Mancilla et al. • Synchronization of Coupled Interneurons J. Neurosci., February 21, 2007 • 27(8):2058 –2073 • 2059

weakly coupled oscillators (Kuramoto, 1984; Hansel et al., 1995;
Kopell and Ermentrout, 2002; Lewis and Rinzel, 2003; Pfeuty et
al., 2003), were then used to obtain insight into the observed
phase-locking patterns.

Materials and Methods
Slice preparation and recording. Tissue was obtained from three different
rodent strains: Sprague Dawley rats, FVB-TgN (Gad GFP) 45704 Swn
mice (The Jackson Laboratory, Bar Harbor, ME), and G42/C57BL/6
mice (Z. Josh Huang, Cold Spring Harbor Laboratory, Cold Spring Har-
bor, NY) ages postnatal days 13–16. FVB-TgN (Gad GFP) 45704 Swn
mice express green fluorescent protein (GFP) in somatostatin-expressing
cells and were used to aid in the visualization of somatostatin-expressing
LTS cells. G42/C57BL/6 mice express GFP in parvalbumin-positive cells
and were used to aid in the visualization of parvalbumin-expressing FS
cells. Thalamocortical slices (Agmon and Connors, 1991) 350 – 400 !m
thick were prepared in ice-cold artificial CSF (ACSF). Slices were imme-
diately transferred to 32°C ACSF for 1 h. Slices were then transferred to
room temperature and kept at that temperature in the recording cham-
ber (22.7 ! 1.4°C). ACSF was saturated with 95% O2/5% CO2 and was
composed of the following (in mM): 126 NaCl, 3 KCl, 1.25 NaH2PO4, 2
MgSO4, 26 NaHCO3, 10 dextrose, and 2 CaCl2.

Patch pipettes were made from 1.5 mm glass (Sutter Instruments,
Novato, CA) and filled with the following (in mM): 130 K-gluconate, 4
KCl, 2 NaCl, 10 HEPES, 10 sucrose, 0.2 EGTA, 4 ATP-Mg, 0.3 GTP-Tris,
and 14 phosphocreatine-Tris (pH adjusted to 7.25 with 1 M KOH and
osmolarity to 295 mOsm). Whole-cell patch recordings were obtained
under infrared-differential interference contrast (IR-DIC) using a Nikon
(Tokyo, Japan) E600-FN microscope. Current-clamp recordings were
obtained using Axoclamp 2B amplifiers (Molecular Devices, Palo Alto,
CA). Data were collected and analyzed using programs written in Lab-
VIEW 5.0 (National Instruments, Austin, TX).

Dual whole-cell recordings from pairs of interneurons of rat and
mouse barrel cortex were obtained by either selecting cells under IR-DIC
with large vertically oriented somata (Amitai et al., 2002) or selecting
fluorescent cells from GFP-expressing mice.

AMPA/kainate and NMDA receptors were blocked with either 2.4 mM

kynurenic acid or a combination of 50 !M D-2-amino-5-
phosphonovaleric acid and 20 !M 6,7-dinitroquinoxaline-2,3-dione.
The presence of inhibitory synaptic connections was checked by depo-
larizing the postsynaptic cell while evoking action potentials in the pre-
synaptic cell. When IPSPs were observed, GABAA-mediated inhibition
was blocked by adding 50 !M picrotoxin. Drugs were obtained from
Sigma (St. Louis, MO) and bath applied to the slices.

Coupling coefficient, cs. The strength of electrical coupling between
pairs of neurons was quantified using a coupling coefficient (cs) (Bennett,
1977). cs was calculated by injecting a hyperpolarizing current step into
cell 1 ("500 pA, 10 trials) and dividing the amplitude of the steady-state
voltage deflection produced in cell 2, #V2, by the amplitude of the steady-
state voltage deflection in cell 1, #V1, i.e., cs $ #V2/#V1 (Fig. 1) (Gibson
et al., 1999).

Electrical coupling using dynamic clamp. Three pairs of interneurons
with weak or no electrical connections were artificially coupled with
either analog- or software-based dynamic clamp (Sharp et al., 1993; Dor-
val et al., 2001; Pinto et al., 2001). Coupling was modeled as an ohmic
conductance, i.e., the coupling current injected into cell j was Icoup,jk $
gcoup(Vk " Vj), j,k $ 1,2; j % k, where Vj is the membrane potential of the
jth cell.

Stimulus protocols: ramps and steps. A firing frequency versus injected
current ( f–I ) plot was constructed for every cell using intracellular cur-
rent steps. Current steps started at "400 pA and were incremented in 50
pA steps toward more depolarizing levels until near-saturation of the
firing frequency. Each step lasted 600 ms.

The f–I plots were used to construct current ramps and current steps
intended to drive both cells of a simultaneously recorded cell pair
through a matched range of firing frequencies. Current ramps drove both
cells continuously through a range of frequencies. Current steps were
used to examine interactions between the cells at different steady-state
frequencies.

Current ramps started at a level below firing threshold to examine the
widest possible range of frequencies. Each ramp lasted a total of 15 s.
Current steps lasted 1 s each and were presented with a 5 or 10 s interstep
interval. To avoid biasing the phase locking of pairs toward synchrony,
the onsets of the steps presented to the two cells were offset by 6 ms.

Stimulus protocols: experimentally determined PRCs. A small-
amplitude, brief current stimulus delivered at a particular time in the
firing cycle of a cell shifts the phase of the firing time of the cell (Reyes and
Fetz, 1993a; Mattei and Schmied, 2002; Galán et al., 2005; Gutkin et al.,
2005). Measuring these phase shifts, #", attributable to stimuli presented
at many (or theoretically all) different times, t, and normalizing by the
amplitude, Istim, and duration, #t, gives the PRC:

Z&t' #
#" &t'

Istim#t
, t ! &0,T', (1)

where T is the natural firing period of the cell when unperturbed.
PRCs for FS and LTS cells recorded in vitro were constructed by using

either 400 or 500 ms current steps to evoke repetitive firing at a fixed
frequency. During this activity, a 2 ms, depolarizing current pulse was
used to perturb the cell. The amplitude of the pulse was adjusted to
produce a (2 mV deflection in the membrane potential when cells were
at rest (Reyes and Fetz, 1993a). This was repeated in 100 –150 trials for
each neuron. To vary the timing (phase) at which the pulse was delivered,
we used the natural variability in spike timing (i.e., jitter) during repeti-
tive firing (for values of the variance in interspike intervals as a function
of firing rate, see supplemental Fig. 1, available at www.jneurosci.org as
supplemental material). The phase change produced by the pulse was
calculated by the time difference between the interspike interval (ISI) of
the two spikes immediately preceding the pulse and the ISI of the two
spikes surrounding the pulse. The phase change, #", was divided by the
duration and amplitude of the stimulus and plotted against the phase of
the stimulus t (i.e., the time difference between the pulse and the preced-
ing spike) to obtain the PRC Z(t). For each PRC, the median period of the
oscillations T was found, and the membrane potential for a cycle of
period T was obtained [V0(t)]. Data in each PRC were binned using 1 or
2 ms bins, and the mean value of the data in each bin was computed. A
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Figure 1. Whole-cell current-clamp recordings of FS cells (left) and LTS cells (right), in layer
IV of somatosensory cortex, showing their typical membrane voltage responses to current steps.
A, Response of cells to suprathreshold current injections. B, Responses of electrically coupled pairs of
cells to suprathreshold and hyperpolarizing currents steps injected into cell 1. The bottom set of traces
show the voltage responses attributable to coupling in the second cell (cell 2).
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cells. In goldfish and mouse, this 
rod–cone coupling is controlled by a 
circadian clock. During the day, the 
retinal clock increases the release of 
dopamine from interplexiform cells 
to the extracellular space, which 
activates the D2-like dopamine 
receptor on rods and cones, and 

then reduces intracellular cAMP and 
PKA activity, leading to a reduction 
in the conductance of gap junctions 
between rods and cones. At night, 
by contrast, decreased dopamine 
levels allow the activation of PKA that 
increases the junction conductance 
of rod-cone electrical synapses. This 
retinal clock mechanism ensures the 
rod–cone pathway operates only at 
night; in bright light, signals from 
cones would otherwise leak through 
the gap junctions and saturate the 
responses of rods, compromising 
daylight acuity.

Well-regulated gap junctions play 
an important role in distributing 
information throughout the retina. 
Horizontal cells, which extend 
processes laterally in the outer layer, 
receive input from photoreceptors, 
and distribute their responses 
through electrical synapses to other 
horizontal cells. Thus, each horizontal 
cell has a much larger receptive 
field than the area covered by its 
dendritic arbor. Horizontal cells feed 
inhibition back to the surrounding 
photoreceptors and forward to 
bipolar cells, ensuring the center-
surround organization of responses 
in bipolar cells. The conductances 
of gap junctions joining horizontal 
cells are also regulated by luminance-
dependent extracellular dopamine 
and nitric oxide levels, which act 
through cAMP/PKA- and cGMP/PKG-
dependent intracellular mechanisms, 
respectively. The phosphorylation of 
connexins by PKA or PKG appears to 
decrease the junction conductance 
between horizontal cells. 
Interestingly, the extent of coupling is 
greatest at intermediate light intensity 
and decreases under both dark- and 
light-adapted conditions. When dark 
adapted, coupling among horizontal 
cells decreases, attenuating the 
surround signal, thus increasing 
sensitivity to light at the cost of 
contrast detection. In bright light, 
decreased coupling among horizontal 
cells enhances local contrast 
detection. 

Because the main rod pathway 
relies on AII amacrine cells, regulation 
of electrical coupling among these 
cells is critical for keeping the retinal 
circuit sensitive through a wide range 
of brightness. As in horizontal cells, 
the modulation of electrical coupling 
among AII amacrine cells is also 
triphasic. When dark-adapted, the 
array of AII amacrine cells becomes 

relatively decoupled and the main 
rod pathway becomes more sensitive 
to single photons by preventing its 
signals from dissipating through 
surrounding AII amacrine cells. 
As luminance increases, coupling 
among AII amacrine cells increases, 
leading to an improved signal-to-
noise ratio achieved by averaging 
inputs across the coupled amacrine 
cell population. When light adapted, 
AII amacrine cells are decoupled 
to a level comparable to the dark-
adapted condition, which decreases 
the extent of ‘crossover inhibition’, a 
mechanism allowing ON bipolar cells 
to inhibit OFF bipolar cells and OFF 
ganglion cells through AII amacrine 
cells, which impairs acuity. The 
strength of the gap junction coupling 
is modulated by dopamine released 
from a subtype of amacrine cells, 
which signals through the D1 receptor 
and a downstream cAMP-mediated 
PKA cascade. 

In other neurons the strength of an 
electrical synapse can be regulated 
by the activity of glutamatergic 
synapses. The activity-dependent 
regulation of gap junction 
conductance has been studied 
in the teleost auditory system, 
where afferent input makes mixed 
electrical and chemical synapses 
in each terminal (known as a club 
ending) onto Mauthner cells (Figure 
3A). Depending on the stimulus 
protocol, tetanic stimulation of 
the afferent input can lead to 
long-term potentiation, short-term 
potentiation, or long-term depression. 
After afferent nerves are stimulated 
with a brief burst of high frequency 
(500 Hz) stimulation, both electrical 
and chemical components of the 
postsynaptic potential become 
potentiated over both the short- and 
long-term. 

Another form of potentiation 
between club endings and the 
Mauthner cell has also been reported. 
Low frequency tetanizing stimulation 
of the presynaptic nerve induces the 
release of endocannabinoids from the 
lateral dendrites of the Mauthner cell, 
which in turn activates the release 
of dopamine from varicosities that 
surround the club endings. Local 
dopamine application has been shown 
to induce long-term potentiation 
of both chemical and electrical 
components of these synapses.

Interactions between glutamatergic 
synapses and electrical synapses 
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Figure 2. Electrical properties of gap junc-
tions. 
(A) Equivalent circuit and characteriza-
tion of the coupling coefficient (CC) of two 
neurons connected through gap junctions. 
Parallel circuits composed of the conduct-
ance (g1 and g2) and capacitance (Cm1 and 
Cm2) of two neurons are connected through 
a gap junction conductance (gj). CC can be 
measured in both directions. To character-
ize CC from cell1 to cell2 (CC12), a step cur-
rent is injected into cell1 and the resulting 
voltage deflections in cell1 (ΔV1) and cell2 
(ΔV2) are measured at their steady state. 
CC12 corresponds to the ratio of ΔV2 to ΔV1, 
which equals gj/(gj+g2). CC12 and CC21 are 
not necessarily equal because different cells 
have different membrane conductances. (B) 
Electrical synapses work as low-pass filters 
because membrane capacitance takes time 
to charge. To measure the filter properties 
of an electrical synapse, sinusoidal currents 
of different frequencies are injected into one 
cell and signal attenuation is measured in the 
other cell. Signal attenuation is normalized 
to measurements made for low frequency. A 
result of such filtering is that at some electri-
cal synapses, fast components in the presy-
naptic signal (red), such as spikes, are greatly 
attenuated in the postsynaptic signal (green), 
while slower components, such as the hy-
perpolarization that follows a spike, are less 
affected.



EPSPs onto FS cells are likely to be mediated by multiple

synaptic contacts (Angulo et al. 1999; Buhl et al. 1997). To test

this hypothesis, we stimulated synapses with paired pulses

separated by a 25-ms interstimulus interval and compared the

amplitude distributions of EPSP1 and EPSP2. Assuming a

connection with only one release site, depression would be

expressed solely as an increase in failure rate with no signifi-
cant change in the amplitude distribution. However, for all
connections examined, the average amplitude of the first EPSP,
excluding failures, was significantly larger than the amplitude
of the second EPSP (mean EPSP1/EPSP2 ! 1.7 " 0.4, P #
0.001, paired t-test, n ! 11), suggesting that the majority of
connections consisted of multiple release sites. Across individ-
ual trials, there was no significant correlation between the
amplitude of EPSP2 and EPSP1 for any of the synapses tested

(n ! 7, data not shown), suggesting that paired-pulse depres-
sion did not depend on previous release (Xiang et al. 2002).

