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CHAPTER 6

Gamma oscillations in barrel cortex: cell-class specific
synchronization and relation with visual cortex and medial

temporal lobe system
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Vinck, M.*, Bos, J.J.*, Donga, A.B., Jackson, J.C., Pennartz, C.M.A. Gamma oscillations
in barrel cortex: cell-class specific synchronization and relation with visual cortex and medial
temporal lobe system.
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Abstract

Gamma-band synchronization is an abundant phenomenon in the cortex that has been
reported for many species, areas and tasks, and hypothesized to be critical for regulating cor-
tical communication. Despite the importance of area S1BF (primary somatosensory cortex,
barrel field) as a model system for sensory processing, there is surprisingly little evidence
suggesting that band-limited gamma oscillations occur in area S1BF of awake rodents. We
addressed this question by analyzing spike and LFP (Local Field Potential) data from three
freely moving rats. We found strong, band-limited gamma-band synchronization, as revealed
from LFP-LFP phase-synchronization spectra, LFP power spectra, and spike-LFP phase lock-
ing spectra. We then assigned neurons to electrophysiological subclasses according to action
potential waveform and firing rate characteristics. Putative inhibitory interneurons (I), which
likely include the SOM (Somatostatin expressing) and PV (Parvalbumin expressing) cells,
were found to be much more strongly gamma locked than putative excitatory cells (E). We
further inquired the temporal dynamics of the gamma cycle, and found no phase delay be-
tween I and E cells. However, we observed a bimodal distribution of preferred I gamma
phases, with groups of I cells that were particularly strongly and weakly gamma entrained
firing before and after the E cells, respectively. We next inquired whether gamma synchro-
nization between area S1BF and areas V1M, perirhinal cortex, and dorsal CA1 may exist,
possibly subserving multimodal integration of tactile with other sensory and memory-related
streams of information. We find no evidence for long-range gamma synchronization between
area S1BF and these other areas, indicating that S1BF gamma is not part of a global cortical
gamma network.
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6.0 Introduction

Gamma-band synchronization is an abundant phenomenon in the cortex that has been re-
ported for many species, areas and tasks (for recent overviews see Fries (2009); Buzsaki
& Wang (2012); Vinck et al. (2013)). It has been hypothesized to subserve mechanistic
functions like assembly formation (Singer, 1999; Fries, 2005; Buzsáki, 2010), phase coding
(Fries et al., 2007; Siegel et al., 2009; Panzeri et al., 2010; Quiroga & Panzeri, 2009; Kayser
et al., 2009; O’Keefe & Recce, 1993; Vinck et al., 2010a), selective inter-areal communica-
tion (Fries, 2005; Burchell et al., 1998; Womelsdorf et al., 2007) and spike-timing-dependent
plasticity (Vinck et al., 2010a; Sejnowski & Paulsen, 2006). In addition, it has been linked to
many cognitive functions, for example attention (Fries et al., 2001b; Gregoriou et al., 2009),
perceptual binding (Singer, 1999), memory (Colgin et al., 2009; Montgomery & Buzsáki,
2007; Pesaran et al., 2002) and decision making (van Wingerden et al., 2010a). The mecha-
nisms of gamma oscillations likely involve the FS (Fast Spiking) basket cell network (Whit-
tington et al., 1995; Wang & Buzsaki, 1996; Buzsaki & Wang, 2012; Bartos et al., 2007). A
strong piece of evidence for this hypothesis comes from a study by Cardin et al. (2009), who
showed that gamma oscillations in the S1 Barrel Field (S1BF) of anesthesized mice can be
induced by optogenetic activation of FS Parvalbumin expressing (PV+) cells (which include
the FS basket cell type), but not by the activation of the excitatory cell network.

Area S1BF of the rodent neocortex is one of the main model systems to study sensory pro-
cessing, micro-circuit organization, and cortical plasticity (e.g. see Petersen (2007); Brecht
(2007); Diamond et al. (2008); Fox (2002); Gentet (2012)). To our knowledge, there ex-
ists surprisingly little evidence suggesting that band-limited gamma oscillations occur in area
S1BF of awake rodents in the absence of circuit interventions, despite the fact that S1BF cir-
cuits have an intrinsic capacity to generate band-limited gamma oscillations in vivo (Cardin
et al., 2009). Hamada et al. (1999) showed a transient, band-limited increase in 30-35 Hz
S1BF LFP power before whisking onset, but did not show entrainment of S1BF spiking to
this rhythm, nor the presence of band-limited gamma oscillations in the typical 40-90 Hz
band, thus leaving open the possibility of volume conduction. Jones & Barth (1997) made
subdural grid recordings in S1BF, reporting an increase in 20-70 Hz LFP power upon passive,
manual stimulation of the contralateral mystacial vibrissae in awake rats. Zagha et al. (2013)
showed that 30-50 Hz S1BF LFP power was enhanced during whisking periods in comparison
to non-whisking periods. However, the latter two studies did not analyze whether raw LFP
power or LFP-LFP phase-synchronization spectra demonstrate band-limited gamma synchro-
nization, nor did they inquire whether and how S1BF neurons are phase locked to S1BF LFP
oscillations.

Here, we analyze data from tetrode recordings in S1BF of the awake, behaving rat, to find
band-limited gamma oscillations and synchronization, as revealed from LFP-LFP coherence,
LFP power, and spike-LFP locking. We elaborate on this basic finding in several ways. First,
we aim to shed further light on the generative mechanisms behind these gamma-oscillations,
by analyzing the strength and phase of spike-LFP gamma locking for various electrophys-
iological cell classes. To this end, we identify broad spiking, putative excitatory cells and
narrow spiking, putative inhibitory interneurons by classifying cells based on action poten-
tial waveform (e.g. (Mitchell et al., 2007). While PV+ inhibitory interneurons are strongly
implicated in gamma rhythmogenesis (Cardin et al., 2009), it remains an open question what
precise temporal interplay between excitatory cells and interneurons gives rise to gamma os-
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cillations (Tiesinga & Sejnowski, 2009; Bartos et al., 2007). This question will be addressed
by analyzing the cells’ phase of firing in the gamma cycle.

Second, we aim to analyze whether observed S1BF gamma oscillations are part of a
larger, multimodal brain network by studying whether gamma coherence is observed with
areas from which simultaneous recordings were made (V1M, dorsal CA1, perirhinal cortex).
Gamma coherence has been proposed to be a generic mechanism for communication between
brain areas (Fries, 2005), and has been hypothesized to play a role in multimodal integration
(Pennartz, 2009; Engel et al., 2012). Our recorded areas have known mono- and disynaptic
anatomical connections to S1BF. Monosynaptic connections between S1BF and perirhinal
cortex have been indicated (Aronoff et al., 2010; Naber et al., 2000), which may underlie
tactile responses in the CA1 area of the hippocampus (Pereira et al., 2007; Itskov et al.,
2011), which in turn has mono- and disynaptic connections to the perirhinal cortex (Naber
et al., 1999). Further, tactile driven responses occur in rat V1 (Vasconcelos et al., 2011; Iurilli
et al., 2012), and there are known disynaptic (with few monosynaptic) anatomical projections
between S1BF and V1 in the rat cortex (Paperna & Malach, 1991). Our data show that S1BF
gamma is not phase-synchronized with gamma oscillations in these other areas.

6.1 Results

Gamma phase synchronization between S1BF LFPs

We recorded spikes and LFPs from 36 tetrodes in three awake behaving rats performing a
left-right discrimination task on a figure-8 maze (Figure 6.1; N=18, 15, and 13 sessions
for rats R1, R2 and R3, respectively). Recordings were made from four separate tetrode
bundles, each containing eight tetrodes that were horizontally separated by 100-1000 µm.
The four bundles were directed towards different brain areas, namely S1 Barrel Field (S1BF),
the dorsal CA1 field of the hippocampus, perirhinal cortex (area 35/36), and the monocular
field of the primary visual cortex (V1M).