Properties of IPSPs depend on presynaptic cell type

FS and LTS cells have distinct anatomical and biochemical
phenotypes (Gibson et al. 1999; Gupta et al. 2000; Reyes et al.

TABLE 3. Properties of EPSPs evoked by RS cells onto three postsynaptic targets

RS FS LTS

Amplitude, mV* 1.1 " 1.1 2.2 " 2.2 0.3 " 0.5
Range, mV 0.2–4.1 (11) 0.2–10.1 (61) 0.02–1.9 (24)

Rise time, ms† (20–80% amplitude) 0.88 " 0.26 (11) 0.37 " 0.11 (61) 0.86" 0.48 (8)
Half-width, ms† 12.3 " 2.2 (11) 4.9 " 1.9 (61) 8.9 " 2.9 (19)
Failure rate* 0.11" 0.18 (11) 0.03 " 0.08 (61) 0.57" 0.35 (23)
CV of EPSP* 0.30" 0.19 (11) 0.27 " 0.13 (24) 1.04" 0.54 (18)

All data are means " SD with the numbers of tested cell pairs in parentheses. EPSP, excitatory postsynaptic potential. Significance: (*) FS vs. LTS, RS vs.
LTS, (†) FS vs. LTS, FS vs. RS. P # 0.001, ANOVA on ranks, pairwise multiple comparison.

FIG. 4. EPSPs recorded from FS and LTS cells have distinctive short-term
dynamics. A: EPSPs (averaged) recorded from FS and LTS neurons, evoked by
stimulation of presynaptic RS cells (8 spikes at 40 Hz). B: summary data
(means " SE) of EPSPs from FS cells (24 pairs) and LTS cells (18 pairs)
evoked by 10- and 40-Hz trains in RS cells. Data are normalized to 1st
response in each train. FS (left): ratio of average amplitudes of EPSP7–8 to
EPSP1 ! 0.50 for 10 Hz, 0.42 for 40 Hz. LTS (right): ratio of average
amplitudes of EPSP7–8 to EPSP1 ! 1.9 for 10 Hz, 10.9 for 40 Hz.

FIG. 5. Frequency-dependent short-term behavior of RS-LTS synapses. A:
trains of 40 action potentials at frequencies between 10 and 60 Hz evoked
facilitating EPSPs. B: facilitating excitatory synapses onto LTS cells display
asynchronous release: top: 4 superimposed trials of spontaneous activity in an
LTS cell, with expanded traces below. Bottom: EPSPs evoked by 8 stimuli at
40 Hz. Notice period of asynchronous release during and after evoked response
(bottom expanded traces).
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EPSPs onto FS cells are likely to be mediated by multiple

synaptic contacts (Angulo et al. 1999; Buhl et al. 1997). To test

this hypothesis, we stimulated synapses with paired pulses

separated by a 25-ms interstimulus interval and compared the

amplitude distributions of EPSP1 and EPSP2. Assuming a

connection with only one release site, depression would be

expressed solely as an increase in failure rate with no signifi-
cant change in the amplitude distribution. However, for all
connections examined, the average amplitude of the first EPSP,
excluding failures, was significantly larger than the amplitude
of the second EPSP (mean EPSP1/EPSP2 ! 1.7 " 0.4, P #
0.001, paired t-test, n ! 11), suggesting that the majority of
connections consisted of multiple release sites. Across individ-
ual trials, there was no significant correlation between the
amplitude of EPSP2 and EPSP1 for any of the synapses tested

(n ! 7, data not shown), suggesting that paired-pulse depres-
sion did not depend on previous release (Xiang et al. 2002).

Properties of IPSPs depend on presynaptic cell type

FS and LTS cells have distinct anatomical and biochemical
phenotypes (Gibson et al. 1999; Gupta et al. 2000; Reyes et al.

TABLE 3. Properties of EPSPs evoked by RS cells onto three postsynaptic targets

RS FS LTS

Amplitude, mV* 1.1 " 1.1 2.2 " 2.2 0.3 " 0.5
Range, mV 0.2–4.1 (11) 0.2–10.1 (61) 0.02–1.9 (24)

Rise time, ms† (20–80% amplitude) 0.88" 0.26 (11) 0.37 " 0.11 (61) 0.86" 0.48 (8)
Half-width, ms† 12.3 " 2.2 (11) 4.9 " 1.9 (61) 8.9 " 2.9 (19)
Failure rate* 0.11" 0.18 (11) 0.03 " 0.08 (61) 0.57" 0.35 (23)
CV of EPSP* 0.30" 0.19 (11) 0.27 " 0.13 (24) 1.04" 0.54 (18)

All data are means " SD with the numbers of tested cell pairs in parentheses. EPSP, excitatory postsynaptic potential. Significance: (*) FS vs. LTS, RS vs.
LTS, (†) FS vs. LTS, FS vs. RS. P # 0.001, ANOVA on ranks, pairwise multiple comparison.

FIG. 4. EPSPs recorded from FS and LTS cells have distinctive short-term
dynamics. A: EPSPs (averaged) recorded from FS and LTS neurons, evoked by
stimulation of presynaptic RS cells (8 spikes at 40 Hz). B: summary data
(means " SE) of EPSPs from FS cells (24 pairs) and LTS cells (18 pairs)
evoked by 10- and 40-Hz trains in RS cells. Data are normalized to 1st
response in each train. FS (left): ratio of average amplitudes of EPSP7–8 to
EPSP1 ! 0.50 for 10 Hz, 0.42 for 40 Hz. LTS (right): ratio of average
amplitudes of EPSP7–8 to EPSP1 ! 1.9 for 10 Hz, 10.9 for 40 Hz.

FIG. 5. Frequency-dependent short-term behavior of RS-LTS synapses. A:
trains of 40 action potentials at frequencies between 10 and 60 Hz evoked
facilitating EPSPs. B: facilitating excitatory synapses onto LTS cells display
asynchronous release: top: 4 superimposed trials of spontaneous activity in an
LTS cell, with expanded traces below. Bottom: EPSPs evoked by 8 stimuli at
40 Hz. Notice period of asynchronous release during and after evoked response
(bottom expanded traces).
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EPSPs onto FS cells are likely to be mediated by multiple

synaptic contacts (Angulo et al. 1999; Buhl et al. 1997). To test

this hypothesis, we stimulated synapses with paired pulses

separated by a 25-ms interstimulus interval and compared the

amplitude distributions of EPSP1 and EPSP2. Assuming a

connection with only one release site, depression would be

expressed solely as an increase in failure rate with no signifi-
cant change in the amplitude distribution. However, for all
connections examined, the average amplitude of the first EPSP,
excluding failures, was significantly larger than the amplitude
of the second EPSP (mean EPSP1/EPSP2 ! 1.7 " 0.4, P #
0.001, paired t-test, n ! 11), suggesting that the majority of
connections consisted of multiple release sites. Across individ-
ual trials, there was no significant correlation between the
amplitude of EPSP2 and EPSP1 for any of the synapses tested

(n ! 7, data not shown), suggesting that paired-pulse depres-
sion did not depend on previous release (Xiang et al. 2002).

Properties of IPSPs depend on presynaptic cell type

FS and LTS cells have distinct anatomical and biochemical
phenotypes (Gibson et al. 1999; Gupta et al. 2000; Reyes et al.

TABLE 3. Properties of EPSPs evoked by RS cells onto three postsynaptic targets

RS FS LTS

Amplitude, mV* 1.1 " 1.1 2.2 " 2.2 0.3 " 0.5
Range, mV 0.2–4.1 (11) 0.2–10.1 (61) 0.02–1.9 (24)

Rise time, ms† (20–80% amplitude) 0.88" 0.26 (11) 0.37 " 0.11 (61) 0.86" 0.48 (8)
Half-width, ms† 12.3 " 2.2 (11) 4.9 " 1.9 (61) 8.9 " 2.9 (19)
Failure rate* 0.11 " 0.18 (11) 0.03 " 0.08 (61) 0.57" 0.35 (23)
CV of EPSP* 0.30 " 0.19 (11) 0.27 " 0.13 (24) 1.04" 0.54 (18)

All data are means " SD with the numbers of tested cell pairs in parentheses. EPSP, excitatory postsynaptic potential. Significance: (*) FS vs. LTS, RS vs.
LTS, (†) FS vs. LTS, FS vs. RS. P # 0.001, ANOVA on ranks, pairwise multiple comparison.

FIG. 4. EPSPs recorded from FS and LTS cells have distinctive short-term
dynamics. A: EPSPs (averaged) recorded from FS and LTS neurons, evoked by
stimulation of presynaptic RS cells (8 spikes at 40 Hz). B: summary data
(means " SE) of EPSPs from FS cells (24 pairs) and LTS cells (18 pairs)
evoked by 10- and 40-Hz trains in RS cells. Data are normalized to 1st
response in each train. FS (left): ratio of average amplitudes of EPSP7–8 to
EPSP1 ! 0.50 for 10 Hz, 0.42 for 40 Hz. LTS (right): ratio of average
amplitudes of EPSP7–8 to EPSP1 ! 1.9 for 10 Hz, 10.9 for 40 Hz.

FIG. 5. Frequency-dependent short-term behavior of RS-LTS synapses. A:
trains of 40 action potentials at frequencies between 10 and 60 Hz evoked
facilitating EPSPs. B: facilitating excitatory synapses onto LTS cells display
asynchronous release: top: 4 superimposed trials of spontaneous activity in an
LTS cell, with expanded traces below. Bottom: EPSPs evoked by 8 stimuli at
40 Hz. Notice period of asynchronous release during and after evoked response
(bottom expanded traces).
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LTS, (†) FS vs. LTS, FS vs. RS. P # 0.001, ANOVA on ranks, pairwise multiple comparison.

FIG. 4. EPSPs recorded from FS and LTS cells have distinctive short-term
dynamics. A: EPSPs (averaged) recorded from FS and LTS neurons, evoked by
stimulation of presynaptic RS cells (8 spikes at 40 Hz). B: summary data
(means " SE) of EPSPs from FS cells (24 pairs) and LTS cells (18 pairs)
evoked by 10- and 40-Hz trains in RS cells. Data are normalized to 1st
response in each train. FS (left): ratio of average amplitudes of EPSP7–8 to
EPSP1 ! 0.50 for 10 Hz, 0.42 for 40 Hz. LTS (right): ratio of average
amplitudes of EPSP7–8 to EPSP1 ! 1.9 for 10 Hz, 10.9 for 40 Hz.

FIG. 5. Frequency-dependent short-term behavior of RS-LTS synapses. A:
trains of 40 action potentials at frequencies between 10 and 60 Hz evoked
facilitating EPSPs. B: facilitating excitatory synapses onto LTS cells display
asynchronous release: top: 4 superimposed trials of spontaneous activity in an
LTS cell, with expanded traces below. Bottom: EPSPs evoked by 8 stimuli at
40 Hz. Notice period of asynchronous release during and after evoked response
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ulus frequency to !20 Hz led to a delayed recruitment of
powerful disynaptic IPSPs (Fig. 13B). The depressing dynam-
ics of both the excitatory inputs (Fig. 4) and the inhibitory
outputs of FS cells (Fig. 8) make them very poor candidates for
the type of facilitating inhibition illustrated in Fig. 13B. How-
ever the frequency and time dependence of this facilitating
inhibition closely resembled the characteristics of the facilitat-
ing excitatory synapses onto LTS interneurons (Fig. 13B; see
also Figs. 4 and 5), as well as the IPSPs generated by LTS cells
(Fig. 8). We conclude that LTS cells mediate a form of local
inhibition that is only engaged when local activity reaches high
frequencies for a few tens of milliseconds.

D I S C U S S I O N

One of the most salient features of neocortical architecture is
its wide variety of inhibitory interneurons (Peters and Jones
1984; Mountcastle 1998). The presence of so many types of
interneurons suggests that each type may have a specialized
role and that there are diverse functions of interneurons in the
cortex. Deducing the nature of these functions requires infor-
mation about the physiological properties of the interneurons
themselves and the synaptic circuitry they participate in. Here
we show that the synaptic dynamics of two common types of
inhibitory interneurons in layer 4 are dramatically different.
Both the inputs and outputs of FS cells are relatively strong and
reliable and display short-term depression. In contrast, synaptic
inputs and outputs of LTS cells tend to be weak and unreliable
at low frequencies, show relatively little short-term depression,
and often facilitate at high frequencies. Thus FS and LTS cells
differ sharply in the properties of their chemical synapses and
their intrinsic membrane properties (Gupta et al. 2000;
Kawaguchi 1995; Kawaguchi and Kubota 1997), and each
makes cell-type-specific electrical synapses (Gibson et al.
1999). These differences strongly imply that FS and LTS cells
serve distinctly different functions in layer 4.