We first inquired whether gamma phase-synchronization could be detected between S1BF
LFPs, with each LFP being recorded on a distinct tetrode. We observed strong, band-limited
gamma phase-synchronization between barrel LFPs, with spectral peaks around 60-70 Hz
(Figure 6.2A). This finding was consistent for all three recorded rats, with little variation in
the peak gamma frequency (Figure 6.2B-D), allowing to pool the data across rats together.
The small inter-subject variation in peak gamma frequencies stands in sharp contrast to the
large inter-subject variance in peak gamma frequencies that has been reported for the oc-
cipital cortex of humans and macaque monkeys (van Pelt et al., 2012; Vinck et al., 2010a).
Phase-synchronization was measured using the WPLI, a metric of phase synchronization that
benefits from reduced noise sensitivity and is not spuriously increased by (instantaneous) vol-
ume conduction or the use of a common reference (WPLI; Vinck et al. (2011)), and is to some
degree comparable to the imaginary component of the coherency (Nolte et al., 2004; Stam
et al., 2007). Thus, volume conduction of single current-sources to multiple channels cannot
explain the observation of strong gamma phase-synchronization between barrel electrodes.
However multiple out-of-phase current sources that do not originate in S1BF may have con-
tributed to the observed S1BF LFP-LFP coherence, as occurs in case of hippocampal theta
oscillations (Sirota et al., 2008). To address this issue, we referenced the S1BF signals to
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the locally averaged S1BF LFP, which suppresses the contribution of distant current sources.
With a local reference, we still observed equally strong gamma phase-synchronization be-
tween S1BF LFPs (Figure 6.2E-H). This result indicates that the sources contributing to
S1BF gamma phase-synchronization were likely local. S1BF gamma phase-synchronization
was also observed when it was indexed by a LFP-LFP phase locking statistic (Pairwise Phase
Consistency, Vinck et al. (2010a)) that, as opposed to WPLI, does take the real part of the
cross-spectral density into account (Figure 6.2I-L). Not unexpectedly, this tended to increase
gamma phase-synchronization uniformly across frequencies (Figure 6.2I-L), likely reflecting
the spurious contribution of volume conduction and/or the use of a common reference.

Gamma peaks in LFP-LFP phase-synchronization spectra were observed across all be-
havioral periods, including the baseline period (-10 to 1 s before cue onset), the cue period
(0 to 4.2 s after cue onset), and the running period (4.5 to 6.5 s after cue onset). Gamma
phase-synchronization was increased during the running period relative to baseline period
(Figure 6.2A, E, I; significant for all three rats at their respective peak gamma frequencies,
p<0.05, FDR multiple comparison correction, Paired Rank-Wilcoxon Test), and relative to
the cue period (Figure 6.2A, E, I; significant for rats R1 and R2 after FDR correction, and p
= 0.0171 without FDR correction for rat R3 at 66 Hz in Figure 6.2H). Note that during the
running period, the whiskers of the rat were stimulated by the walls of the maze. For none of
the periods did we observe significant differences in gamma synchronization were observed
between correct and incorrect trials, and normal (with visual cue) and early-offset (without
visual cue beyond 2 s after cue onset, see Material and Methods) trials (data not shown).

To visualize what the LFP-LFP phase-synchronization spectra, being frequency-domain
representations, correspond to in the time domain, we computed the inverse Discrete Fourier
Transform (DFT) of the spectral coherency and its imaginary component, which is not spuri-
ously increased by volume conduction (Nolte et al., 2004) (see Material and Methods). The
inverse DFT of the coherency function revealed oscillatory side-lobes for all three rats, show-
ing that the observed gamma phase-synchronization indeed had a quasi-periodic nature. Yet,
signals tended to rapidly decorrelate in time, similar to what has been observed in the primary
visual cortex of the monkey (Burns et al., 2011), which is not surprising given the broad-band
nature of the observed gamma phase-synchronization.

These results show that S1BF LFPs engage in band-limited gamma phase-synchronization
across sites that are horizontally separated by about 100 − 1000 µm. The current generators
underlying this gamma phase-synchronization are likely local, as it was still observed after
the use of a local reference. Similar non-zero phase lag gamma-synchrony between LFPs
has been observed for visual cortex (Maris et al., 2013), an area in which gamma oscillations
are particularly prominent (Gray et al., 1989; Fries et al., 2008). Considering that the LFP
reflects both excitatory and inhibitory synaptic currents (Buzsaki et al., 2012), our data sug-
gest that S1BF neurons of the freely moving rat receive gamma-synchronous synaptic inputs.
These synaptic inputs may originate from recurrent, local projections, and/or from afferent
projections.

Inter-areal phase-synchronization

The analysis above demonstrates band-limited gamma phase-synchronization between S1BF
LFPs. This gamma phase-synchronization may arise due to local mechanisms, or it may be
part of a larger multimodal brain network. To inquire this, we computed phase-synchronization
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Figure 6.1: Outline of the task and overview of the target areas. (A-B) Overview of the figure-8 maze
and the task. The rat is confined to the middle arm by the two plexiglas barriers. During the ITI, a 2 kHz
sound indicates to the rat that the visual stimuli appear if he breaks the infra-red photo-beam (in green).
One second after breaking the infra-red beam (in green) the S+ and the S- cue appear on the two 15 inch
screens. 4.2 s after stimulus onset the front barrier is removed and the rat is allowed to make a response
by entering either the left or the right arm. The red walls close by the screens contained sandpaper cues
which were indicative of the size of an upcoming reward (rwd). The sandpaper was positioned on both
sides of the path (only one side is shown in (A)). After the rat broke one of the two infra-red beams that
were located beyond the visual screens (in blue, ‘point of no return’), the visual stimuli were turned
off. The white circles show the locations of the ceramic cups were the rat obtained his pellet rewards
upon correct choices. (C) Top view of a rat’s skull. Craniotomies of the four brain areas are shown by
open circles, made for the target areas S1BF (-3.12 mm, -5.1 mm with respect to Bregma, AP and ML
respectively), dorsal CA1 (-3.5 mm, -2.4 mm), perirhinal cortex (-5 mm, -5 mm) and V1M (-6 mm, -3.2
mm). The filled circles indicate the tangential spacing of eight recording (and one reference) tetrodes
entering the brain. In grey the end point of the bundle that was targeted at perirhinal cortex is shown (-6
mm AP, -6.8 mm ML). Image is adapted from Paxinos & Watson (2006)

.
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Figure 6.2: Phase synchronization between S1 Barrel Field (S1BF) LFPs. (A) Average LFP-LFP
phase synchronization [debiased WPLI, Vinck et al. (2011)] between S1BF LFPs, separately for base-
line (-10 to 1 s relative to cue onset), cue (0 to 4.2 s after cue onset) and movement (4.5 to 6.5 s after cue
onset) period. Shadings indicate SEMs across sessions. Blue, green and red horizontal bars indicate
significance of running period relative to baseline, running period relative to cue period, and cue period
relative to baseline, respectively (p<0.05, Rank-Wilcoxon Test, FDR correction for number of frequen-
cies). (B-D) Same as (A), but now for individual rats R1 (N=18 sessions), R2 (N=15 sessions) and R3
(N=13 sessions). S1BF electrodes had a horizontal separation of about 100 − 1000µm. (E) Same as
(A), but with local rereferencing (see Material and Methods). (F-H) Same as (E), but for individual
rats. (I) Same as (E), but now quantifying LFP-LFP phase synchronization with the PPC (Pairwise
Phase Consistency), which, as opposed to WPLI, can be spuriously increased by volume conduction .
(J-L) Same as (I), but now for individual rats. (M) Inverse Fourier transform of coherency (dashed)
and imaginary part of the coherence (solid) for an example electrode pair for rat R1, filtered between
30 and 120 Hz, and using local referencing. This depicts the time-domain representation of the spectral
coherency. Inset shows debiased WPLI as a function of frequency, for this example pair. (N-O) Same
as (M), but now showing examples for rat R2 and R3, respectively. (M-O) reveal oscillatory side-lobes,
indicating that the observed gamma phase-synchronization indeed had a quasi-periodic nature.
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spectra between S1BF LFPs and the LFPs from other recorded areas, namely the dorsal CA1
area of the hippocampus, perirhinal cortex (area 35/36), and area V1M. These areas have
known mono- or disynaptic connections with S1BF (Paperna & Malach, 1991; Aronoff et al.,
2010; Naber et al., 1999). For this analysis, LFP signals of a given area were always refer-
enced to the local, average LFP of that respective area. Data for frequencies below 20 Hz
are not presented as they may be affected by volume conduction of hippocampal currents in
the theta and beta frequency, which also holds for Figure 6.2 (Sirota et al., 2008). Our analy-
sis reveals that gamma synchronization between S1BF LFPs and LFPs from other areas was
very weak, in comparison to phase-synchronization between S1BF LFPs (Figure 6.3A-D).
Inter-areal phase-synchronization spectra did not reveal band-limited peaks in the gamma-
frequency band (Figure 6.3A-D). The observed lack of gamma phase-synchronization oc-
curred despite the presence of clear intra-areal LFP-LFP gamma phase-synchronization in
the other areas (Figure 6.3F-H). Perirhinal LFPs showed band-limited gamma synchroniza-
tion with a peak around 50-60 Hz (Figure 6.3F). CA1 LFPs showed a peak around 80 Hz
(Figure 6.3G). V1M LFPs showed a peak around 60-80 Hz (Figure 6.3H).

These data show that S1BF gamma is decoupled from perirhinal, V1M, and CA1 gamma
oscillations, and further substantiate the conclusion that the current generators underlying
S1BF gamma phase-synchronization are local. Furthermore, they suggest that communica-
tion of tactile-visual and mnemonic information does not rely on gamma-band synchroniza-
tion between S1BF and V1, or between S1BF and the medial temporal lobe system.

LFP power analysis

We next inquired whether the S1BF LFP power spectrum also revealed the presence of
gamma oscillations. We normalized the raw power spectra by dividing the raw power at
each frequency by the mean power across frequencies for the baseline period, and taking the
log10 transform (Figure 6.4), i.e.

P(norm)
X ( f ) = log10

 PX( f )
1
F
∑F

f =1 Pbaseline( f )

 (6.1)

where PX( f ) is the raw power in a period X, Pbaseline the raw baseline power, f is frequency
and F the number of frequencies. This normalization ensures that the power can be di-
rectly compared across behavioral periods, as each period is normalized relative to the same
baseline. Furthermore, it squeezes out the inter-electrode (and inter-subject) variance, as the
divisive normalization causes the resulting power spectrum to be scaling-insensitive.

At first glance, the LFP power spectra showed a 1/ f structure (Figure 6.4A-D), which
generally is characteristic for EEG signals (Buzsáki & Draguhn, 2004; Bédard et al., 2004).
While the LFP power spectra did not show clear peaks at gamma frequencies, they showed a
clear increase in slope or first derivative, defined as

Slope =
d log10 P(norm)( f )

d log f
, (6.2)

around gamma frequencies, and a subsequent decrease in slope at supra-gamma frequencies
for all three rats. In Figure 6.4E-H, we directly visualized this slope across frequencies. This
revealed a peak in the slope spectrum in the gamma frequency range for all three rats (Figure
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Figure 6.4:
Characteristics of
power spectra for
S1 barrel cortex
electrodes. (A)
Average power spec-
tra (normalized as
explained in main
text) as a function
of frequency. Power
spectra are shown on
logarithmic (base 10)
scale, and were, for all
periods, normalized
by dividing by the
sum of power across
frequencies for the
baseline period. Shad-
ings indicate SEMs
across sessions. A
discontinuity is visible
around 150 Hz due
to removal of 150
Hz harmonic of 50
Hz line noise. (B-D)
Same as (A), but now
for individual rats.
(A-D) Blue, green and
red horizontal bars
indicate significance
of running period
relative to baseline,
running period rela-
tive to cue period, and
cue period relative to
baseline, respectively
(p<0.05, Paired Rank-
Wilcoxon Test, FDR
correction for num-
ber of frequencies).
(E) First derivative
d log10(P)
d log10( f ) where P is
the normalized power
shown in (A). This
reveals that (log)
power decreased less
steeply as a function
of log10( f ) around
gamma frequencies,
which can also be
seen from (A). (F-H)
Same as (D), but now
for individual rats.
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6.4E-H). These peaks occurred at around 50-60 Hz and were shifted towards a slightly lower
frequency than the peaks observed in the phase-synchronization spectra (60-70 Hz; Figure
6.2). This frequency shift is predicted as the slope is expected to start increasing at a lower
frequency than the peak frequency of the gamma band.

Gamma power and gamma power slope were significantly increased during the running
period relative to the baseline and the cue period (Figure 6.4B-D; p<0.05, FDR correction for
multiple comparisons, Rank-Wilcoxon Test), consistent with the LFP-LFP phase synchro-
nization analysis (Figure 6.2). This finding was consistent for all three rats (Figure 6.4B-D).

The analysis of LFP power further supports the existence of band-limited gamma oscil-
lations in S1BF of the freely moving rat. We found S1BF LFP power spectra to be quite
similar to those observed in primate visual cortex, one of the areas in which gamma-band
oscillations are most prominent: The raw area V4 LFP power spectrum does not show a peak
in the gamma band, but does show a similar decrease in slope around gamma frequencies.
It also shows a gamma peak in the spike-field coherence function (as in S1BF; see below),
and a gamma peak in the power spectrum after correction relative to a baseline with no visual
stimulation (Fries et al., 2008). Furthermore, it exhibits a peak in the LFP-LFP phase syn-
chronization spectrum (Maris et al., 2013), as in S1BF. In fact, in area V4, the presence of
gamma oscillations cannot be readily gauged from the power spectrum when no visual stimu-
lus is presented (Fries et al., 2008), but it can be easily gauged from spike-field coherence and
LFP-LFP phase synchronization spectra (Maris et al., 2013). The reason for the difference is
that LFP power spectra can be a less sensitive measure of rhythmic synchronization due to
the characteristic 1/ f structure.

Classification of cells

Observed LFP gamma oscillations may reflect synaptic inputs that do not have a notable
effect on spiking in S1BF. Alternatively, S1BF neurons may phase lock to these LFP gamma
oscillations (such that they may even generate these LFP oscillations). In addition, some
specific subclasses of cells may preferentially lock to these LFP gamma oscillations.

To inquire these issues, we analyzed spiking activity of 469 isolated single units from area
S1BF (N=282, N=70 and N=117 cells in rats R1, R2 and R3, respectively). Before analyzing
cells’ phase locking properties, we first assigned cells to different electrophysiological classes
according to action potential waveform and spike train characteristics. GABAergic cells in
rodent S1BF can be assigned to three non-overlapping classes of cells (Rudy et al., 2011;
Gentet et al., 2012): FS (fast spiking) PV+ (Parvalbumin-positive), SOM+ (Somatostatin-
positive) and NFS GABAergic cells. FS PV+ cells, which include the chandelier and basket
cell type (Gentet, 2012), are characterized by short spike waveform durations, fast waveform
repolarization times, and a low waveform peak-to-trough ratio, whereas excitatory cells and
NFS GABAergic cells have broad waveform durations, slow waveform repolarization times
and a high peak-to-trough ratio (McCormick et al., 1985; Cardin et al., 2009; Gentet et al.,
2010, 2012). FS PV+ cells also have higher firing rates than excitatory cells and non-fast
spiking GABAergic cells (Gentet et al., 2010, 2012). Together with PV+ cells, SOM+ cells
account for approximately 70% of GABAergic cells across rodent S1 layers (Rudy et al.,
2011). Gentet et al. (2012) have shown that SOM cells have high spontaneous firing rates
and relatively short waveform durations in vivo, similar to the FS PV+ class (Gentet, 2012).
Based on these characteristic action potential waveform features, extracellular studies have
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identified classes of putative GABAergic and excitatory cells in rat S1 trunk (S1Tr), hindlimb
(S1HL) and forelimb (S1FL) fields (Bartho et al., 2004; Sirota et al., 2008). The separation
of these classes using extracellular L5 (Layer 5) S1Tr data has been validated using spike
cross-correlations to identify inhibitory or excitatory connections (Bartho et al., 2004). A
similar identification of putative GABAergic and excitatory cells has been made on the ba-
sis of extracellular data for other brain areas, including visual cortex (Mitchell et al., 2007;
Nowak et al., 2003; Sirota et al., 2008), hippocampus (Csicsvari et al., 1999, 2003; Sirota
et al., 2008), and frontal cortex (Hasenstaub et al., 2005; Bartho et al., 2004; van Wingerden
et al., 2010a).

For our dataset, we first normalized the average action potential waveforms by divid-
ing by their peak-to-trough amplitudes (Figure 6.5A-B). The distribution of action potential
peak-to-trough durations was significantly bimodal (p<0.05, Hartigan’s dip test), yielding a
separation of spikes with short and long waveform durations. Examination of the waveform
repolarization characteristics revealed that the class with short waveform duration action po-
tentials could be subdivided into units with fast waveform repolarizations (dubbed narrow
spiking, NS), and units with slow waveform repolarizations (dubbed FS-SR, slow repolariza-
tion; Figure 6.5C). NS (N=45) cells had lower peak-to-trough ratios and higher firing rates
than FS-SR (N=33) and BS (broad spiking; N=391) cells (Figure 6.5D-E; p<0.001 for all
NS vs. FS-SR and BS comparisons, Rank-Wilxocon Test). The characteristics of the NS
class provide a close match with both the FS PV+ and SOM+ cell class (Gentet et al., 2010;
Gentet, 2012). We therefore identify them as NS, putative GABAergic cells. The character-
istics of the BS class on the other hand provide a close match with the excitatory cell group
(Gentet et al., 2010; Gentet, 2012). We therefore identify this group as BS, putative excita-
tory cells, although a small percentage of NFS GABAergic cells may have been included in
this group. Based on anatomical data, we estimate the NFS GABAergic group to constitute
only a minor <5% of all recorded cells in this class (Rudy et al., 2011; Lefort et al., 2009;
Beaulieu, 1993). The observed differences between NS and BS cells in terms of waveform
characteristics and percentages are highly comparable with data from L5 of S1Tr (Bartho
et al., 2004). The observed percentage of NS cells (9.6%) matches well with the percentage
of GABAergic cells that is expected based on anatomical studies, i.e. about 10-15% (Lefort
et al., 2009; Beaulieu, 1993). The FS-SR group on the other hand does not have a straightfor-
ward anatomical interpretation, but the finding that its firing rates were much lower than BS
cells (Figure 6.5E, p<0.001, Rank-Wilcoxon Test) indicates that it likely constitutes a sub-
class of excitatory cells (Gentet et al., 2012; McCormick et al., 1985). Interestingly, almost
all FS-SR cells were recorded from superficial layers (L5/6: 0; L4/5 transition: 2, L2-4: 31),
whereas NS cells (L5/6: 4; L4/5 transition: 10, L2-4: 31) and BS cells (L5/6: 34, L4/5 tran-
sition: 93, L2-4: 264) were more likely to be recorded from L5/6 and the L4/5 transition than
FS-SR cells (p<0.05 for all comparisons between FS-SR vs. NS and BS cells, for all layers,
randomization test). NS and BS cells did not differ in terms of distribution across estimated
layers (n.s. for all NS vs. BS comparisons for all layers, randomization test). (Note that no
statements about the relative density can be made based on these numbers, as the probability
of encountering a cell is likely not constant across layers). We restrict further analyses of
phase locking properties to the NS and BS cell group, as the FS-SR cell sample is small, has
low spike counts, and does not have a straightforward anatomical interpretation.