Functional patterns of inhibitory circuitry in layer 4

By sampling paired combinations of RS, FS, and LTS neu-
rons, we were able to provide a functional anatomy of the
neural circuitry within layer 4 (Table 2). Figure 14 schematizes
this circuitry together with some connections observed in other
studies. Judging from their connection probabilities, both FS
and LTS cells seemed to be targeted monosynaptically by a
large percentage of their neighboring excitatory neurons. Input
from thalamocortical relay cells was more selective; it fre-
quently and strongly excited FS cells (Agmon and Connors
1991; Beierlein et al. 2002; Porter et al. 2001) but only rarely
and weakly excited LTS cells (Gibson et al. 1999). As stated in
the preceding text, we cannot quantify the connection proba-
bilities from thalamic axons because we used extracellular
stimulation. Nevertheless studies in the somatosensory barrel
cortex in vivo suggest that each FS cell receives monosynaptic
input from a majority of the relay cells in its corresponding
thalamic barreloid (Swadlow 2003; Swadlow and Gusev 2001;
Swadlow et al. 1998). LTS cells have not been studied in vivo
because there is no unambiguous way to distinguish their
action potentials extracellularly. In general, the data suggest
that individual FS cells are the frequent recipients of both
intrinsic and extrinsic sources of excitation. By contrast, LTS

interneurons appear to be more exclusively dedicated to the
neural activity of the local cortical circuit. It remains to be seen
how much input each interneuron receives from more distant
neocortical cells.
Both FS and LTS cells made frequent inhibitory synapses

onto local excitatory neurons (Fig. 14). Thus we can infer that
both cell types contribute to feedback inhibitory pathways onto
RS cells. In addition, FS cells also mediate a fast and strong
feedforward inhibitory pathway triggered by thalamic input.
The amplitude of FS-mediated IPSPs was, on average, twice
the size of the IPSPs mediated by LTS cells. This may reflect
differences in release probabilities to some extent (see follow-
ing text), but it is also consistent with different sites of termi-
nation on the postsynaptic cells. In other cortical areas and
layers, axons of FS cells project primarily to perisomatic areas
of postsynaptic pyramidal cells neurons, whereas LTS cells
have more terminations in distal dendritic regions than do FS
cells (Kawaguchi and Kubota 1997; Xiang et al. 1998). Thus
smaller amplitudes and slower rise times of LTS-evoked IPSPs
are consistent with the expected electrotonic attenuation of
more distal synaptic events (Xiang et al. 2002).
In this study, we focused on the inhibitory connections that

FS and LTS cells make onto excitatory RS neurons. However,
it is important to point out that inhibitory interneurons com-

FIG. 14. Two dynamically distinct systems of inhibition in layer 4. Black
pathways have synapses with relatively reliable transmission and short-term
depression. Gray pathways have synapses that are relatively unreliable initially
but generate short-term facilitation (LTS-to-RS connections range from facil-
itating to weakly depressing). Excitatory synapses are rectangular, inhibitory
synapses are round. Details are described in the text.
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the mammalian cortex during behavior. In the neocortex,
field oscillations associated with cognitive tasks are gener-
ally much weaker. There is a dearth of work in which the
variability of single-unit spike trains and field oscillations are
analyzed at the same time. Such studies in the future would
be highly desirable, particularly in behaving animals.

Assuming that LFP monitors subthreshold mem-
brane changes, can LFP oscillations in a cortical circuit
coexist with predominantly random spiking output of
constituent single cells?

B. Sparsely Synchronized Oscillations

To reconcile irregular neural firing with a LFP
rhythm, one possibility is that the majority of neurons in
a network fire irregularly and asynchronously so that they
are largely averaged out in LFP, and field oscillations are
generated by a small subset of neurons endowed with
pacemaker properties (like chattering cells in the neocor-
tex). This is unlikely. In a study with in vivo intracellular
recordings (154), fast rhythmic bursting (chattering) neu-
rons were identified by their responses to constant cur-
rent injection. Interestingly, it was found that, when these
cells responded to visual stimuli, hyperpolarization of the
membrane potential did not reduce the relative power of
visually evoked gamma oscillations in the voltage re-
sponse, suggesting that gamma oscillations triggered by
visual stimulation are predominantly produced by synap-
tic inputs, not intrinsic rhythmic bursting of single cells.

In an alternative scenario, most neurons participate
in the generation of field oscillations, but the rhythmic
modulation of neural firing probability is small, as illus-
trated in Figure 12B for hippocampal pyramidal cells
during gamma oscillations. A framework to describe such
network oscillatory dynamics has been developed, taking
a diametrically opposite view from that of coupled oscil-
lators. The idea is to start with a network in which neu-
rons predominantly behave as “Geiger counters” and ex-
amine how a coherent rhythm might emerge from a dy-
namical destabilization of the asynchronous network
state (123–127, 342). Brunel and Hakim (124) and Brunel
(123) assumed that isolated neurons are driven by a large
amount of background synaptic noise and generate Pois-
son-like spike trains, and considered populations of such
neurons randomly connected by delayed synaptic inter-
actions (while neglecting synaptic current time courses).
It is intuitive to see why oscillations occur in such a
network of inhibitory cells: neurons fire spikes together,
generating IPSPs that occur only after a delay !. The
shared feedback inhibition hyperpolarizes neurons syn-
chronously. When this inhibition wanes over time, an-
other collective firing episode can occur again, leading to
a population oscillation with the period roughly equals to
2! (124). Given that monosynaptic transmission latency is

typically only a few milliseconds, the frequency of oscil-
lations based on synaptic delay in a local circuit is typi-
cally very high (e.g., 200 Hz with ! ! 2.5 ms). This con-
ceptual framework has been generalized by taking into
account realistic synaptic kinetics and applied to phy-
siologically realistic rhythms (127, 342). In addition, de-
lays are longer for long-distance synaptic interactions,
and delayed inhibitory feedback has been proposed as a
mechanism of rhythmogenesis in systems ranging from
the electric fish (248, 249, 589, 641) to the basal ganglia-
thalamo-cortical system of the mammalian brain (563).

FIG. 12. Population rhythmicity with irregular spike activity of
single neurons. A: network dynamics is schematically illustrated here in
the form of single neuron activity in response to network inputs com-
posed of a large amount of noise and a weak sinusoidal wave (top). The
raster plot (middle) reveals the modulation of the instantaneous firing
rate, which has a large tonic component (r0) and a small sinusoidal com-
ponent (of amplitude r1) (bottom). B: distributions of spike times across
phases of 25–50 Hz gamma oscillations for CA1 place cells in freely moving
rats, showing a small rhythmic modulation on top of a tonic baseline. [A
adapted from Richardson et al. (805); B from Colgin et al. (181).]
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tic inputs, not intrinsic rhythmic bursting of single cells.

In an alternative scenario, most neurons participate
in the generation of field oscillations, but the rhythmic
modulation of neural firing probability is small, as illus-
trated in Figure 12B for hippocampal pyramidal cells
during gamma oscillations. A framework to describe such
network oscillatory dynamics has been developed, taking
a diametrically opposite view from that of coupled oscil-
lators. The idea is to start with a network in which neu-
rons predominantly behave as “Geiger counters” and ex-
amine how a coherent rhythm might emerge from a dy-
namical destabilization of the asynchronous network
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(123) assumed that isolated neurons are driven by a large
amount of background synaptic noise and generate Pois-
son-like spike trains, and considered populations of such
neurons randomly connected by delayed synaptic inter-
actions (while neglecting synaptic current time courses).
It is intuitive to see why oscillations occur in such a
network of inhibitory cells: neurons fire spikes together,
generating IPSPs that occur only after a delay !. The
shared feedback inhibition hyperpolarizes neurons syn-
chronously. When this inhibition wanes over time, an-
other collective firing episode can occur again, leading to
a population oscillation with the period roughly equals to
2! (124). Given that monosynaptic transmission latency is

typically only a few milliseconds, the frequency of oscil-
lations based on synaptic delay in a local circuit is typi-
cally very high (e.g., 200 Hz with ! ! 2.5 ms). This con-
ceptual framework has been generalized by taking into
account realistic synaptic kinetics and applied to phy-
siologically realistic rhythms (127, 342). In addition, de-
lays are longer for long-distance synaptic interactions,
and delayed inhibitory feedback has been proposed as a
mechanism of rhythmogenesis in systems ranging from
the electric fish (248, 249, 589, 641) to the basal ganglia-
thalamo-cortical system of the mammalian brain (563).
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single neurons. A: network dynamics is schematically illustrated here in
the form of single neuron activity in response to network inputs com-
posed of a large amount of noise and a weak sinusoidal wave (top). The
raster plot (middle) reveals the modulation of the instantaneous firing
rate, which has a large tonic component (r0) and a small sinusoidal com-
ponent (of amplitude r1) (bottom). B: distributions of spike times across
phases of 25–50 Hz gamma oscillations for CA1 place cells in freely moving
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population rhythmicity with irregular spike activity of individual neurons

B: distributions of spike times across 
phases of 25–50 Hz gamma oscillations 
for CA1 place cells in freely moving 
rats, showing a small AC modulation 
on top of a DC baseline.

A: network dynamics in the form of single neuron activity in response to network inputs 
composed of a large amount of noise and a weak sinusoidal wave (top).  The raster plot 
(middle) reveals the modulation of the instantaneous firing rate, which has a large DC 
component (r0) and a small AC component (r1, sinusoidal) (bottom).



inverse power law with the distance. The power distri-
bution makes it much more likely to have long-range
connections than a Gaussian or exponential distribu-
tion (Fig. 8C). The network synchrony becomes signif-
icant with p !0.1 (Fig. 8D). As illustrated in Figure 8B,
the network with p " 0.25 exhibits highly synchronous
network oscillations at 150 Hz, in the frequency range
of sharp wave ripples (100 –200 Hz). Therefore, wide-
range network synchrony could be achieved with a
small fraction of the local connectivity removed and
replaced by long-range connections. In fact, increasing
p above 0.4 only enhances the network synchrony mod-
estly. On the other hand, the “wire length” of the net-
work (the total length of interneuronal connections)
obviously increases with p (Fig. 8D). Therefore, there is
a trade-off between the need of long-range connections
for network synchronization, and minimizing the cost
for these long-range wires (Fig. 8D). Hence, an optimal
design for network synchronization with a minimal
wire-cost can be achieved by a division of labor be-
tween a large subpopulation of short-range interneu-
rons and a small subpopulation of long-range interneu-
ron cells in the hippocampus. Another modeling study
also found that spiking coherence between neural pairs

could be maximal with such small-world network to-
pology (510).

Complex networks have been the subject of active
research in recent years (12, 1042), and various types of
network connectivity schemes have begun to be ap-
plied to neuroscience: small-world networks (with pre-
dominantly local connections and rare long-distance
connections) (149, 546, 806, 823, 1085), networks en-
dowed with “hubs” (a few nodes with an unusually
large number of connections with the rest of the net-
work) (699) or a community structure (721), and net-
works with dynamic motifs (elementary building blocks
from which more complex dynamic behavior can be
assembled) (464, 1095). For example, even a few per-
cent of neurons with an exceptionally large number of
connections (“hubs”) can dramatically alter a circuit’s
dynamical behavior (699).

The proposal of GABAergic “hub neurons” has
gained some empirical support from a recent work (94).
Monitoring multiple neurons by calcium imaging of
spontaneous activity and assessing functional connec-
tivity by pairwise correlation analysis of the observed
calcium activity, Bonifazi et al. (94) found that hip-
pocampal CA3 networks in the developing rats and

FIG. 8. Trade-off between synchroni-
zation by long-range connections and min-
imization of the network wire cost. A: os-
cillations in a network of interneurons cou-
pled by inhibitory synapses, with local
(Gaussian) connectivity (spatial length is
20 neurons, in a network of 4,000 neurons).
The network is essentially asynchronous.
Top panel: spike raster of sample neurons.
Middle panel: the voltage trace of a repre-
sentative neuron. Bottom panel: popula-
tion firing rate. B: oscillations in a network
with local and long-range connections.
Neurons are connected with Gaussian dis-
tributed synapses (as in A), but p " 25% of
the synapses are reconnected with a power
law distribution. Note strong oscillatory
rhythm. C: illustration of the connectivity
probability functions: the Gaussian distrib-
uted connections are local (gray line),
whereas long-range connections are de-
scribed by a power distribution (black
line). D: with increasing reconnection
probability p from the local Gaussian dis-
tribution to the power distribution, the net-
work synchrony increases while the in-
verse of the wire length of connections
decreases. High synchrony at a low wire
cost corresponds to an optimal range of p
values (a small ratio of long-range and
short-range connections, shaded region).
[From Buzsáki (142).]
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cortical inhibitory interneuron network population activity is 
async/sync depending on short/long range network connectivity

B:  Here the network has 75% local 
and 25% long-range connections.  
Note strong oscillatory rhythm.  

A:  Here interneurons are coupled by inhibitory 
synapses with local connectivity (spatial length 
is 20 neurons, in a network of 4,000 neurons).  
The network is essentially asynchronous.   



a network model of 4,000 inhibitory cells (149), which
corresponds to approximately all basket cells in the
dorsal hippocampus of the rat (304). We considered
how rewiring from local to long-range connections af-
fects the synchronization behavior of the network. With
a local architecture, the connection probability be-
tween two neurons decreases with their distance, ac-

cording to a Gaussian distribution. When the Gaussian
distribution is narrow (characteristic range !20 neu-
rons), the network is asynchronous and the population
firing rate is essentially constant in time (Fig. 8A). Next,
while fixing the average number of connections per
neuron, a fraction p of the existing connections are
rewired according to a probability that falls off as an

FIG. 7. Synchronization in an inhibitory interneuronal network.
A: an example of network synchronization in a fully connected net-
work of type I conductance-based neurons. Top: rastergram where
each row of dots represents spikes discharged by one of the neurons
in the network. Bottom: membrane potentials of two neurons. Neu-
rons initially fire asynchronized, but quickly become perfectly syn-
chronized by mutual inhibition. B: in a random network, the network
coherence is plotted versus the mean number of recurrent synapses
per cell Msyn. [The correction term (!1/N) takes into account the
finite network size effect.] Different curves correspond to different
network size (N " 100, 200, 500, 1,000). There is a critical threshold
for the connectedness above which network synchrony occurs. This
threshold connectivity is independent of the network size. [Adapted
from Buzsáki (142) and Wang and Buzsáki (1035).]
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synchronization in an inhibitory interneuronal network (type 1 neurons) 

rastergram where each 
row of dots represents 
spikes discharged by one of 
the neurons in the network   

Membrane potentials show two 
neurons initially asynchronized, 
but quickly become perfectly 
synchronized by mutual 
inhibition
  

Different(!) from phase plane 
analysis of coupled relaxation 
oscillators (type 2)
  



ple par excellence of why detailed single-cell properties
do matter with regard to collective network dynamics.
In this section, I review important aspects of cellular
electroresponsiveness relevant to network oscillations.

A. Phase-Response Properties of Type I and
Type II Neurons

All single neurons are oscillators, insofar as they
respond to a constant input current I by repetitive firing
of action potentials at a certain frequency f (period T0

! 1/f). In the classic Hodgkin-Huxley model of action
potential (437), this periodic behavior is mathemati-
cally described as a stable oscillatory state. Since ac-
tion potentials are stereotypical events, it makes intu-
itive sense to focus on the timing of action potential, or
the phase (between 0 to 360 degrees), relative to the
oscillatory cycle. In this view, the issue of network
synchronization can be formulated in terms of how
synaptic interactions affect the phases of action poten-

tial among connected neurons. This “phase reduction
theory,” pioneered by Kopell, Ermentrout and others, is
well founded under the “weak coupling condition,”
when synaptic interactions are not too strong to greatly
alter the intrinsic frequency of neural oscillators (276,
280, 413, 524, 525, 539, 999, 1065). Even when synaptic
interactions are not weak, the phase reduction theory
still provides useful insights. For a sinusoidal oscilla-
tion, sin(2!ft), which arises from a linear system, phase
shift induced by a brief pulse perturbation is the same
regardless of when the pulse is applied. In contrast,
neuronal oscillators are highly nonlinear, characterized
by a stereotypical fast event (the action potential) fol-
lowed by a slow refractory and recovery period. For
such “relaxation type” oscillators (25, 922), the phase
response highly depends on the timing of the input
pulse. This is quantified by a “phase response curve”
(PRC), where the induced phase shift of spike is plotted
as a function of the phase at which a brief depolarizing
current pulse is applied (210, 279, 359, 811, 1065).

A B

C

FIG. 2. Theory of coupled oscillators. A: phase response curve of the classical (type II) Hodgkin-Huxley model of action potential (437).
Left: a small and brief depolarizing current pulse leads to either a phase delay (blue) or phase advance (red), depending on the timing of the pulse
perturbation. T0 is the oscillation period in the absence of perturbation. Right: induced phase change (positive for advance, negative for delay) as
a function of the oscillatory phase at which the pulse perturbation is applied. Superimposed is the membrane potential for a full oscillation cycle
(spike peak corresponds to zero phase). B: fast mutual excitation naturally gives rise to synchrony for two coupled Hodgkin-Huxley model neurons,
as a cell firing slightly earlier advances the firing of the other cell, while the synaptic input back from the other cell delays its own firing, leading
to reduced phase difference between the two in successive cycles. Dashed vertical lines, spike times for isolated neurons; solid lines, actual spike
times in the presence of synaptic interaction. C: perfect synchronization by mutual inhibition. Left: phase response curve of a modified (type I)
Hodgkin-Huxley model (1035), which does not exhibit significant phase delay (the negative lobe). Right: the phase reduction theory predicts the
behavior of coupled neurons by the function Hodd("), where " is the phase difference between the two neurons (Eq. 4). Hodd was computed using
a synapse model with a reversal potential of #75 mV and a decay time constant of 10 ms. Steady-state behaviors correspond to " values such that
Hodd(") ! 0. In this example, zero-phase synchrony (" ! 0) is stable (where Hodd has a negative slope); 180 degree antiphase is unstable (where
Hodd has a positive slope).
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our phase plane methods don’t apply when neurons are not relaxation oscillators 
instead: theory of “weakly coupled” oscillators - the “phase response curve”  

shows that excitation synchronizes type 2 neurons

A:  Phase response curve of the type 2 neuron model.  Left: a small and brief depolarizing 
current pulse leads to either a phase delay (blue) or phase advance (red), depending on 
the timing of the pulse perturbation.  T0 is the oscillation period in the absence of 
perturbation.  Right: induced phase change (positive for advance, negative for delay) as a 
function of the oscillatory phase at which the pulse perturbation is applied. 
Superimposed is the membrane potential for a full oscillation cycle (spike peak 
corresponds to zero phase).  

B:  Fast mutual excitation naturally gives rise to synchrony for two coupled type-2 
Hodgkin-Huxley model neurons, as a cell firing slightly earlier advances the firing of the 
other cell, while the synaptic input back from the other cell delays its own firing, leading 
to reduced phase difference between the two in successive cycles.



advance
advance

delay

but phase response curves for type 1 neurons are different 

phase is always 
advanced by a small 
depolarizing EPSP

phase is advanced 
or delayed 

depending on 
timing of EPSP

theoretical neuroscientists have shown:
type 2 neurons are more easily synchronized by excitation; 
type 1 neurons are more easily synchronized by inhibition



Perceptual grouping
The ability of perceptual 
systems to organize sensory 
information into coherent 
representations that can serve 
as the basis of our phenomenal 
experience of the world.

Transcranial magnetic 
stimulation
(TMS). A non-invasive method 
to excite neurons in the brain 
by inducing weak electric 
currents in the tissue using 
rapidly changing magnetic 
fields.

Mismatch negativity
An event-related potential that 
is elicited when a sequence of 
repeated stimuli (standards) is 
interrupted by stimuli that 
deviate in sensory 
characteristics such as 
intensity, frequency or duration 
(deviants).

Evoked oscillations. Consistent with the evidence that 
early sensory processes are impaired in schizophre-
nia13, several studies36–40 have demonstrated abnormali-
ties in the stimulus-locked activity that occurs within 
50–150 ms after a stimulus is presented. For example, 
reductions in the amplitude and phase locking of evoked 
oscillations have been shown during the processing of 
visual information37,40, suggesting an impaired ability to 
precisely align oscillatory activity with incoming sensory 
information.

The evidence for deficits in evoked activity in the 
auditory domain is less consistent. Several studies 
have shown that patients with schizophrenia are char-
acterized by reduced amplitude and phase locking of 
the early (50–150 ms) evoked beta- and gamma-band 
response36,38,39, but a recent study40 did not confirm this 
finding. In addition, another study41 observed reductions 
in evoked gamma oscillations only in a latency range of 
220–350 ms over frontal electrodes.

Reductions in evoked gamma-band oscillations have 
also been demonstrated in frontal regions, an area that 
has been a traditional focus of schizophrenia research, 
through measurement of EEG responses following the 
application of TMS to the premotor cortex42. Relative to 
healthy controls, schizophrenia patients had a marked 
decrease in gamma oscillations within the first 100 ms 
after TMS, particularly in a cluster of electrodes located  
in a fronto-central region. Source analyses revealed that in  
schizophrenia patients the gamma-band oscillations 
triggered by TMS did not propagate beyond the area of 
stimulation, whereas in controls activity was found in 
several motor and sensorimotor areas.

Induced oscillations. Patients with schizophrenia also 
demonstrate reduced amplitude and synchronization of 
self-generated, rhythmic activity in several cortical regions. 
Preliminary evidence for a deficit in high-frequency  
(60–120 Hz) gamma-band activity comes from a recent 
study that tested gamma-band oscillations with MEG 
during a perceptual organization task43. Impaired per-
formance in patients with schizophrenia was accom-
panied by a widespread reduction in the power of 
gamma-band oscillations in the right temporal lobe in a 
time window of 50–300 ms after stimulus onset.

 The finding that there are intrinsic deficits in neural 
oscillations in frontal circuits in schizophrenia is com-
patible with EEG studies that have tested frontal gamma 

and theta oscillations during executive and working 
memory tasks. Patients with schizophrenia were char-
acterized by a reduced amplitude of gamma and theta 
oscillations in frontal regions44–46 and an impaired stim-
ulus-induced phase resetting of ongoing oscillations at 
low and high frequencies47.

Reductions in the amplitude of neural oscillations 
during cognitive tasks are accompanied by reduced 
phase synchronization of induced oscillatory activity.  
Phase synchronization has been proposed to provide 
an effective mechanism for the integration of neural 
responses in distributed local cortical networks48 (see 
figure part a in Supplementary information S2 (figure)).  
Several studies have shown that in patients with schizo-
phrenia the phase synchronization of oscillations in 
the beta and gamma frequency bands during visuo- 
perceptual organization and auditory processing is 
reduced49–51. These findings suggest that impaired syn-
chronization of beta- and gamma-band oscillations 
underlies the proposed functional disconnectivity of cor-
tical networks in schizophrenia1,2. It is currently unclear, 
however, to what extent impairments in local circuits 
contribute to long-range synchronization impairments 
or whether these are two independent phenomena.

Resting-state oscillations. Changes in neural oscillations 
have also been demonstrated during rest in schizophre-
nia: studies have reported an increase in low-frequency52 
activity and a reduction in high-frequency activity53. In 
addition, a decrease in the amplitude of oscillations has 
been shown to be accompanied by reductions in the 
coherence of oscillations at theta frequency54.

Are there medication effects? An important question is 
to what extent the impaired neural oscillations seen in 
patients with schizophrenia might be related to the effects 
of medication. There is preliminary evidence that patients 
treated with atypical antipsychotic medication may have 
intact — that is, within the normal range — gamma-band 
oscillations in the auditory SSEP paradigm30. In addition, 
other studies have shown that deficits in neural oscillations 
are present regardless of medication status41,43. For exam-
ple, preliminary evidence suggests that the reductions in 
gamma-band oscillations in MEG data during perceptual 
organization are also present in never-medicated, first-
episode patients with schizophrenia, albeit to a lesser 
degree than in chronic, medicated patients43. Another 

Table 1 | Neural oscillations in cortical networks 

Frequency band Anatomy Function

Theta (4–7 Hz) Hippocampus134, sensory cortex140 and 
prefrontal cortex141

Memory142,143, synaptic plasticity18, top-down 
control9 and long-range synchronization9

Alpha (8–12 Hz) Thalamus144, hippocampus145, reticular 
formation145, sensory cortex146 and motor 
cortex147

Inhibition148, attention149, consciousness150, 
top-down control9 and long-range 
synchronization151

Beta (13–30 Hz) All cortical structures, subthalamic nucleus152, 
basal ganglia152 and olfactory bulb153

Sensory gating154, attention155, motor control156 
and long-range synchronization157

Gamma (30–200 Hz) All brain structures, retina158 and olfactory 
bulb159

Perception7, attention160, memory161, 
consciousness162 and synaptic plasticity16 
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power 
in this 

frequency 
range

when exhibited 
by this brain 

structure

seems to have 
something to do 
with this function

neural oscillations 
an important aspect of brain function 



neural oscillations in cortical function 

power spectrum of EEG or LFP - amount of 
signal at various frequencies 

correlation as a measure of synchrony of action 
potentials 

coherence - correlation of EEG or LFP at particular 
frequencies

phase synchrony - an estimate of synchrony that is 
independent of amplitude of oscillations.  

mediated by inhibitory interneuronal systems

Measures of action potential timing or synchronization 
with respect to oscillatory stimulus or population-level 
activity (e.g., EEG or LFP).
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In this Review, we highlight the role of dysfunc-
tional neural oscillations in schizophrenia by review-
ing the evidence from studies that have examined 
oscillatory activity and its synchronization in patients 
with schizophrenia using electroencephalography 
(EEG) and magnetoencephalography (MEG) (BOX 1). 
Furthermore, we examine the possible neurobiological 
causes of impaired oscillations and the involvement of 
aberrant oscillatory activity in the neurodevelopment 
of schizophrenia.

Neural oscillations in schizophrenia
As noted above, neural oscillations are thought to be a 
fundamental mechanism for the coordination of neu-
ronal responses throughout the cortex, and impair-
ments in these oscillations are a candidate mechanism 
for a pervasive network impairment in schizophrenia. 
This is supported by the results of EEG and MEG stud-
ies (FIG. 2; see Supplementary information S1 (table)) 
that have examined neural oscillations at different 
temporal and spatial scales during cognitive tasks and 
at rest. Studies investigating task-related oscillations 
have measured both evoked oscillations, which reflect 
sensory-driven oscillatory activity and self-generated 
oscillations (induced oscillations) and their large-scale 
synchronization.

Steady-state evoked potentials. Steady-state evoked 
potentials (SSEPs) are a basic neural response to a tem-
porally modulated stimulus to which SSEPs are synchro-
nized in frequency and phase. Steady-state paradigms 
can probe the ability of neuronal networks to generate 
and maintain oscillatory activity in different frequency 
bands. Consistent evidence for a deficit in the SSEPs 
evoked by auditory stimuli in patients with schizophre-
nia has been obtained from eight studies22–29, although 
one study30 demonstrated impaired auditory SSEPs in 
first-degree relatives of patients with chronic schizophre-
nia but not in the patients themselves. Dysfunctions in 
the auditory SSEP to trains of clicks presented at gamma 
frequency, in particular at 40 Hz, have been shown to 
be pronounced, but deficits in SSEPs in response to the 
presentation of stimuli at lower frequency bands have 
also been shown25,26. Deficits have also been reported 
for visual SSEPs, in particular to stimuli in the beta 
frequency range31.

Initially, it was unclear whether the auditory SSEP 
is an intrinsic oscillatory process or whether it reflects 
the temporal overlap of potentials elicited by single 
events32. However, recent evidence does not support the 
concept of superimposed evoked responses. For exam-
ple, a perturbation in the auditory SSEP can be induced 
by omitting a click in a stimulus series, an observation 
that cannot be explained in terms of transient responses 
to individual clicks33. In addition, the temporal pro-
file of the response to stimuli at 40 Hz, which begins 
200 ms after stimulus onset and continues after stimu-
lus offset34, and the frequency-specific modulation of 
the 40 Hz auditory SSEPs by attention35 support the 
notion that the 40 Hz response is indeed reflecting an 
oscillatory process.

Figure 1 | Neural oscillations and synchrony in cortical networks. a | The timing of 
rhythmic activity in cortical networks influences communication between neuronal 
populations. Three groups of interconnected neurons, each of which is rhythmically 
active, are shown on the left. On the right are local field potential oscillations and action 
potentials (spikes; indicated by vertical lines) in the three populations. Spikes either 
arrive at the postsynaptic neuron during a peak in its local field potential (arrows), 
corresponding to a peak in its excitability, or miss these peaks (blunt arrows). The  
timing of the activity of two groups of neurons is thus either aligned, enabling  
effective com munication (red and blue group), or not aligned (blue and grey group), 
preventing communication. b | Synchronization between neurons in local cortical 
networks depends on the occurrence of gamma oscillations7. The panels show auto- 
(left-hand panels) and cross-correlograms (right-hand panels) of the responses of two 
neurons (green and blue) in cortical area 17 in anaesthetized cats to a drifting grating 
stimulus recorded at different times. Cross-correlograms are an index of the temporal 
correlation between neuronal responses, whereas auto-correlograms reflect the 
temporal structure of a single channel. Autocorrelograms in the upper and lower rows 
respectively indicate phases with weak and strong oscillatory modulation of responses. 
The cross-correlograms indicate synchronization only in the presence of oscillations of 
~25 Hz (bottom row). Part a is modified, with permission, from REF. 137 ¡ (2005) Elsevier. 
Data in part b are courtesy of D. Nikolić, Max-Planck Institute for Brain Research, 
Frankfurt am Main, Germany.
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timing of spikes in relation 
to phase of population 
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In this Review, we highlight the role of dysfunc-
tional neural oscillations in schizophrenia by review-
ing the evidence from studies that have examined 
oscillatory activity and its synchronization in patients 
with schizophrenia using electroencephalography 
(EEG) and magnetoencephalography (MEG) (BOX 1). 
Furthermore, we examine the possible neurobiological 
causes of impaired oscillations and the involvement of 
aberrant oscillatory activity in the neurodevelopment 
of schizophrenia.