We examined whether further subdivisions within the BS class could be made. Using
extracellular recordings in L5 of rat S1Tr, Bartho et al. (2004) showed that the putative ex-
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Figure 6.5: Assignment of S1 Barrel Field units to electrophysiological cell classes. (A) Normalized
waveform amplitude as a function of time (ms) from AP (Action Potential) peak, separately for NS
(Narrow Spiking), putative GABAergic cells (red; N=45) and BS (Broad Spiking), putative excitatory
cells ( dark blue; N=391) cells. (B) Same as (A), but now for FS-SR cells (green; N=33). (C) Normal-
ized AP amplitude at 0.45 ms (repolarization) vs. waveform peak-to-trough duration (ms), revealing
three electrophysiological cell classes. Distribution of waveform peak-to-trough durations was signif-
icantly bimodal (Hartigan’s dip test, p < 0.001). (D) Average waveform peak-to-trough ratio [peak -
baseline] / [baseline-trough] for different cell classes. NS had lower peak-to-trough ratio than BS and
FS-SR cells (p<0.001, Rank-Wilcoxon Test). (E) Average firing rate (Hz) for different cell classes. (F)
Distribution of ISI (Inter Spike Interval) peak times across cells. The distribution of ISI peak times was
significantly bimodal for BS cells (Hartigan’s dip test, p<0.05). (G) ISI histograms for all BS neurons.
The data in each row were normalized by dividing by the maximum. (H) Peak time of ISI vs. LV (Local
Variation) values, a measure of the variance of subsequent inter spike intervals. This reveals two classes
of BS cells: regularly firing BSR (cyan) cells were defined to have ISI peak times later than 30 ms. BSI
(magenta) cells were defined to have ISI peak times earlier than 10 ms. (I) LV values for different cell
classes, showing relatively more regular firing in NS cells than BS and FS-SR cells, relatively irregular
firing in BSI cells and relatively regular firing in BSR cells. (D, E, I) Error bars indicate SEMs.
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citatory cell group can be subdivided into cells with a propensity for burst firing, and cells
with long relative refractory periods. As in Bartho et al. (2004) we found a bimodal distri-
bution of ISI (inter-spike interval) histogram peak times (i.e., modi) for BS cells (Figure 6.5
F-G; Hartigan’s dip test, P<0.05), with one sub-class having short ISI histogram peak times,
and a second sub-class having ISI histogram peak-times between 30 to 90 ms. Most NS,
putative GABAergic cells had ISI peak times around 10-12 ms, consistent with Bartho et al.
(2004), and comparable to findings from the hippocampus (Csicsvari et al., 1999, 2003). To
further describe the statistical properties of the ISI histogram, we computed the LV (Local
Variation) measure, which characterizes the spread of subsequent ISIs with little effect of
non-stationarities of the firing rate (as opposed to the traditional coefficient of variation mea-
sure) (Shinomoto et al., 2009). Values of LV>1 indicate irregular spike trains, the equality
LV=1 indicates Poisson-like firing, and values of LV<1 indicate supra-Poisson, regular fir-
ing (Shinomoto et al., 2009). Figure 6.5G reveals two extreme classes of putative excitatory
cells that are either regularly firing with late ISI peaks, or mostly irregularly firing with early
ISI peaks. We refer to these cells as BSR and BSI cells, respectively. We also find that
NS cells showed regular firing (p<0.001 for all comparisons among NS, BSR and BSI cells,
Rank-Wilcoxon Test). No significant differences were observed between BSR and BSI cells
in terms of waveform characteristics (n.s., Rank-Wilcoxon Test), but BSR cells had signifi-
cantly higher firing rates than BSI cells (mean ± SEM = 4.41 ± 0.30 vs. 2.98 ± 0.24, p<0.001,
Rank-Wilcoxon Test). BSR cells were more likely to be recorded in superficial layers (L5/6:
7, L4/5 transition: 12, L2-4: 95) than BSI cells (L5/6: 27, L4/5 transition: 71, L2-4: 138;
p<0.05 for all comparisons between BSR and BSI cells across all layers, randomization test).
Besides showing a sub-division of the BS cell class, this analysis of firing regularity further
substantiates that NS cells have different electrophysiological firing properties than BS cells.

Precision of phase locking

After classification of cells, we inquired whether S1BF neurons are phase locking to S1BF
LFPs. To this end, we related spikes from the isolated single units to the average LFP recorded
simultaneously from eight separate electrodes spaced at a horizontal distance of about 100-
1000 µm. Spike-LFP combinations from the same electrode were always discarded, as these
can give rise to spurious correlations (Zanos et al., 2011). We quantified the precision of
spike-LFP phase locking by using the spike-LFP pairwise phase consistency (PPC). The PPC
has the advantage that it is a metric unbiased by spike count or trial number and insensitive to
spike train history effects (Vinck et al., 2012b, 2010b; Womelsdorf et al., 2012; van Winger-
den et al., 2012), allowing for a fair comparison between cell classes with widely different
firing rates and varying degrees of firing regularity. We found a prominent gamma-frequency
peak in the NS cells’ PPC spectra, with higher PPCs than BS cells (Figure 6.6A-D, p<0.05,
randomization test, corrected for multiple comparisons using Korn et al. (2004)). This find-
ing was consistent across behavioral periods and when pooling behavioral periods together
(as in Figure 6.6A), although the difference only reached significance at higher frequencies
than the peak gamma frequency during the running period.

Besides a gamma peak in the PPC spectra, we also found a beta peak around 14-20 Hz,
with a sharp 14 Hz peak during the running period and a broader 16-20 Hz peak in the
baseline period. The function and mechanisms of this beta rhythm are beyond the scope of
this paper and will be subject of future work.



151

0 40 80 120
0

1

2

3

4

0 40 80 120
0

1

2

3

4

0 40 80 120
0

1

2

3

4

0 40 80 120
0

1

2

3

4

0 40 80 120
0

1

2

3

4

0 40 80 1200

1

2

3

4

0 40 80 120
0

1

2

3

4

0 40 80 120
0

1

2

3

4

Sp
ik

e-
LF

P 
PP

C
Sp

ik
e-

LF
P 

PP
C

Frequency (Hz) Frequency (Hz) Frequency (Hz) Frequency (Hz)

x10-3

NS (N=43) BS (N=377) BSR (N=224) BSI (N=113)

A B

E F

C

G

D

H

Complete task period Baseline period Cue period Movement period

NS1

BS

NS1

BS

NS1

BS
BS

NS1

BSR

BSI

BSR

BSI BSI

BSR BSR

BSI

Figure 6.6: Phase locking of S1 Barrel Field (S1BF) cells to S1BF LFPs. (A) Mean spike-LFP PPC
(Pairwise Phase Consistency), a measure of phase locking unbiased by spike count, as a function of
frequency (Hz), separately for NS, putative GABAergic and BS, putative excitatory cells. PPCs were
computed over all recorded spikes in a window of ±10 s around cue onset. (B-D) Same as (A), but now
for baseline, cue, and running period, respectively. (A-D) Black significance bars indicate significant
differences between NS and BS cells (p<0.05, multiple comparison corrected for number of frequencies,
randomization test, Korn et al. (2004)). Red and blue bars indicate significance relative to baseline
period (p<0.05, T-Test). Besides a gamma peak, the PPC spectra show beta peaks around 14-20 Hz,
with a sharp peak at 14 Hz in (D) and a broader peak around 16-20 Hz in (B). (E) Same as (A), but now
for (regularly firing) BSR and (irregularly firing) BSI cells. (F-H) Same as (E), but now baseline, cue
and running period , respectively.

Gamma phase-locking did not differ between behavioral periods for NS cells (T-Test, n.s.,
with or without multiple comparison correction), but was significantly higher for BS cells
during the running period in the gamma frequency band (p<0.05 at 66 Hz, T-Test). Thus,
the increase in LFP-LFP phase-synchronization and LFP power that is observed during the
running period co-occurs with an increase in BS cell gamma engagement, while NS locking
tends to be stable across behavioral periods.