Neural oscillations in schizophrenia
As noted above, neural oscillations are thought to be a 
fundamental mechanism for the coordination of neu-
ronal responses throughout the cortex, and impair-
ments in these oscillations are a candidate mechanism 
for a pervasive network impairment in schizophrenia. 
This is supported by the results of EEG and MEG stud-
ies (FIG. 2; see Supplementary information S1 (table)) 
that have examined neural oscillations at different 
temporal and spatial scales during cognitive tasks and 
at rest. Studies investigating task-related oscillations 
have measured both evoked oscillations, which reflect 
sensory-driven oscillatory activity and self-generated 
oscillations (induced oscillations) and their large-scale 
synchronization.

Steady-state evoked potentials. Steady-state evoked 
potentials (SSEPs) are a basic neural response to a tem-
porally modulated stimulus to which SSEPs are synchro-
nized in frequency and phase. Steady-state paradigms 
can probe the ability of neuronal networks to generate 
and maintain oscillatory activity in different frequency 
bands. Consistent evidence for a deficit in the SSEPs 
evoked by auditory stimuli in patients with schizophre-
nia has been obtained from eight studies22–29, although 
one study30 demonstrated impaired auditory SSEPs in 
first-degree relatives of patients with chronic schizophre-
nia but not in the patients themselves. Dysfunctions in 
the auditory SSEP to trains of clicks presented at gamma 
frequency, in particular at 40 Hz, have been shown to 
be pronounced, but deficits in SSEPs in response to the 
presentation of stimuli at lower frequency bands have 
also been shown25,26. Deficits have also been reported 
for visual SSEPs, in particular to stimuli in the beta 
frequency range31.

Initially, it was unclear whether the auditory SSEP 
is an intrinsic oscillatory process or whether it reflects 
the temporal overlap of potentials elicited by single 
events32. However, recent evidence does not support the 
concept of superimposed evoked responses. For exam-
ple, a perturbation in the auditory SSEP can be induced 
by omitting a click in a stimulus series, an observation 
that cannot be explained in terms of transient responses 
to individual clicks33. In addition, the temporal pro-
file of the response to stimuli at 40 Hz, which begins 
200 ms after stimulus onset and continues after stimu-
lus offset34, and the frequency-specific modulation of 
the 40 Hz auditory SSEPs by attention35 support the 
notion that the 40 Hz response is indeed reflecting an 
oscillatory process.

Figure 1 | Neural oscillations and synchrony in cortical networks. a | The timing of 
rhythmic activity in cortical networks influences communication between neuronal 
populations. Three groups of interconnected neurons, each of which is rhythmically 
active, are shown on the left. On the right are local field potential oscillations and action 
potentials (spikes; indicated by vertical lines) in the three populations. Spikes either 
arrive at the postsynaptic neuron during a peak in its local field potential (arrows), 
corresponding to a peak in its excitability, or miss these peaks (blunt arrows). The  
timing of the activity of two groups of neurons is thus either aligned, enabling  
effective com munication (red and blue group), or not aligned (blue and grey group), 
preventing communication. b | Synchronization between neurons in local cortical 
networks depends on the occurrence of gamma oscillations7. The panels show auto- 
(left-hand panels) and cross-correlograms (right-hand panels) of the responses of two 
neurons (green and blue) in cortical area 17 in anaesthetized cats to a drifting grating 
stimulus recorded at different times. Cross-correlograms are an index of the temporal 
correlation between neuronal responses, whereas auto-correlograms reflect the 
temporal structure of a single channel. Autocorrelograms in the upper and lower rows 
respectively indicate phases with weak and strong oscillatory modulation of responses. 
The cross-correlograms indicate synchronization only in the presence of oscillations of 
~25 Hz (bottom row). Part a is modified, with permission, from REF. 137 ¡ (2005) Elsevier. 
Data in part b are courtesy of D. Nikolić, Max-Planck Institute for Brain Research, 
Frankfurt am Main, Germany.
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assume excitatory neurons:



trodes can predict the correlation between power fluctuations in
those two electrodes a few milliseconds later (Womelsdorf et al.,
2007). Another study found that, when projections from two
sites in V1 converge onto a single target in V4, ! oscillations in
the target region selectively synchronize with the attended,
behaviorally relevant V1 site (Bosman et al., 2012). In the
monkey visual cortex, even when the frequency of ! oscilla-
tions varies as a result of changes in stimulus contrast, this
frequency remains matched, and oscillations remain coherent,
across V1 and V2 (Roberts et al., 2013). By contrast, other
studies have emphasized that ! frequencies are highly variable
across different visual regions in monkeys (Ray and Maunsell,
2010), and that in cat V1, phase-locking to ! is relatively weak
(Martin and Schroder, 2016).

The CTC hypothesis has been very influential, inspiring some of
the subsequent studies outlined below. However, unlike CTC, many

of the mechanisms described below do not
require long-distance synchronization be-
tween upstream and downstream regions.
Rather, they simply require the presence of
synchronized rhythmic activity in an up-
stream region. Of course, these mechanisms
are also not mutually exclusive with CTC.
Indeed, in many cases, the presence of syn-
chronized rhythmic activity in an upstream
region would be expected to entrain inhibi-
tion in the downstream region, leading to
emergent synchronization that engages
CTC, as described below.

One example of a mechanism through
which ! oscillations in an upstream region
could impact information processing in a
downstream region is “oscillation-facili-
tated stimulus selection” (Börgers and Ko-
pell, 2008; Akam and Kullmann, 2010).
Suppose that the firing of neurons in an
upstream region is synchronized at !
frequency. This rhythmic input should
rhythmically modulate firing in the down-
stream structure. As a result, if the input
encodes a signal (e.g., a spatial pattern of fir-
ing), then that signal will become encoded
as a pattern of amplitude modulation of
their firing rates of the downstream neurons
(Akam and Kullmann, 2010). This pattern
of amplitude modulation is robust to other
sources of input that are either nonrhythmic
or synchronized at other frequencies. In ad-
dition, the synchronized nature of the
rhythmic input makes it more likely to elicit
a response in the downstream target neu-
rons (Börgers and Kopell, 2008). Rhythmic
inhibition in the downstream structure is
not strictly required for these actions. How-
ever, by entraining feedforward inhibition
in the target structure, a synchronized !
frequency input can also act to suppress re-
sponses to competing inputs that are less
synchronized or out of phase (Börgers and
Kopell, 2008). Indeed, feedforward inhibi-
tion can act as a bandpass filter to extract the
signal originally encoded by the rhythmic
input (Akam and Kullmann, 2010). These

latter mechanisms, in which rhythmic input entrains inhibition
within the downstream structure, represent important exam-
ples of how CTC may work. The mechanisms underlying os-
cillation-facilitated stimulus selection are also compatible
with “oscillatory multiplexing,” in which multiple input sig-
nals are transmitted using different frequencies (Akam and
Kullmann, 2014). Indeed, the ability of the CA1 region of the
hippocampus to selectively synchronize with either CA3 at
“slow” ! frequencies or entorhinal cortex at “fast” ! frequen-
cies (Colgin et al., 2009; Carr et al., 2012) may represent evi-
dence for this kind of a mechanism.

In earlier experimental work, we demonstrated a conceptually
related phenomenon, in which neurons transmit more informa-
tion (via their output spike rate) about !-frequency inputs than
about nonrhythmic ones (Sohal et al., 2009). This “oscillation-
enhanced rate coding” occurs because the output spike rate elic-

Figure 1. Schematic overview of mechanisms through which ! oscillations might modulate cortical information processing. Top, An
inhibitory interneuron (circle) delivers synchronized, rhythmic inhibition to pyramidal neurons (red, blue, and green triangles) in an up-
stream region, entraining their spiking to the local! rhythm. (Red, blue, and green spikes are concentrated around the troughs of the local
! rhythm, represented by the purple waveform to the upper right.) Bottom, The upstream pyramidal neurons send excitatory projections
(arrows) to pyramidal neurons (triangles) and an inhibitory interneuron (circle) in a downstream region. Within the downstream region,
the inhibitory interneuron (circle) inhibits local pyramidal neurons. Local pyramidal neurons may spike in-phase (black spikes) or out-of-
phase (magenta spikes) with ! oscillations in the downstream region (represented by the orange waveform to the bottom right), which
may or may not be coherent with ! oscillations in the upstream region. Mechanisms through which ! oscillations may modulate cortical
information processing can be divided into three categories based on where within this circuit framework they act. Top right, Purple
represents mechanisms through which ! oscillations in an upstream region can modulate the flow of information from that region to
downstreamtargets.Bottomright,Orangerepresentsmechanismsthroughwhich!oscillations inadownstreamregioncanmodulatethe
responses of that region to incoming input. Some (but not all) of these mechanisms require that ! oscillations in the upstream and
downstream regions be synchronized or coherent. Bottom left, Magenta represents mechanisms through which ! oscillations can shape
emergent patterns of local circuit activity.

Sohal • What (if Anything) ! Oscillations Do in Cortical Circuits J. Neurosci., October 12, 2016 • 36(41):10489 –10495 • 10491

Gamma oscillations, which 
can be identified by rhythmic 
electrical signals 30–100 Hz, 
consist of interactions 
between excitatory and 
inhibitory neurons that 
result in rhythmic inhibition 
capable of entraining firing 
within local cortical circuits.  

Many possible mechanisms 
have been described through 
which oscillations could act 
on cortical circuits to 
modulate their responses to 
input, alter their patterns of 
activity, and/or enhance the 
efficacy of their outputs 
onto downstream targets. 

inhibitory interneurons generates gamma oscillations and synchrony



measures of synchronization

auto-correlation:  average correlation of a signal 
with itself at two times separated by a shift tau

because NO2 = 1 and NO = NO2 +NO3 = 2. Consistent with Fig. ??A, the solid and dotted lines in Fig. ??B
indicate those transitions associated with fast Ca2+-dependent activation and slow Ca2+-independent inac-
tivation, respectively.
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In this Review, we highlight the role of dysfunc-
tional neural oscillations in schizophrenia by review-
ing the evidence from studies that have examined 
oscillatory activity and its synchronization in patients 
with schizophrenia using electroencephalography 
(EEG) and magnetoencephalography (MEG) (BOX 1). 
Furthermore, we examine the possible neurobiological 
causes of impaired oscillations and the involvement of 
aberrant oscillatory activity in the neurodevelopment 
of schizophrenia.

Neural oscillations in schizophrenia
As noted above, neural oscillations are thought to be a 
fundamental mechanism for the coordination of neu-
ronal responses throughout the cortex, and impair-
ments in these oscillations are a candidate mechanism 
for a pervasive network impairment in schizophrenia. 
This is supported by the results of EEG and MEG stud-
ies (FIG. 2; see Supplementary information S1 (table)) 
that have examined neural oscillations at different 
temporal and spatial scales during cognitive tasks and 
at rest. Studies investigating task-related oscillations 
have measured both evoked oscillations, which reflect 
sensory-driven oscillatory activity and self-generated 
oscillations (induced oscillations) and their large-scale 
synchronization.

Steady-state evoked potentials. Steady-state evoked 
potentials (SSEPs) are a basic neural response to a tem-
porally modulated stimulus to which SSEPs are synchro-
nized in frequency and phase. Steady-state paradigms 
can probe the ability of neuronal networks to generate 
and maintain oscillatory activity in different frequency 
bands. Consistent evidence for a deficit in the SSEPs 
evoked by auditory stimuli in patients with schizophre-
nia has been obtained from eight studies22–29, although 
one study30 demonstrated impaired auditory SSEPs in 
first-degree relatives of patients with chronic schizophre-
nia but not in the patients themselves. Dysfunctions in 
the auditory SSEP to trains of clicks presented at gamma 
frequency, in particular at 40 Hz, have been shown to 
be pronounced, but deficits in SSEPs in response to the 
presentation of stimuli at lower frequency bands have 
also been shown25,26. Deficits have also been reported 
for visual SSEPs, in particular to stimuli in the beta 
frequency range31.

Initially, it was unclear whether the auditory SSEP 
is an intrinsic oscillatory process or whether it reflects 
the temporal overlap of potentials elicited by single 
events32. However, recent evidence does not support the 
concept of superimposed evoked responses. For exam-
ple, a perturbation in the auditory SSEP can be induced 
by omitting a click in a stimulus series, an observation 
that cannot be explained in terms of transient responses 
to individual clicks33. In addition, the temporal pro-
file of the response to stimuli at 40 Hz, which begins 
200 ms after stimulus onset and continues after stimu-
lus offset34, and the frequency-specific modulation of 
the 40 Hz auditory SSEPs by attention35 support the 
notion that the 40 Hz response is indeed reflecting an 
oscillatory process.

Figure 1 | Neural oscillations and synchrony in cortical networks. a | The timing of 
rhythmic activity in cortical networks influences communication between neuronal 
populations. Three groups of interconnected neurons, each of which is rhythmically 
active, are shown on the left. On the right are local field potential oscillations and action 
potentials (spikes; indicated by vertical lines) in the three populations. Spikes either 
arrive at the postsynaptic neuron during a peak in its local field potential (arrows), 
corresponding to a peak in its excitability, or miss these peaks (blunt arrows). The  
timing of the activity of two groups of neurons is thus either aligned, enabling  
effective com munication (red and blue group), or not aligned (blue and grey group), 
preventing communication. b | Synchronization between neurons in local cortical 
networks depends on the occurrence of gamma oscillations7. The panels show auto- 
(left-hand panels) and cross-correlograms (right-hand panels) of the responses of two 
neurons (green and blue) in cortical area 17 in anaesthetized cats to a drifting grating 
stimulus recorded at different times. Cross-correlograms are an index of the temporal 
correlation between neuronal responses, whereas auto-correlograms reflect the 
temporal structure of a single channel. Autocorrelograms in the upper and lower rows 
respectively indicate phases with weak and strong oscillatory modulation of responses. 
The cross-correlograms indicate synchronization only in the presence of oscillations of 
~25 Hz (bottom row). Part a is modified, with permission, from REF. 137 ¡ (2005) Elsevier. 
Data in part b are courtesy of D. Nikolić, Max-Planck Institute for Brain Research, 
Frankfurt am Main, Germany.
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In this Review, we highlight the role of dysfunc-
tional neural oscillations in schizophrenia by review-
ing the evidence from studies that have examined 
oscillatory activity and its synchronization in patients 
with schizophrenia using electroencephalography 
(EEG) and magnetoencephalography (MEG) (BOX 1). 
Furthermore, we examine the possible neurobiological 
causes of impaired oscillations and the involvement of 
aberrant oscillatory activity in the neurodevelopment 
of schizophrenia.

Neural oscillations in schizophrenia
As noted above, neural oscillations are thought to be a 
fundamental mechanism for the coordination of neu-
ronal responses throughout the cortex, and impair-
ments in these oscillations are a candidate mechanism 
for a pervasive network impairment in schizophrenia. 
This is supported by the results of EEG and MEG stud-
ies (FIG. 2; see Supplementary information S1 (table)) 
that have examined neural oscillations at different 
temporal and spatial scales during cognitive tasks and 
at rest. Studies investigating task-related oscillations 
have measured both evoked oscillations, which reflect 
sensory-driven oscillatory activity and self-generated 
oscillations (induced oscillations) and their large-scale 
synchronization.

Steady-state evoked potentials. Steady-state evoked 
potentials (SSEPs) are a basic neural response to a tem-
porally modulated stimulus to which SSEPs are synchro-
nized in frequency and phase. Steady-state paradigms 
can probe the ability of neuronal networks to generate 
and maintain oscillatory activity in different frequency 
bands. Consistent evidence for a deficit in the SSEPs 
evoked by auditory stimuli in patients with schizophre-
nia has been obtained from eight studies22–29, although 
one study30 demonstrated impaired auditory SSEPs in 
first-degree relatives of patients with chronic schizophre-
nia but not in the patients themselves. Dysfunctions in 
the auditory SSEP to trains of clicks presented at gamma 
frequency, in particular at 40 Hz, have been shown to 
be pronounced, but deficits in SSEPs in response to the 
presentation of stimuli at lower frequency bands have 
also been shown25,26. Deficits have also been reported 
for visual SSEPs, in particular to stimuli in the beta 
frequency range31.

Initially, it was unclear whether the auditory SSEP 
is an intrinsic oscillatory process or whether it reflects 
the temporal overlap of potentials elicited by single 
events32. However, recent evidence does not support the 
concept of superimposed evoked responses. For exam-
ple, a perturbation in the auditory SSEP can be induced 
by omitting a click in a stimulus series, an observation 
that cannot be explained in terms of transient responses 
to individual clicks33. In addition, the temporal pro-
file of the response to stimuli at 40 Hz, which begins 
200 ms after stimulus onset and continues after stimu-
lus offset34, and the frequency-specific modulation of 
the 40 Hz auditory SSEPs by attention35 support the 
notion that the 40 Hz response is indeed reflecting an 
oscillatory process.

Figure 1 | Neural oscillations and synchrony in cortical networks. a | The timing of 
rhythmic activity in cortical networks influences communication between neuronal 
populations. Three groups of interconnected neurons, each of which is rhythmically 
active, are shown on the left. On the right are local field potential oscillations and action 
potentials (spikes; indicated by vertical lines) in the three populations. Spikes either 
arrive at the postsynaptic neuron during a peak in its local field potential (arrows), 
corresponding to a peak in its excitability, or miss these peaks (blunt arrows). The  
timing of the activity of two groups of neurons is thus either aligned, enabling  
effective com munication (red and blue group), or not aligned (blue and grey group), 
preventing communication. b | Synchronization between neurons in local cortical 
networks depends on the occurrence of gamma oscillations7. The panels show auto- 
(left-hand panels) and cross-correlograms (right-hand panels) of the responses of two 
neurons (green and blue) in cortical area 17 in anaesthetized cats to a drifting grating 
stimulus recorded at different times. Cross-correlograms are an index of the temporal 
correlation between neuronal responses, whereas auto-correlograms reflect the 
temporal structure of a single channel. Autocorrelograms in the upper and lower rows 
respectively indicate phases with weak and strong oscillatory modulation of responses. 
The cross-correlograms indicate synchronization only in the presence of oscillations of 
~25 Hz (bottom row). Part a is modified, with permission, from REF. 137 ¡ (2005) Elsevier. 
Data in part b are courtesy of D. Nikolić, Max-Planck Institute for Brain Research, 
Frankfurt am Main, Germany.
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cross-correlation: the correlation of two signals 
as a function of temporal shift

because NO2 = 1 and NO = NO2 +NO3 = 2. Consistent with Fig. ??A, the solid and dotted lines in Fig. ??B
indicate those transitions associated with fast Ca2+-dependent activation and slow Ca2+-independent inac-
tivation, respectively.
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In this Review, we highlight the role of dysfunc-
tional neural oscillations in schizophrenia by review-
ing the evidence from studies that have examined 
oscillatory activity and its synchronization in patients 
with schizophrenia using electroencephalography 
(EEG) and magnetoencephalography (MEG) (BOX 1). 
Furthermore, we examine the possible neurobiological 
causes of impaired oscillations and the involvement of 
aberrant oscillatory activity in the neurodevelopment 
of schizophrenia.

Neural oscillations in schizophrenia
As noted above, neural oscillations are thought to be a 
fundamental mechanism for the coordination of neu-
ronal responses throughout the cortex, and impair-
ments in these oscillations are a candidate mechanism 
for a pervasive network impairment in schizophrenia. 
This is supported by the results of EEG and MEG stud-
ies (FIG. 2; see Supplementary information S1 (table)) 
that have examined neural oscillations at different 
temporal and spatial scales during cognitive tasks and 
at rest. Studies investigating task-related oscillations 
have measured both evoked oscillations, which reflect 
sensory-driven oscillatory activity and self-generated 
oscillations (induced oscillations) and their large-scale 
synchronization.

Steady-state evoked potentials. Steady-state evoked 
potentials (SSEPs) are a basic neural response to a tem-
porally modulated stimulus to which SSEPs are synchro-
nized in frequency and phase. Steady-state paradigms 
can probe the ability of neuronal networks to generate 
and maintain oscillatory activity in different frequency 
bands. Consistent evidence for a deficit in the SSEPs 
evoked by auditory stimuli in patients with schizophre-
nia has been obtained from eight studies22–29, although 
one study30 demonstrated impaired auditory SSEPs in 
first-degree relatives of patients with chronic schizophre-
nia but not in the patients themselves. Dysfunctions in 
the auditory SSEP to trains of clicks presented at gamma 
frequency, in particular at 40 Hz, have been shown to 
be pronounced, but deficits in SSEPs in response to the 
presentation of stimuli at lower frequency bands have 
also been shown25,26. Deficits have also been reported 
for visual SSEPs, in particular to stimuli in the beta 
frequency range31.

Initially, it was unclear whether the auditory SSEP 
is an intrinsic oscillatory process or whether it reflects 
the temporal overlap of potentials elicited by single 
events32. However, recent evidence does not support the 
concept of superimposed evoked responses. For exam-
ple, a perturbation in the auditory SSEP can be induced 
by omitting a click in a stimulus series, an observation 
that cannot be explained in terms of transient responses 
to individual clicks33. In addition, the temporal pro-
file of the response to stimuli at 40 Hz, which begins 
200 ms after stimulus onset and continues after stimu-
lus offset34, and the frequency-specific modulation of 
the 40 Hz auditory SSEPs by attention35 support the 
notion that the 40 Hz response is indeed reflecting an 
oscillatory process.

Figure 1 | Neural oscillations and synchrony in cortical networks. a | The timing of 
rhythmic activity in cortical networks influences communication between neuronal 
populations. Three groups of interconnected neurons, each of which is rhythmically 
active, are shown on the left. On the right are local field potential oscillations and action 
potentials (spikes; indicated by vertical lines) in the three populations. Spikes either 
arrive at the postsynaptic neuron during a peak in its local field potential (arrows), 
corresponding to a peak in its excitability, or miss these peaks (blunt arrows). The  
timing of the activity of two groups of neurons is thus either aligned, enabling  
effective com munication (red and blue group), or not aligned (blue and grey group), 
preventing communication. b | Synchronization between neurons in local cortical 
networks depends on the occurrence of gamma oscillations7. The panels show auto- 
(left-hand panels) and cross-correlograms (right-hand panels) of the responses of two 
neurons (green and blue) in cortical area 17 in anaesthetized cats to a drifting grating 
stimulus recorded at different times. Cross-correlograms are an index of the temporal 
correlation between neuronal responses, whereas auto-correlograms reflect the 
temporal structure of a single channel. Autocorrelograms in the upper and lower rows 
respectively indicate phases with weak and strong oscillatory modulation of responses. 
The cross-correlograms indicate synchronization only in the presence of oscillations of 
~25 Hz (bottom row). Part a is modified, with permission, from REF. 137 ¡ (2005) Elsevier. 
Data in part b are courtesy of D. Nikolić, Max-Planck Institute for Brain Research, 
Frankfurt am Main, Germany.
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In this Review, we highlight the role of dysfunc-
tional neural oscillations in schizophrenia by review-
ing the evidence from studies that have examined 
oscillatory activity and its synchronization in patients 
with schizophrenia using electroencephalography 
(EEG) and magnetoencephalography (MEG) (BOX 1). 
Furthermore, we examine the possible neurobiological 
causes of impaired oscillations and the involvement of 
aberrant oscillatory activity in the neurodevelopment 
of schizophrenia.

Neural oscillations in schizophrenia
As noted above, neural oscillations are thought to be a 
fundamental mechanism for the coordination of neu-
ronal responses throughout the cortex, and impair-
ments in these oscillations are a candidate mechanism 
for a pervasive network impairment in schizophrenia. 
This is supported by the results of EEG and MEG stud-
ies (FIG. 2; see Supplementary information S1 (table)) 
that have examined neural oscillations at different 
temporal and spatial scales during cognitive tasks and 
at rest. Studies investigating task-related oscillations 
have measured both evoked oscillations, which reflect 
sensory-driven oscillatory activity and self-generated 
oscillations (induced oscillations) and their large-scale 
synchronization.

Steady-state evoked potentials. Steady-state evoked 
potentials (SSEPs) are a basic neural response to a tem-
porally modulated stimulus to which SSEPs are synchro-
nized in frequency and phase. Steady-state paradigms 
can probe the ability of neuronal networks to generate 
and maintain oscillatory activity in different frequency 
bands. Consistent evidence for a deficit in the SSEPs 
evoked by auditory stimuli in patients with schizophre-
nia has been obtained from eight studies22–29, although 
one study30 demonstrated impaired auditory SSEPs in 
first-degree relatives of patients with chronic schizophre-
nia but not in the patients themselves. Dysfunctions in 
the auditory SSEP to trains of clicks presented at gamma 
frequency, in particular at 40 Hz, have been shown to 
be pronounced, but deficits in SSEPs in response to the 
presentation of stimuli at lower frequency bands have 
also been shown25,26. Deficits have also been reported 
for visual SSEPs, in particular to stimuli in the beta 
frequency range31.

Initially, it was unclear whether the auditory SSEP 
is an intrinsic oscillatory process or whether it reflects 
the temporal overlap of potentials elicited by single 
events32. However, recent evidence does not support the 
concept of superimposed evoked responses. For exam-
ple, a perturbation in the auditory SSEP can be induced 
by omitting a click in a stimulus series, an observation 
that cannot be explained in terms of transient responses 
to individual clicks33. In addition, the temporal pro-
file of the response to stimuli at 40 Hz, which begins 
200 ms after stimulus onset and continues after stimu-
lus offset34, and the frequency-specific modulation of 
the 40 Hz auditory SSEPs by attention35 support the 
notion that the 40 Hz response is indeed reflecting an 
oscillatory process.

Figure 1 | Neural oscillations and synchrony in cortical networks. a | The timing of 
rhythmic activity in cortical networks influences communication between neuronal 
populations. Three groups of interconnected neurons, each of which is rhythmically 
active, are shown on the left. On the right are local field potential oscillations and action 
potentials (spikes; indicated by vertical lines) in the three populations. Spikes either 
arrive at the postsynaptic neuron during a peak in its local field potential (arrows), 
corresponding to a peak in its excitability, or miss these peaks (blunt arrows). The  
timing of the activity of two groups of neurons is thus either aligned, enabling  
effective com munication (red and blue group), or not aligned (blue and grey group), 
preventing communication. b | Synchronization between neurons in local cortical 
networks depends on the occurrence of gamma oscillations7. The panels show auto- 
(left-hand panels) and cross-correlograms (right-hand panels) of the responses of two 
neurons (green and blue) in cortical area 17 in anaesthetized cats to a drifting grating 
stimulus recorded at different times. Cross-correlograms are an index of the temporal 
correlation between neuronal responses, whereas auto-correlograms reflect the 
temporal structure of a single channel. Autocorrelograms in the upper and lower rows 
respectively indicate phases with weak and strong oscillatory modulation of responses. 
The cross-correlograms indicate synchronization only in the presence of oscillations of 
~25 Hz (bottom row). Part a is modified, with permission, from REF. 137 ¡ (2005) Elsevier. 
Data in part b are courtesy of D. Nikolić, Max-Planck Institute for Brain Research, 
Frankfurt am Main, Germany.
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Data from two animal models of schizophrenia  
further support a link between abnormal parvalbumin 
expression and impairments in gamma-band oscilla-
tions. Treatment of rats with methylazoxymethanol 
acetate led to decreased expression of parvalbumin  
in interneurons in the medial prefrontal cortex and in  
the ventral subiculum of the hippocampus that 
was accompanied by a reduction in gamma-band 

responses to a conditioned tone during a latent  
inhibition paradigm83 (FIG. 4c). Similarly, lysophospha-
tidic acid receptor 1-deficient mice, which display a 
range of cognitive and neurochemical deficits similar 
to those seen in schizophrenia, are characterized by a 
reduction in gamma oscillations and in the numbers 
of parvalbumin-positive interneurons in the medial 
entorhinal cortex84.