We next inquired whether gamma locking differed between regularly firing BSR cells and
irregularly firing BSI cells. Both cells showed a gamma peak during the movement phase.
However, gamma locking was stronger in BSI cells than BSR cells during the movement
phase (p<0.05, randomization test, corrected for multiple comparisons, Korn et al. (2004)).
Gamma locking also tended to be stronger in irregularly firing BSI cells than regularly firing
BSR cells in other behavioral periods, but did not reach statistical significance after multiple
comparison correction.

Together, our data demonstrate that the observed gamma phase-synchronization between
S1BF LFPs has a cellular substrate, in the sense that spikes of S1BF neurons are locked
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to S1BF LFP gamma oscillations. This finding suggests that S1BF neurons are entrained
by gamma-rhythmic synaptic inputs that are coherent across different sites in S1BF. As these
spikes give rise to excitatory and inhibitory potentials through recurrent activity, the observed
LFP gamma oscillations are expected to be, at least partly, a result of the spiking of S1BF
neurons.

Inter-areal spike-LFP synchronization

We next inquired whether neurons in S1BF were not only phase locked to LFPs within the
same region, but also with LFPs from the other recorded areas, which have mono- or disy-
naptic connections with S1BF (Aronoff et al., 2010; Paperna & Malach, 1991; Naber et al.,
1999). Phase locking between S1BF neurons and LFPs from other areas was very weak in
comparison to phase locking between S1BF neurons and S1BF LFPs. In fact, no significant
gamma phase locking between S1BF cortex neurons, regardless of cell class, and the LFPs
from other areas was detected (Figure 6.7). This conforms to the results from the LFP-LFP
analysis, which demonstrated very weak gamma phase-synchronization between S1BF LFPs
and LFPs from other areas (Figure 6.3). At the same time, spikes from other areas were phase
locked to LFPs from the same areas producing these spikes. For example, CA1 cells showed
prominent theta and high gamma phase locking to CA1 LFPs, as has been demonstrated in
many previous studies (Bragin et al., 1995; O’Keefe & Recce, 1993; Csicsvari et al., 2003).
Thus, we conclude that no effective gamma-band synchronization occurs between S1BF and
the other recorded brain areas. We conclude that gamma coherence does not qualify as a
generic mechanism for communication between S1BF and V1 or the medial temporal lobe
structures, and that gamma coherence between primary tactile and visual sensory areas or
between S1BF and the medial temporal lobe system does not play a role in tactile-visual, or
sensory-mnemonic integration in the behavioral setting studied.

Phase of gamma locking

The analysis above only considered the strength of spike-LFP phase-synchronization. An-
other variable of interest is the phase at which a cell fires in the gamma cycle. Gamma-band
synchronization is thought to be generated by an interplay between inhibitory interneurons
(I) and their interactions with excitatory (E) neurons (Börgers & Kopell, 2005; Buzsaki &
Wang, 2012; Cardin et al., 2009; Bartos et al., 2007; Sohal et al., 2009; Tiesinga & Se-
jnowski, 2009; Wang, 2010; Whittington et al., 1995). Two models have been proposed to
describe this temporal interplay, namely the ING (interneuron network gamma) and the PING
( pyramidal-cell interneuron network gamma) model (Buzsaki & Wang, 2012; Whittington
et al., 2011; Tiesinga & Sejnowski, 2009). In both models, the I cells play a dominant role in
generating the gamma rhythm and setting its frequency. However, ING models (Whittington
et al., 1995; Wang & Buzsaki, 1996; Bartos et al., 2007) have the E cells simply entrained to
the gamma rhythm (where E can be asynchronous) and lend a critical role to mutual inhibi-
tion and gap junctions between I cells (Bartos et al., 2007; Galarreta & Hestrin, 2001), while
PING models lend the synchronous activation of I by E cells a critical role in sustaining the
rhythm (Börgers & Kopell, 2005; Eeckman & Freeman, 1990; Wilson & Cowan, 1972). A
strong prediction of the PING model is that within the gamma cycle, E cells first and trigger
the firing of I cells, leading to a characteristic E to I phase lead (Börgers & Kopell, 2005; Wil-
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son & Cowan, 1972). In ING models, I cells fire at the same gamma phase as the E cells, or
even at an earlier phase as I-I connections are relatively fast in comparison to I-E connections
(Bartos et al., 2007; Whittington et al., 1995).

In contrast to the predictions of the PING model, we did not detect that NS cells fired, on
average, at a later phase in the gamma cycle than BS cells. Both NS and BS cells fired on
average around the trough of the LFP gamma cycle (at peak gamma frequency 66 Hz, NS:
mean ± 95% c.i. = 175.0 ± 25.5◦, BS: 176.9 ± 11.0◦, Figure 6.8A) . The absence of a delay
between NS and BS cells was also observed at other frequencies, and was consistent across
several behavioral periods (Figure 6.8A, n.s. at all frequencies for all behavioral periods,
Circular ANOVA). We also did not detect a significant gamma phase difference between BSR
and BSI cells (Figure 6.8B, n.s. at frequencies between 40 and 100 Hz, Circular ANOVA).

However, examination of the gamma phase histograms revealed a more complicated pic-
ture of the temporal dynamics of firing in the gamma cycle (Figure 6.8C). The distribution
of preferred gamma phases of NS cells was significantly bimodal 6.8C, with a ‘late’ group
of cells (N=14) firing at a mean gamma phase of 249.7 ± 9.74◦ (mean ± 95% c.i. at 66 Hz)
and an ‘early’ group of cells firing at a mean gamma phase of 136.7 ± 14.36◦ (significant
for all frequencies between 42 and 100 Hz, p<0.05, Hartigan’s dip test, not significant for
frequencies outside this range). This bimodality did not occur for BS cells (Figure 6.8). We
further investigated the firing properties of the late and early firing NS cells. We found that
cells firing late in the gamma cycle did not have significantly different firing rates (mean ±
SEM = 12.6 ± 3.1 Hz) in comparison to cells firing early in the gamma cycle (mean ± SEM
= 8.9 ± 2.0 Hz, p = 0.24, Rank-Wilcoxon Test). Further, their LV values did not differ sig-
nificantly (early: 0.86 ± 0.036; late: 0.82 ± 0.06, p = 0.4, Rank-Wilcoxon Test). Both early
and late firing cells had narrow waveforms, although early firing cells had longer waveform
peak-to-trough durations (mean ± SEM = 194.0 ± 5.0 µs) than late firing cells (169.3 ± 5.6
µs). Hence, both late and early cells display firing characteristics that distinguish them from
the BS cells (Figure 6.5). However, we did find that NS cells firing early in the gamma cycle
were more strongly entrained by the gamma rhythm than NS cells firing late in the gamma
cycle (Figure 6.8D). Furthermore, we found that nearly all late firing cells were recorded from
superficial layers (L5/L6: 1; L4-5 transition: 0, L2-4: 13) whereas the early firing cells were
relatively more evenly spread across layers (L5/6: 3, L4-5 transition: 9; L2-4: 16; p<0.05
for L4/5 transition and L2-4, randomization test). One possible interpretation of these find-
ings (that requires further testing) is that early firing NS cells entrain excitatory cells in an
ING-like fashion based on fast, shunting I-I connections between FS PV+ cells (Bartos et al.,
2007). The late firing NS, GABAergic cells may provide delayed inhibitory feedback after
receiving input from the E cells, which is consistent with the finding that their spike-LFP PPC
spectra were similar to the E cells.

Relationship between firing rate and locking

We next inquired whether gamma locking typically goes hand in hand with increases or
decreases in firing rates across the task. To investigate this, we computed, for each cell, the
mean spike density and mean PPC at every point in time during the ±10 s around cue onset
(using a window of ±1 s). We found that firing rates were positively correlated with gamma
PPCs for both BSR and BSI cells, but negatively correlated with beta PPCs for NS cells
(Figure 6.9). Thus, gamma oscillations tend to be associated with E cell activation, while beta
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Figure 6.9: Correlation between firing rate and locking across time points. (A) Spearman’s ρ between
a cell’s average spike density at time t, computed in a window of 2 s, and it’s PPC value at time t, across
time-points. This correlation was computed for each cell separately, taking the -10 to 10s period before
cue onset. Spearman’s ρ values were then averaged across cells. Shown are means ± SEMs. Horizontal
bars indicate significance at p<0.05 for each cell class. (B) Same as (A), but now for Pearson’s R.
These analyses reveal that periods of high firing go together with strong gamma locking, and weak beta
locking.

oscillations tend to be associated with I cell deactivation. The finding that gamma locking
tends to go together with higher firing rates is consistent with Jones & Barth (1997) and Zagha
et al. (2013), who showed an increase in rat S1BF gamma oscillations upon stimulation of the
contralateral mystacial pad. These dynamics are consistent with findings from visual cortex
where visual stimulation tends to enhance both firing rates and gamma synchronization (Gray
et al., 1989), although specific manipulations like increasing stimulus size can sometimes
have opposite effects on firing rate and gamma locking (Gieselmann & Thiele, 2008).