Figure 3 | Mechanisms underlying the generation of gamma oscillations and synchrony. a | A neocortical circuit 
involved in the generation of gamma-band oscillations. Generation of synchronized neural activity in neocortical circuits is 
dependent on negative feedback inhibition of pyramidal cells by GABA (γ-aminobutyric acid)-ergic interneurons that express 
the Ca2+-binding protein parvalbumin. These receive glutamate receptor-mediated feedforward excitatory inputs, which 
makes them susceptible to changes in glutamatergic drive. Transient excitation of parvalbumin-expressing interneurons 
leads to a depolarization of many interneurons, which are themselves reciprocally interconnected through gap junctions and 
chemical GABAergic synapses. Electrical synapses are important for the synchronization of network activity because they 
rapidly propagate activity. Conversely, mutual inhibition through chemical synapses is a crucial determinant of the network 
frequency, as the duration of inhibitory postsynaptic potentials determines the dominant oscillation frequency. The resulting 
rhythmic inhibitory postsynaptic potentials can synchronize the firing of a large population of pyramidal neurons as the axon 
of an individual GABAergic neuron makes multiple postsynaptic contacts onto several pyramidal cells. This phasic inhibition 
leads to the synchronization of spiking activity that can be recovered with a cross-correlogram. A local field potential (LFP) 
recorded with an extracellular electrode reflects the average of the transmembrane currents that fluctuate at gamma-band 
frequency. Its extracranial counterpart can be reflected in electroencephalography (EEG) or magnetoencephalography 
(MEG) signals. b | Cortico-cortical connections mediate long-distance synchronization. The relationship between the 
integrity of the corpus callosum and interhemispheric synchronization of gamma-band oscillations in the cat visual cortex is 
illustrated. Recording electrodes were placed in the vicinity of the border of areas 17 and 18 of the right (RH) and left (LH) 
cortical hemispheres during stimulation with a light bar. In the bottom panels are cross-correlograms between responses 
from different recording sites in the LH and RH that indicate the degree of interhemispheric synchronization. When the 
corpus callosum was intact (left-hand panel), strong interhemispheric synchronization occurred with no phase lag between 
the LH and RH recording sites. Sectioning of the corpus callosum (right-hand panel) abolished interhemispheric 
synchronization while leaving synchronization within hemispheres intact. These data show that synchronization can occur 
over long distances with high precision and is crucially dependent on the integrity of cortico-cortical connections. The upper 
panel of part b is modified with permission, from REF. 163 ¡ (1972) Elsevier. The lower panel of part b is modified, with 
permission, from REF. 70 ¡ (1991) American Association for the Advancement of Science.
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Data from two animal models of schizophrenia  
further support a link between abnormal parvalbumin 
expression and impairments in gamma-band oscilla-
tions. Treatment of rats with methylazoxymethanol 
acetate led to decreased expression of parvalbumin  
in interneurons in the medial prefrontal cortex and in  
the ventral subiculum of the hippocampus that 
was accompanied by a reduction in gamma-band 

responses to a conditioned tone during a latent  
inhibition paradigm83 (FIG. 4c). Similarly, lysophospha-
tidic acid receptor 1-deficient mice, which display a 
range of cognitive and neurochemical deficits similar 
to those seen in schizophrenia, are characterized by a 
reduction in gamma oscillations and in the numbers 
of parvalbumin-positive interneurons in the medial 
entorhinal cortex84.

Figure 3 | Mechanisms underlying the generation of gamma oscillations and synchrony. a | A neocortical circuit 
involved in the generation of gamma-band oscillations. Generation of synchronized neural activity in neocortical circuits is 
dependent on negative feedback inhibition of pyramidal cells by GABA (γ-aminobutyric acid)-ergic interneurons that express 
the Ca2+-binding protein parvalbumin. These receive glutamate receptor-mediated feedforward excitatory inputs, which 
makes them susceptible to changes in glutamatergic drive. Transient excitation of parvalbumin-expressing interneurons 
leads to a depolarization of many interneurons, which are themselves reciprocally interconnected through gap junctions and 
chemical GABAergic synapses. Electrical synapses are important for the synchronization of network activity because they 
rapidly propagate activity. Conversely, mutual inhibition through chemical synapses is a crucial determinant of the network 
frequency, as the duration of inhibitory postsynaptic potentials determines the dominant oscillation frequency. The resulting 
rhythmic inhibitory postsynaptic potentials can synchronize the firing of a large population of pyramidal neurons as the axon 
of an individual GABAergic neuron makes multiple postsynaptic contacts onto several pyramidal cells. This phasic inhibition 
leads to the synchronization of spiking activity that can be recovered with a cross-correlogram. A local field potential (LFP) 
recorded with an extracellular electrode reflects the average of the transmembrane currents that fluctuate at gamma-band 
frequency. Its extracranial counterpart can be reflected in electroencephalography (EEG) or magnetoencephalography 
(MEG) signals. b | Cortico-cortical connections mediate long-distance synchronization. The relationship between the 
integrity of the corpus callosum and interhemispheric synchronization of gamma-band oscillations in the cat visual cortex is 
illustrated. Recording electrodes were placed in the vicinity of the border of areas 17 and 18 of the right (RH) and left (LH) 
cortical hemispheres during stimulation with a light bar. In the bottom panels are cross-correlograms between responses 
from different recording sites in the LH and RH that indicate the degree of interhemispheric synchronization. When the 
corpus callosum was intact (left-hand panel), strong interhemispheric synchronization occurred with no phase lag between 
the LH and RH recording sites. Sectioning of the corpus callosum (right-hand panel) abolished interhemispheric 
synchronization while leaving synchronization within hemispheres intact. These data show that synchronization can occur 
over long distances with high precision and is crucially dependent on the integrity of cortico-cortical connections. The upper 
panel of part b is modified with permission, from REF. 163 ¡ (1972) Elsevier. The lower panel of part b is modified, with 
permission, from REF. 70 ¡ (1991) American Association for the Advancement of Science.
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Figure 1.1 Integral membrane proteins involved in membrane transport
include ion channels and transporters (exchangers and pumps).

motility). These topics are foundational building blocks of contemporary
cellular and systems neuroscience.

Cellular biophysics is somewhat, but not entirely, distinct from molecular
biophysics, e.g., the use of nuclear magnetic resonance (NMR) to deter-
mine to the structure of macromolecules. Both molecular and cellular bio-
physics are inherently interdisciplinary and dependent upon physical tech-
niques. In the case of cellular biophysics, examples include voltage-clamp
electrical recordings, confocal microfluorimetry, and fluorescence resonance
energy transfer (FRET). Because experimental cell physiology is performed
using biophysical techniques, biomedical research can be highly quantita-
tive. Mathematics is also relevant because the physiological state of living
cells and the measurements obtained using biophysical techniques are often
complicated functions of time.

A wide variety of molecules contribute to the electrical and chemical
signaling of excitable cells such as neurons and myocytes. Examples in-
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Figure 6.3 Left: The phase diagram for dy/dt = ay � b where a, b > 0 is
a positively sloped line . The steady state yss = b/a is unstable because
direction of flow on the phase line is away from the steady state, that is,
dy/dt > 0 for y > yss and dy/dt < 0 for y < yss (compare Fig. 6.2). Q:
In the phase diagram, where does the intersection with the vertical axis
occur? A: dy/dt = �b.

6.3 Stable and unstable steady states

Fig. 6.2 (left) shows a simplified version of the phase diagram of the compart-
mental model (Fig. 6.1). Rotating the phase line 90� in the counterclockwise
direction, one sees the correspondence between model solutions using var-
ious initial conditions and the flow on the phase line. The solutions being
plotted are the family of exponentially relaxing functions

c = (c0 � css) e�kt + css (6.2)

where css = |/k. Beginning from the initial state c0, the intracellular calcium
concentration asymptotically approaches css, either from above or below,
with exponential time constant ⌧ = 1/k (see Fig. ??). For initial conditions
greater than the steady-state value (c0 > css), solutions decrease over time
and asymptotically approach the steady state from above, that is, c(t) ! css

as t ! 1. For initial conditions c0 < css, solutions increase over time and
asymptotically approach the steady state from below. When the initial con-
dition is equal to the steady-state value (c0 = css), the solution is constant
(not a function of time). The arrows representing the flow of solutions on the
phase line serve as a compact representation of model responses (solutions
of the ODE initial value problem).

For comparison, Fig. 6.3 (left) shows a phase diagram for the ODE dy/dt =
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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 

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.
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Figure 3 Difference of Gaussians model in (A) spatial frequency and (B) space. In A, the
unbroken curve is the spatial frequency response of Rodieck’s Difference of Gaussians model. The
dashed curves show the spatial frequency responses of the center (fine "dashes) and surround
(coarse dashes), each of which is a Gaussian function of spatial frequency. In this example, the
ration ksrs2/kcrc2 was 0.9, and the ratio rs/rc was 4. These are typical values for X-cells in the
cat’s retina. In B, the upper set of curves represents the Difference of Gaussians model; the solid
curve is the sum of the narrower center Gaussian (fine dashes) and the broader surround Gaussian
(coarse dashes). These three curves are the inverse Fourier transforms of the corresponding spatial
frequency responses in A. The three lower curves in B are profiles of sinusoidal gratings presented
to the receptive field with even symmetry, a position of maximal response for a contrast reversal
grating. The spatial frequencies of these three sinusoids, in the units in which the receptive field
dimensions are expressed, are labeled a,b,c in A. From Enroth-Cugell & Robson (1984).

quite sensitive but the surround is very insensitive (see Figure 3B). The loss
of sensitivity seen at low spatial frequencies reflects the increasingly effective
antagonism from the surround.

We can go beyond this qualitative description to estimate precisely the
center’s spread, re, and peak sensitivity, kc, and the surround’s spread, rs, and
sensitivity, ks, from measurements of spatial frequency sensitivity. Enroth-
Cugell & Robson (1966) showed that if the distribution of sensitivity within
the receptive field of a linearly behaving ganglion cell is a difference of Gaus-
sians in space, then the spatial frequency sensitivity function will be a differ-
ence of Gaussians in spatial frequency (as long as the system can be treated
as a linear one). The smooth curve in Figure 3A, which is the spatial frequency
sensitivity function of Rodieck’s model, is a difference of Gaussian functions
in spatial frequency. At high spatial frequency, the sensitivity falls as a Gaus-
sian function of spatial frequency. The spread of this function is the reciprocal
of the product of ~r (3.1416) times the center’s spread (1/~rrc), so the size 
the center can be estimated with great accuracy from the high-frequency roll-
off of the sPatial frequency sensitivity curve. Cleland et al (1979) and So 
Shapley (1981) showed that this estimate of center size based on spatial fre-
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retina) or another cortical area, must pass through the
thalamus. In other words, just as retinal information is
relayed by thalamus, so is corticocortical information.
Another, perhaps more likely, suggestion is that a subset
of direct corticocortical pathways are drivers, and these
transmit information between cortical areas in parallel
with cortico-thalamo-cortical pathways involving higher
order thalamic nuclei.

Nature of information carried by driver
afferents to thalamus
The notion that direct corticocortical and cortico-tha-
lamo-cortical pathways convey information in parallel
implies that there are important functional differences
between these routes. One difference may be related to
the fact that, with few exceptions, direct corticocortical
projections are strictly cortical, meaning that the axons
involved have no branches to subcortical targets, whereas,
as indicated in Figure 2, many and perhaps all driver

afferents to thalamus have branches innervating numer-
ous extrathalamic, subcortical sites. For instance, many or
all retinogeniculate axons branch to also innervate the
midbrain [17], and most or all layer 5 axons that innervate
thalamus also innervate sites in the midbrain, pons, and
even spinal cord [18,19]. Thus one important difference
between these routes of information transfer in cortex is
that the route involving higher order thalamic relays
involves information that is shared with additional sub-
cortical sites.

It is also interesting that the extrathalamic targets of
drivers to thalamus seem to be involved in motor control.
That is, the midbrain targets of retinogeniculate axons are
implicated in eye movements, pupillary control, etc., and
the targets of layer 5 corticothalamic axons are also
involved in eye movements as well as various head and
body movements. Guillery [20,21] has suggested from
such observations that the information relayed through

420 Sensory systems

Figure 2

Schematic diagrams showing organizational features of first and higher order thalamic nuclei. A first order nucleus (a) represents the first
relay of a particular type of subcortical information to a first order or primary cortical area. A higher order nucleus (b, c) relays information from layer
5 of one cortical area to another cortical area. This relay can be from a primary area to a higher one (a,b) or between two higher order cortical
areas (b,c). The important difference between them is the driver input, which is subcortical (a) for a first order thalamic nucleus and from layer 5
of cortex (b,c) for a higher order nucleus. Note that all thalamic nuclei receive an input from layer 6 of cortex, which is mostly feedback, but
higher order nuclei in addition receive a layer 5 input from cortex, which is feedforward. Note in (a–c) that the driver inputs, both subcortical and
from layer 5, are typically from branching axons, the significance of which is elaborated in the text. Abbreviations: FO, first order; HO, higher
order; LGN, lateral geniculate nucleus; TRN, thalamic reticular nucleus. Redrawn from [23].
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ulus frequency to !20 Hz led to a delayed recruitment of
powerful disynaptic IPSPs (Fig. 13B). The depressing dynam-
ics of both the excitatory inputs (Fig. 4) and the inhibitory
outputs of FS cells (Fig. 8) make them very poor candidates for
the type of facilitating inhibition illustrated in Fig. 13B. How-
ever the frequency and time dependence of this facilitating
inhibition closely resembled the characteristics of the facilitat-
ing excitatory synapses onto LTS interneurons (Fig. 13B; see
also Figs. 4 and 5), as well as the IPSPs generated by LTS cells
(Fig. 8). We conclude that LTS cells mediate a form of local
inhibition that is only engaged when local activity reaches high
frequencies for a few tens of milliseconds.