6.2 Discussion

We showed that the LFP-LFP and spike-LFP phase-synchronization spectra show peaks at
gamma frequencies in the S1 Barrel Field (S1BF) of the awake, freely moving rat. We as-
signed cells to different electrophysiological cell classes according to waveform and firing
characteristics. We found that NS (narrow spiking), putative GABAergic cells were more
strongly gamma entrained than BS (broad spiking), putative excitatory cells. NS cells did not
fire at an earlier gamma phase than BS cells, in contrast to the predictions of the PING model
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of gamma generation. However, we found a bimodal distribution of preferred NS gamma
phases, with an early group having strong gamma locking, and a late group having only weak
gamma locking, suggesting a more complicated picture of the temporal dynamics of S1BF
gamma. We also analyzed LFP-LFP and spike-LFP phase-synchronization between S1BF
and V1M, perirhinal cortex, and the dorsal CA1 field of the HPC. This revealed very weak
LFP-LFP gamma synchronization and an absence of S1BF spikes to LFPs from other areas.
Based on our data it is unlikely that inter-areal gamma coherence plays a significant role in
multimodal tactile-visual or sensory-mnemonic integration.

Cardin et al. (2009) showed that S1BF gamma oscillations can be generated by opto-
genetic stimulation of FS (Fast Spiking), Parvalbumin positive (PV+) cells in S1BF of the
anesthesized mouse. The gamma synchronization observed in our study occurs at a higher
frequency than in Cardin et al. (2009) (60-70 Hz vs. 50 Hz, Figure 6.2). This difference
might be due to a species difference between mice and rats, due to the difference between
awake and anesthesized preparations, or due to different cell types involved. Hamada et al.
(1999) showed a transient increase in 30-35 Hz barrel LFP power before whisking onset, but
did not show entrainment of spiking to this gamma rhythm, nor the presence of band-limited
gamma oscillations in the typical 40-90 Hz range. It is not clear whether these observed 30-
35 Hz oscillations are related to the gamma synchronization observed in our study. Jones &
Barth (1997) reported an increase in 20-70 Hz LFP power (recorded using grids) upon manual
stimulation of the contralateral mystacial vibrissae, but did not inquire whether band-limited
gamma oscillations and synchronization in LFP power, LFP-LFP phase-synchronization, and
spike-LFP locking spectra occur. Bauer et al. (2006) observed an increase in band-limited
MEG gamma power in human somatosensory cortex upon tactile stimulation, which was sig-
nificantly enhanced by attention, similar to monkey visual cortex (Fries et al., 2001b). Zagha
et al. (2013) showed an increase in 30-50 Hz S1BF LFP power in the awake, head-fixed
mouse during whisking periods, together with an increase in firing rates. They also found
30-50 Hz power to be reduced by deactivation of the vibrissal portion of primary motor cor-
tex (vM1), and stimulation of vM1 to increase 30-50 Hz gamma power in S1BF. Our data
are likely related to these previous findings, as we found that increases in firing rate were
positively correlated with increases in gamma spike-LFP locking. However, our findings on
band-limited gamma peaks in LFP-LFP phase-synchronization, LFP power and spike-LFP
locking spectra reveal crucial evidence for locally operating mechanisms for gamma oscilla-
tions in S1BF, augmented by results on cell-class specific locking. The finding of gamma in
barrel cortex supports the hypothesis that gamma oscillations are a fundamental component
of cortical computation (Fries, 2009). Importantly, our data show that S1BF gamma oscil-
lations occur in freely moving animals that engage in many naturalistic behaviors, such as
running and exploratory whisking.

Many studies have shown inter-areal gamma synchronization in the neo-cortical and sub-
cortical components of the central nervous system of mammals (for an overview, see Vinck
et al. (2013)). In particular, long-range gamma-band synchronization has been documented
between spinal cord and motor cortex (Brown et al., 1998; Schoffelen et al., 2005), between
different nodes of the visual-parietal system (Engel et al., 1991a,b; Womelsdorf et al., 2007;
Bosman et al., 2012; Grothe et al., 2012; Jia et al., 2013; Roberts et al., 2013), visual cortex
and parietal cortex (Roelfsema et al., 1997; von Stein et al., 2000; Saalmann et al., 2007;
Bosman et al., 2012), V4 and FEF (Gregoriou et al., 2009), LIP and FEF (Buschman &
Miller, 2007), amygdala and striatum (Popescu et al., 2009), and hippocampus and prefrontal
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cortex (Sigurdsson et al., 2010). In our dataset, gamma synchronization was observed within
all recorded areas (perirhinal cortex, dorsal CA1 field of the hippocampus, V1M, and S1BF).
However, we found that the gamma rhythm in S1BF was not synchronized with the gamma
rhythms in these other areas. This lack of synchronization occurred despite known anatom-
ical connections between these areas (Paperna & Malach, 1991; Aronoff et al., 2010; Naber
et al., 1999), the occurrence of tactile responses in the visual system (Vasconcelos et al.,
2011; Iurilli et al., 2012) and hippocampal formation (Pereira et al., 2007), and the presence
of gamma oscillations in these areas (Figures 6.3 and 6.7). While neural coherence in general
has been proposed as a mechanism for multimodal integration (Pennartz, 2009; Engel et al.,
2012) (but not necessarily in the gamma-range), our data does not provide evidence for a
functional role of gamma synchronization in visual-tactile integration. Moreover, whereas
hippocampal gamma rhythms may control routing of information during memory encoding
and retrieval, our data argue against such a role for gamma synchronization in the sensory
neocortex-medial temporal lobe system. The hypothesis that inter-areal gamma coherence
plays a generic role in communication between all connected brain areas is not consistent
with our data. Rather, inter-areal gamma coherence may play a role in regulating communi-
cation between specific nodes of the cortex, e.g. nodes of the visual system (Bosman et al.,
2012), parietal and frontal cortex (Buschman & Miller, 2007), and different nodes of the
hippocampal-entorhinal system (Bragin et al., 1995; Colgin et al., 2009), rather than being a
‘global’ cortical phenomenon.

Several studies have addressed the differential role of different cell types in generating
and sustaining the gamma rhythm. Colgin et al. (2009) showed that optogenetic stimulation
of FS, PV+ cells can trigger gamma oscillations in S1BF of the anesthesized mouse. Are
data are highly consistent with this study, as we found narrow spiking, putative GABAer-
gic interneurons to be more strongly gamma phase locked than putative excitatory cells (by
a factor of about 3, Figure 6.3). In fact, the spike-LFP phase locking spectrum of putative
GABAergic interneurons showed peaks in the gamma frequency-band during all behavioral
periods, while putative excitatory cells only showed peaks in the gamma-frequency band dur-
ing the running period, which co-occurred with increases in LFP-LFP gamma synchroniza-
tion and LFP gamma power. Thus, NS, putative GABAergic interneurons are able to sustain
gamma oscillations despite the weak entrainment of putative excitatory cells. This finding is
more consistent with an ING-mechanism than a PING-mechanism (Whittington et al., 2011;
Tiesinga & Sejnowski, 2009), as the latter requires strong, synchronous activation of exci-
tatory (E) excitatory cells to entrain the inhibitory interneurons (I) in turn. Our finding that
a large group of NS cells fired before the putative excitatory cells (Figure 6.8) is also more
consistent with the ING-model, as the PING mechanism strongly predicts a phase lead of
E over I cells. It may be argued that we merely failed to detect such a phase difference,
however, 95% confidence intervals of NS and BS cells’ phase distributions covered a time
range of only 1.1 and 0.46 ms, respectively. Interestingly, a sub-group of putative GABAer-
gic cells fired about 75◦ (or about 3.4 ms) after the putative excitatory cells. This late group
of cells was less strongly gamma entrained, with similar locking spectra as the BS cells. This
finding suggests that these late (putative) I cells might inherit the gamma rhythm from the
(putative) E cells trough E-I projections, causing a characteristic phase delay, consistent with
an additional PING mechanism. An intriguing possibility is that these late cells correspond
to subtypes within the group of putative GABAergic interneurons, as this group comprises a
hybrid mixture of PV+, FS cells, including the basket and chandelier type, and the SOM+
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(Somatostatin positive) cells (Gentet, 2012). FS PV+ basket cells have strong mutual inhibi-
tion and gap junction connections (Bartos et al., 2007), which makes them an ideal candidate
to generate robust gamma oscillations in the absence of synchronous E activation (Buzsaki
& Wang, 2012; Bartos et al., 2007). However, the SOM+ cells do not possess these mutual
inhibitory connections, and do not receive a strong projection from the FS PV+ basket cells
(Pfeffer et al., 2013). Hence, they may rely on synchronous E cell activation to participate
in the gamma rhythm. This hypothesis requires further experiments using optogenetic and
histological identification tools.

Several other studies have investigated differential locking properties of various cell types.
In the hippocampus, both excitatory cells and interneurons engage in gamma oscillations, but
(Tukker et al., 2007) did not find evidence for an increased engagement of the interneu-
rons. In a recent study on gamma oscillations in the rat orbitofrontal cortex, we also did not
find stronger locking of putative inhibitory interneurons than putative excitatory cells (van
Wingerden et al., 2010b). Hasenstaub et al. (2005) found stronger resonance at gamma fre-
quencies for FS interneurons in the prefrontal cortex of the anesthesized ferret, but found
about equally strong locking in regular spiking excitatory cells and FS interneurons, and a
characteristic phase delay between regular spiking excitatory cells and fast spiking interneu-
rons. In mouse S1BF, rhythmic stimulation of the excitatory cells is not sufficient for the
generation of gamma oscillations. However, activation of the excitatory cells is sufficient for
the generation of gamma oscillations in mouse PFC (Sohal et al., 2009). Thus, our and Cardin
et al. (2009)’s data suggest that the S1BF rhythm may differ from gamma in these other areas
as it relies more heavily on the involvement of the NS GABAergic interneurons.

Gamma oscillations have been hypothesized to subserve mechanistic functions like as-
sembly formation (Singer, 1999; Fries, 2005; Buzsáki, 2010), phase coding (Fries et al., 2007;
Siegel et al., 2009; Vinck et al., 2010a), selective communication (Fries, 2005; Burchell et al.,
1998; Womelsdorf et al., 2007) and spike-timing-dependent plasticity (Vinck et al., 2010a;
Sejnowski & Paulsen, 2006). In addition, it has been linked to many cognitive functions, for
example attention (Fries et al., 2001b; Gregoriou et al., 2009; Bosman et al., 2012), perceptual
binding (Singer, 1999), memory (Colgin et al., 2009; Montgomery & Buzsáki, 2007; Pesaran
et al., 2002) and decision making (van Wingerden et al., 2010a, 2012). (It should be noted
however that, despite many decades of intensive research on gamma oscillations, there is still
no consensus about its function, e.g. see Jia et al. (2013); Ray & Maunsell (2010); Chalk
et al. (2010)). Nonetheless, some functions of S1BF gamma can be suggested. First, binding
of sensory responses from individual whiskers is an important requirement for processing
of tactile information in the barrel system, as sensory information from different whiskers
needs to be combined in a unified representation to form representations of the identity and
location of objects. Jones & Barth (1997) have hypothesized that S1BF gamma oscillations
play a role in such perceptual binding, in analogy to the proposed role of gamma oscillations
in binding of visual features (Singer, 1999; Bosman et al., 2012). Our data provides basic
support for this idea by showing synchronous gamma oscillations across different barrel sites
separated by about 100 − 1000 µm. Second, Cardin et al. (2009) showed that S1BF gamma
oscillations (generated by activation of FS, PV+ cells) can gate somatosensory inputs, de-
pending on gamma phase. Similarly, S1BF cells might ‘gate’ the inputs coming from other
barrels. Third, gamma oscillations have been linked to sharpening of sensory responses in
visual cortex, where it is strongly correlated with orientation tuning, and where spikes falling
at preferred gamma phases are most orientation tuned (Womelsdorf et al., 2012). A similar
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sharpening of sensory tuning may occur in S1BF and other cortical areas. Obviously, much
future work is required to address the functional role of gamma synchronization in S1BF
(and in any other cortical area, likewise). Yet, the finding of band-limited, cell-class specific,
behavior-dependent gamma synchronization in the barrel cortex - one of the main cortical
model systems - of the freely moving rat opens up many new possibilities to investigate the
functions and mechanisms of the cortical gamma rhythm.

6.3 Material and Methods

Subjects

Data was collected from three male Lister Hooded rats. During handling and behavioral train-
ing, animals were communally housed in standard cages under a reversed day/night cycle
(lights off: 8:00 AM, lights on: 8:00 PM). During behavioral training and the main experi-
ment, animals were food restricted to maintain their body weight at 85% of free-fed animals,
taking the ad lib growth curves of Harlan and Rolls & Rowe (1979) as a reference . From
two days before surgery until after a full post-surgery recovery week, food was available
ad libitum. Rats had ad libitum access to water during all phases of the experiment. After
surgery, animals were housed individually in transparent cages (40 x 40 x 40 cm). All ex-
periments were conducted according to the National Guidelines on Animal Experiments and
were approved by the Animal Experimentation Committee of the University of Amsterdam.

Apparatus and stimuli

The animals were trained on a two-choice visual discrimination task set on a figure-eight
maze (Figure 1) (114 cm x 110 cm). The paths of the maze were 7 cm wide (i.e., 7 cm
separation between walls) and were flanked by walls that were 4 cm in height. The floor of
the maze was elevated 40 cm above ground level. During the inter-trial-interval, the rat was
confined to the middle arm of the figure-eight maze using two movable plexiglass barriers
(Figure 1). Stimuli used were two equiluminant Wingdings (Microsoft, Redmond, WA) fig-
ures (either a diamond or plane; Figure 1) that had the same proportions of black and white
pixels. The stimuli were simultaneously presented on two LCD (switch) monitors (Dell, 15
inch; Figure 1). At the sides of the arms of the maze into which the rat entered after the de-
cision point, strips of rough (P40) or smooth sandpaper (P180) were glued to the inner walls
of the maze (Figure 1). Reward pellets were given in three ceramic white cups, with in each
arm (left and right) one cup at the designated reward site, and one cup located in front of the
transparent barrier that was closest to the screens, which we refer to as the ‘front barrier’.
In correct trials, one pellet was given in the latter cup, at the beginning of each inter-trial
interval. Eight photobeams were attached to the outer walls of the maze, with two photo-
beams in the middle arm, and three photobeams per side arm. The behavioral program was
controlled using Matlab, and the events that were detected by the behavioral apparatus or the
commands issued by the behavioral program were directly time-stamped and synchronized
with electrophysiological data by feeding them as inputs into the Neuralynx system.
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Training procedure

The two-choice visual discrimination task began with an inter-trial interval with random du-
ration of 15-25 s, was followed by the onset of a 2 kHz sinusoid sound cue that lasted for
0.1 s, indicating that breaking the infrared photo-beam in front of the front barrier would
cause the visual stimuli to appear. For each rat, one of the two stimuli was designated the
S+ stimulus, while the other stimulus was designated the S−. In every trial, both the S+ and
S− were presented, with the spatial location (right or left screen) of the stimuli varying ran-
domly. 4.2 s after stimulus onset, the front barrier was removed manually. The rat could now
enter one of the two side arms. The rat’s final choice was indicated by the rat breaking the
infrared photo-beams that were positioned beyond the visual screens at the end of the sand-
paper walls (Figure 1; ‘Point of no return’). Hereupon, the stimuli were immediately turned
off. We refer to these trials with late stimulus offset as ‘normal’ trials. We also included a
set of ‘early-offset’ trials. During early-offset trials, stimuli were already turned off after 2
s. Upon correct choices, two or three pellets (BioServe, dustless precision pellets, 14 mg)
were manually placed in the ceramic cup that was located in the same arm. The conjunction
of correct choice and rough sandpaper resulted in three pellets, while a correct choice and
smooth sandpaper resulted in two pellets. When the rat entered the middle arm again after
making a correct choice (but not after and incorrect choice), an additional pellet was placed
in the middle arm cup, and the front and back barriers were placed back in position, after
which the next inter-trial-interval commenced. If rats attempted to walk back after passing
the point of no return beam, the front barrier was placed on the maze, between the point of
no return and reward cup, to block the rat’s return. During recording sessions, rats performed
60.1 ± 18.7 (mean ± std) trials.

Surgical procedure and recording drive

Each rat’s right hemisphere was implanted with custom-built microdrives (Technology Cen-
ter, University of Amsterdam) containing 36 individually movable tetrodes, including eight
recording tetrodes directed to the visual cortex (V1M, -6.0 mm posterior and -3.2 mm lateral
to bregma), eight to the dorsal hippocampal CA1 area (-3.5 mm posterior and -2.4 mm lat-
eral), eight (and one reference) to the S1 Barrel Field (-3.1 mm posterior and -5.1 mm lateral)
and eight to to the perirhinal cortex (area 35/36, -5 mm posterior and -5 mm lateral), with
one additional tetrode per area that could ( but did not necessarily) serve as a reference. Data
were referenced against an electrode in the corpus callosum, unless stated otherwise. The
microdrive’s design was based on a previously used split micro-drive (Lansink et al., 2007),
weighed 23 grams and was 55 mm in height. The perirhinal bundle was placed at an angle
of 17◦ with respect to a perpendicular orientation relative to the skull, such that tetrodes were
aimed at area 35/36 (area border: -6 mm posterior, -6.4 mm lateral, and -6.2 mm ventral to
bregma (Paxinos & Watson, 2006)).