D I S C U S S I O N

One of the most salient features of neocortical architecture is
its wide variety of inhibitory interneurons (Peters and Jones
1984; Mountcastle 1998). The presence of so many types of
interneurons suggests that each type may have a specialized
role and that there are diverse functions of interneurons in the
cortex. Deducing the nature of these functions requires infor-
mation about the physiological properties of the interneurons
themselves and the synaptic circuitry they participate in. Here
we show that the synaptic dynamics of two common types of
inhibitory interneurons in layer 4 are dramatically different.
Both the inputs and outputs of FS cells are relatively strong and
reliable and display short-term depression. In contrast, synaptic
inputs and outputs of LTS cells tend to be weak and unreliable
at low frequencies, show relatively little short-term depression,
and often facilitate at high frequencies. Thus FS and LTS cells
differ sharply in the properties of their chemical synapses and
their intrinsic membrane properties (Gupta et al. 2000;
Kawaguchi 1995; Kawaguchi and Kubota 1997), and each
makes cell-type-specific electrical synapses (Gibson et al.
1999). These differences strongly imply that FS and LTS cells
serve distinctly different functions in layer 4.

Functional patterns of inhibitory circuitry in layer 4

By sampling paired combinations of RS, FS, and LTS neu-
rons, we were able to provide a functional anatomy of the
neural circuitry within layer 4 (Table 2). Figure 14 schematizes
this circuitry together with some connections observed in other
studies. Judging from their connection probabilities, both FS
and LTS cells seemed to be targeted monosynaptically by a
large percentage of their neighboring excitatory neurons. Input
from thalamocortical relay cells was more selective; it fre-
quently and strongly excited FS cells (Agmon and Connors
1991; Beierlein et al. 2002; Porter et al. 2001) but only rarely
and weakly excited LTS cells (Gibson et al. 1999). As stated in
the preceding text, we cannot quantify the connection proba-
bilities from thalamic axons because we used extracellular
stimulation. Nevertheless studies in the somatosensory barrel
cortex in vivo suggest that each FS cell receives monosynaptic
input from a majority of the relay cells in its corresponding
thalamic barreloid (Swadlow 2003; Swadlow and Gusev 2001;
Swadlow et al. 1998). LTS cells have not been studied in vivo
because there is no unambiguous way to distinguish their
action potentials extracellularly. In general, the data suggest
that individual FS cells are the frequent recipients of both
intrinsic and extrinsic sources of excitation. By contrast, LTS

interneurons appear to be more exclusively dedicated to the
neural activity of the local cortical circuit. It remains to be seen
how much input each interneuron receives from more distant
neocortical cells.
Both FS and LTS cells made frequent inhibitory synapses

onto local excitatory neurons (Fig. 14). Thus we can infer that
both cell types contribute to feedback inhibitory pathways onto
RS cells. In addition, FS cells also mediate a fast and strong
feedforward inhibitory pathway triggered by thalamic input.
The amplitude of FS-mediated IPSPs was, on average, twice
the size of the IPSPs mediated by LTS cells. This may reflect
differences in release probabilities to some extent (see follow-
ing text), but it is also consistent with different sites of termi-
nation on the postsynaptic cells. In other cortical areas and
layers, axons of FS cells project primarily to perisomatic areas
of postsynaptic pyramidal cells neurons, whereas LTS cells
have more terminations in distal dendritic regions than do FS
cells (Kawaguchi and Kubota 1997; Xiang et al. 1998). Thus
smaller amplitudes and slower rise times of LTS-evoked IPSPs
are consistent with the expected electrotonic attenuation of
more distal synaptic events (Xiang et al. 2002).
In this study, we focused on the inhibitory connections that

FS and LTS cells make onto excitatory RS neurons. However,
it is important to point out that inhibitory interneurons com-

FIG. 14. Two dynamically distinct systems of inhibition in layer 4. Black
pathways have synapses with relatively reliable transmission and short-term
depression. Gray pathways have synapses that are relatively unreliable initially
but generate short-term facilitation (LTS-to-RS connections range from facil-
itating to weakly depressing). Excitatory synapses are rectangular, inhibitory
synapses are round. Details are described in the text.
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FIG. 1. Examples of synchronous oscillations in cognitive behaviors. A: theta rhythm in the hippocampus during spatial navigation. Top: in the
task, rat shuttles back and forth along a linear track between food rewards contained in cups attached to movable walls. Middle: color-coded firing
field of a place cell created from multiple runs in the eastward direction. Bottom: EEG theta rhythm and place cell firing (in red) for the same cell
on a single eastward run. Ticks above the spikes indicate 0°/360° phase for each theta cycle. Bursts of spikes occur at higher than theta frequency
causing each successive burst to move to an earlier phase of the theta cycle, despite initially rising then falling firing rate. B: attention induces
changes in synchrony in the visual cortex. Data shown are from an experiment in which two visual stimuli were presented, one inside and one
outside the receptive field of a neuron in area V4 of a behaving monkey. In the schematics (left), the green box represents the receptive field: this
was not presented on the screen in the experiment. Red traces correspond to attention directed inside the receptive field of the recorded neuron;
blue traces correspond to attention directed outside. Stimuli were the same in the two conditions. a and b: The continuous traces show the
stimulus-driven local field potentials (LFPs). The spikes below were recorded simultaneously from different electrodes. c and d: Spike-triggered
averages (STAs) computed during the stimulus presentation period. The STA corresponds to the average LFP waveform that is seen at the time of
a spike. The y-axes indicate the mean LFP; the x-axes indicate time relative to the occurrence of a spike. e: Power spectra of the two STAs shown
in c and d. When attention is focused inside the receptive field, the recorded neurons tend to fire more in phase with the frequency components
around 50 Hz, and less so with respect to the frequencies around 10 Hz. [A from Huxter et al. (456); B from Salinas and Sejnowski (838) with the
original experimental data reported in Fries et al. (312).]
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Data from two animal models of schizophrenia  
further support a link between abnormal parvalbumin 
expression and impairments in gamma-band oscilla-
tions. Treatment of rats with methylazoxymethanol 
acetate led to decreased expression of parvalbumin  
in interneurons in the medial prefrontal cortex and in  
the ventral subiculum of the hippocampus that 
was accompanied by a reduction in gamma-band 

responses to a conditioned tone during a latent  
inhibition paradigm83 (FIG. 4c). Similarly, lysophospha-
tidic acid receptor 1-deficient mice, which display a 
range of cognitive and neurochemical deficits similar 
to those seen in schizophrenia, are characterized by a 
reduction in gamma oscillations and in the numbers 
of parvalbumin-positive interneurons in the medial 
entorhinal cortex84.

Figure 3 | Mechanisms underlying the generation of gamma oscillations and synchrony. a | A neocortical circuit 
involved in the generation of gamma-band oscillations. Generation of synchronized neural activity in neocortical circuits is 
dependent on negative feedback inhibition of pyramidal cells by GABA (γ-aminobutyric acid)-ergic interneurons that express 
the Ca2+-binding protein parvalbumin. These receive glutamate receptor-mediated feedforward excitatory inputs, which 
makes them susceptible to changes in glutamatergic drive. Transient excitation of parvalbumin-expressing interneurons 
leads to a depolarization of many interneurons, which are themselves reciprocally interconnected through gap junctions and 
chemical GABAergic synapses. Electrical synapses are important for the synchronization of network activity because they 
rapidly propagate activity. Conversely, mutual inhibition through chemical synapses is a crucial determinant of the network 
frequency, as the duration of inhibitory postsynaptic potentials determines the dominant oscillation frequency. The resulting 
rhythmic inhibitory postsynaptic potentials can synchronize the firing of a large population of pyramidal neurons as the axon 
of an individual GABAergic neuron makes multiple postsynaptic contacts onto several pyramidal cells. This phasic inhibition 
leads to the synchronization of spiking activity that can be recovered with a cross-correlogram. A local field potential (LFP) 
recorded with an extracellular electrode reflects the average of the transmembrane currents that fluctuate at gamma-band 
frequency. Its extracranial counterpart can be reflected in electroencephalography (EEG) or magnetoencephalography 
(MEG) signals. b | Cortico-cortical connections mediate long-distance synchronization. The relationship between the 
integrity of the corpus callosum and interhemispheric synchronization of gamma-band oscillations in the cat visual cortex is 
illustrated. Recording electrodes were placed in the vicinity of the border of areas 17 and 18 of the right (RH) and left (LH) 
cortical hemispheres during stimulation with a light bar. In the bottom panels are cross-correlograms between responses 
from different recording sites in the LH and RH that indicate the degree of interhemispheric synchronization. When the 
corpus callosum was intact (left-hand panel), strong interhemispheric synchronization occurred with no phase lag between 
the LH and RH recording sites. Sectioning of the corpus callosum (right-hand panel) abolished interhemispheric 
synchronization while leaving synchronization within hemispheres intact. These data show that synchronization can occur 
over long distances with high precision and is crucially dependent on the integrity of cortico-cortical connections. The upper 
panel of part b is modified with permission, from REF. 163 ¡ (1972) Elsevier. The lower panel of part b is modified, with 
permission, from REF. 70 ¡ (1991) American Association for the Advancement of Science.
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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 

target of VPM axons is layer 4, there is also a weaker inner-
vation of upper layer 6 (Figure 1C). The clear anatomical
maps segregating neighboring whisker representations
in this ‘‘lemniscal’’ pathway strongly suggest a labeled-
line single-whisker signaling pathway from the periphery
to the barrel cortex. However, there are two striking differ-
ences in the whisker-related sensory processing compar-
ing the periphery to the barrel cortex. First, whereas sen-
sory information in the trigeminal ganglion at the
periphery encodes whisker stimuli with remarkable reli-
ability (Jones et al., 2004; Arabzadeh et al., 2005), the neo-
cortex instead responds with enormous trial-to-trial vari-
ability to identical well-controlled stimuli (Petersen et al.,
2003b; Sachdev et al., 2004; Arabzadeh et al., 2005).
This variability is driven predominantly by interactions with
ongoing spontaneous cortical activity (Petersen et al.,
2003b; Sachdev et al., 2004). Second, the single-whisker
receptive fields found in the trigeminal ganglion contrast
with the broad receptive fields in the neocortex (Simons,
1978; Moore and Nelson, 1998; Zhu and Connors, 1999;
Brecht et al., 2003; Higley and Contreras, 2003). These
observations suggest that a primary function of the neo-
cortex is to generate associations of different sensory
inputs which are processed in a highly context-dependent
manner.

The increasing complexity of sensory processing in
higher brain areas is likely to be mediated, in part, through
interactions of parallel ascending pathways for processing

whisker-related information. Although the lemniscal path-
way is likely to be a major sensory pathway for whisker-re-
lated information, it is by no means the only one (Yu et al.,
2006). In addition to the synapses formed in the principal
trigeminal nucleus, the axons of the trigeminal sensory
neurons also provide excitatory input to spinal trigeminal
brainstem nuclei. The trigeminal spinal interpolaris nu-
cleus is also somatotopically organized into barrelettes
and responds well to whisker deflections. The interpolaris
nucleus can be subdivided into two anatomically and
functionally distinct regions (Furuta et al., 2006). The cau-
dal part forms the recently discovered ‘‘extralemniscal’’
pathway signaling through a ventrolateral strip of the
VPM to the secondary somatosensory cortex and the
‘‘septal’’ regions of S1 (Pierret et al., 2000). In the rat there
can be large gaps, called ‘‘septa,’’ between individual
layer four barrels, which have different microcircuits to
the barrel columns (Kim and Ebner, 1999). Although these
septal regions may play an important role in the rat whisker
sensorimotor system, they are not obvious in the mouse,
where neighboring barrels are tightly apposed to each
other. For the sake of simplicity and presenting a unified
view of the rat and mouse barrel cortex, the septal system
will not be further discussed in this review. The rostral part
of the interpolaris nucleus forms the beginning of the im-
portant ‘‘paralemniscal’’ pathway, projecting to the poste-
rior medial (POM) nucleus of the thalamus, which in turn
primarily innervates layer 1 and 5A of the primary

Figure 1. Synaptic Pathways for
Processing Whisker-Related Sensory
Information in the Rodent Barrel Cortex
(A) Deflection of a whisker evokes action po-
tentials in sensory neurons of the trigeminal
nerve, which release glutamate at a first syn-
apse in the brain stem (1). The brain stem neu-
rons send sensory information to the thalamus
(2), where a second glutamatergic synapse ex-
cites thalamocortical neurons projecting to the
primary somatosensory barrel cortex (3).
(B) The layout of whisker follicles (left, only C-
row whiskers shown) on the snout of the rodent
is highly conserved and is identical between
rats and mice. There are obvious anatomical
structures termed ‘‘barrels’’ in layer 4 of the pri-
mary somatosensory neocortex (right), which
are laid out in a near identical pattern to the
whiskers. The standard nomenclature for
both whiskers and barrels consists of the
rows A–E and the arcs 1, 2, 3, etc. The C2 whis-
ker follicle and the C2 barrel are highlighted in
yellow.
(C) There are at least two important parallel
thalamocortical pathways for signaling whis-
ker-related sensory information to the barrel
cortex. Neurons in the ventral posterior medial
(VPM) nucleus (labeled red, left) are glutama-

tergic and signal information relating primarily to deflections of a single whisker. The axons of VPM neurons terminate predominantly in individual
layer 4 barrels, with a minor innervation in upper layer 6 (right). Corticothalamic layer 6 neurons provide reciprocal feedback to the VPM (not shown).
Neurons of the posterior medial (POM) thalamic nucleus (labeled green, left) have broader receptive fields and are tightly regulated by state-depen-
dent control imposed by zona incerta and the cortex. The axons of POM neurons avoid the layer 4 barrels and target primarily layer 1 and 5A (right).
Corticothalamic neurons in layer 5 provide a strong input to POM (not shown).
(D) Neurons in the barrel cortex are reciprocally connected to other cortical areas through long-range glutamatergic corticocortical synapses. The
most important pathways connect the primary somatosensory (S1) barrel cortex with secondary somatosensory cortex (S2) and primary motor cortex
(M1) on the same hemisphere. Callosal projections are also present but less prominent.
(A) is modified and reproduced from Neuron, Knott et al. (2002), Copyright (2002), with kind permission from Cell Press, Elsevier.
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