Prior to surgery (20-30 minutes), the rat received a subcutaneous injection of Buprenor-
phin (Buprecare, 0.01-0.05 mg/kg), Meloxicam (Metacam, 2 mg/kg), and Baytril (5 mg/kg).
Rats were anesthesized using 3.0% (induction) and 1.0%-3.0% (maintainance) isoflurane.
The rat was mounted in a stereotaxic frame. Body temperature was maintained between 35
and 36◦ C using a heating pad. After the cranium was exposed, six holes were drilled to ac-
commodate surgical screws. Four holes (approximately 1.8 mm in diameter) were drilled for
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the four bundles holding the tetrodes. After removing the dura, the bundles were lowered onto
the exposed cortex. We then fixed the whole microdrive to the skull and the surgical screws
using dental cement. A skull screw located on the caudal part of the parietal skull bone con-
tralateral to the drive location served as ground. After anchoring the drive, the tetrodes were
lowered 0.4-1.0 mm (depending on the target area) into the cortex. Over the next seven days,
the animal was allowed to recover, with ad libitum food and water available. The recording
tetrodes were gradually lowered to their target region over the course of the first 7-9 days after
implantation (using Paxinos & Watson (2006)), with electrode depths recorded daily. Depths
were estimated by the number of turns of the guide screws, but also by online monitoring of
the LFP and spike signals.

Histology

After the final recording session, current (12 µA for 10 s) was passed through one lead per
tetrode to mark the endpoint of the tetrode with a small lesion. The animals were deeply anes-
thetized with Nembutal (sodium pentobarbital, 60 mg/ml, 1.0 ml i.p.; Ceva Sante Animale,
Maassluis, the Netherlands) and transcardially perfused with a 0.9% NaCl solution, followed
by a 4% paraformaldehyde solution (pH 7.4 phosphate buffered). Following immersion fixa-
tion, transversal sections of 40µm were cut using a vibratome and stained with Cresyl Violet
to reconstruct tetrode tracks and localize their endpoints. S1BF electrode positions were, on
a daily basis, using both turning coordinates and electrophysiological signals, classified as
superficial (L2-4), deep (L5-6), or ‘transition of L4-5’. An error margin of 500 µm was used
when assigning electrode positions to deep or superficial layers, assigning them to superfi-
cial or deep layers only when we estimated them to be at least 250 µm away from the L4-5
transition.

Data acquisition and spike sorting.

Using tetrodes (Gray et al., 1995) (nichrome, California Fine Wire, 16 µ per lead, gold-plated
to 500-800 kΩ impedance at 1 kHz), we recorded neural activity with a 128-channel Digital
Neuralynx Cheetah setup (Neuralynx, Bozeman MT). Signals were passed through a unity-
gain pre-amplifier headstage, a 128-channel, automated commutator (Neuralynx, Bozeman,
MT) and bandpass filtered between 600-6000 Hz for spike recordings. One ms epochs of
activity from all four leads were digitized at 32 kHz if a signal on any of the leads of a tetrode
crossed a pre-set voltage threshold. Local field potentials recorded on all tetrodes were con-
tinuously sampled at 32556

16 Hz, and bandpass filtered between 1-500 Hz. Spike trains were
sorted to isolate single units using a semi-automated clustering algorithm followed by man-
ual refinement (KlustaKwik, Ken Harris and MClust 3.5, A.D. Redish). During recordings,
the rat’s behavior was video-tracked at 25 Hz, and an array of light-emitting diodes on the
headstage allowed offline tracking of the rat’s position. Automated and manual clustering of
spikes was performed using the waveform peak amplitude, energy, and first derivative of the
energy (energyD1 in MClust). Clusters were accepted as single units when having no more
than 0.1 % of inter-spike intervals shorter than 2 ms.
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Data analysis

WPLI

Data was analyzed in the ±10 s around stimulus onset, using custom-made Matlab scripts and
the Matlab FieldTrip toolbox (Oostenveld et al., 2011). LFP-LFP coherence was computed
using the WPLI (Vinck et al., 2011). For LFP-LFP coherence, we divided the data in seg-
ments of 0.5 s, and Fourier Transformed the LFP signals using multi-tapering tapering of 0.5
s windows, with spectral resolution of ±8 Hz. Denote the estimated cross-spectral density
between two channels for the k-th segment (of length 0.5 s) out of K segments by S 12,k (the
‘cross-spectrum’). The WPLI (weighted phase lag index) (Vinck et al., 2011) is a measure of
phase-synchronization that is not spuriously increased by volume conduction and has been ar-
gued to have reduced noise sensitivity relative to previous measures of phase-synchronization
that utilize the imaginary part of the cross-spectrum (Nolte et al., 2004; Stam et al., 2007).
In addition, we showed that even in case of two dependent (interacting) sources and sensors,
the position of the sources relative to sensors (i.e., the specific volume conduction mixing
coefficients) does not alter the WPLI (Vinck et al., 2011; Ewald et al., 2012). The debiased
WPLI estimator is defined as

φ̂12 =

∑K
k=1

∑K
j,k ={S 12,k}={S 12, j}∑K

k=1
∑K

j,k |={S 12,k}={S 12, j}|
(6.3)

and is a nearly unbiased estimator of the square of the WPLI statistic, which is defined

WPLI =
E{={S 12}}

E{|={S 12}|}
(6.4)

where S 12 is a random variable identically distributed to S 12, j for all j , E{} is the expected
value operator, and = denotes imaginary component. Note that a direct estimate of the WPLI
is strongly biased by sample size, and that the debiased WPLI is a nearly unbiased estimator
of the squared WPLI. The (debiased) WPLI estimates were then averaged across all channel-
combinations.

We also computed the LFP-LFP pairwise phase consistency (PPC; Vinck et al. (2010b)).
We first normalized the cross-spectra as S ?

12,k ≡ S 12, j/|S 12, j|. The PPC was then defined as

φ̂ =

∑K
k=1

∑K
j,k

(
={S ?

12, j}={S
?
12, j} +<{S

?
12, j}<{S

?
12, j}

)
K(K − 1)

(6.5)

and has the advantage of being an unbiased estimator of the squared phase locking value
(Lachaux et al., 1999), which is comparable to the squared coherence, except that it ignores
LFP-LFP amplitude co-variations.

To visualize what band-limited LFP-LFP phase-synchronization as measured in the fre-
quency domain corresponds to in the time domain, we computed an inverse Discrete Fourier
Transform (DFT) of the spectral coherency function, and its imaginary component, which is
not spuriously increased by volume conduction (Nolte et al., 2004). The spectral coherency
was estimated as

C =

1
K

∑K
k=1 S 12,k√

1
K

∑K
k=1 S 11,k

1
K

∑K
k=1 S 22,k

, (6.6)
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where S k,11 and S k,22 are the estimated power spectra for the 1st and the 2nd signal for the
kth segment. We then computed the inverse DFT of the coherency function, and band-pass
filtered it between 30 and 120 Hz. This gives similar information as the cross-correlation
function, except that the cross-correlation function emphasizes the contribution of spectral
components with high power, whereas the inverse DFT of the coherency function emphasizes
the contribution of spectral components with high predictive power (of one signal by the other
signal) (Wiener, 1956).

The spike-LFP pairwise phase consistency (PPC)

For every frequency f , we determined the spike-LFP phases by cutting out LFP segments of
length 5/ f s (i.e., 5 cycles) centered around each spike. Spikes were only related to LFPs
recorded from a different electrode to avoid contamination of the LFP by the spike itself. For
spikes that fell around the border of an analysis window, we determined the phase of the LFP
by cutting out an LFP segment that started at the border of the window, i.e. not centered
around the spike. The spike-LFP phases were then obtained as the complex arguments of the
Kaiser (with β = 9) tapered LFP segments. With a Kaiser window, a 50 Hz LFP signal results
in -10 dB energy (from leakage) at 30 and 70 Hz. We always averaged the spike-LFP phases
across the different electrodes (excluding the electrode on which the unit under consideration
was recorded) before computing measures of phase consistency.

The strength of spike-LFP phase-locking was quantified by the PPC, which is unbiased
by the number of spikes (Vinck et al., 2010b, 2012b). For the j−th spike in the m-th trial
we denote the average spike-LFP phase as θm, j, where dependence on frequency is omitted in
what follows. The PPC is then defined as

ψ̂ =

∑M
m=1

∑M
l,m

∑Nm
j=1

∑Nl
k=1 cos(θl,k − θm, j)∑M

m=1
∑M

l,m NmNl
, (6.7)

where Nm is the number of spikes for the m−th trial. The PPC quantifies the average similarity
(i.e., in-phaseness) of any pair of two spikes from the same cell in the LFP phase domain.
Note that all pairs of spikes from the same trial are removed by virtue of letting l , m in
eq. 6.7, because spike phases from the same trial can typically not be treated as statistically
independent random variables (Vinck et al., 2012b).
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