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Fast and Slow Gamma Rhythms Are Intrinsically and
Independently Generated in the Subiculum

Jesse Jackson, Romain Goutagny, and Sylvain Williams
Douglas Mental Health University Institute, McGill University, Department of Psychiatry, Montréal, Québec, Canada H4H 1R3

Gamma rhythms are essential for memory encoding and retrieval. Despite extensive study of these rhythms in the entorhinal cortex,
dentate gyrus, CA3, and CA1, almost nothing is known regarding their generation and organization in the structure delivering the most
prominent hippocampal output: the subiculum. Here we show using a complete rat hippocampal preparation in vitro that the subiculum
intrinsically and independently generates spontaneous slow (25-50 Hz) and fast (100 -150 Hz) gamma rhythms during the rising phase
and peak of persistent subicular theta rhythms. These two gamma frequencies are phase modulated by theta rhythms without any form
of afferent input from the entorhinal cortex or CA1. Subicular principal cells and interneurons phase lock to both fast and slow gamma,
and single cells are independently phase modulated by each form of gamma rhythm, enabling selective participation in neural synchrony
at both gamma frequencies at different times. Fast GABAergic inhibition is required for the generation of fast gamma, whereas slow
gamma is generated by excitatory and inhibitory mechanisms. In addition, the transverse subicular axis exhibits gamma rhythm topog-
raphy with faster gamma coupling arising in the distal subiculum region. The subiculum therefore possesses a unique intrinsic circuit
organization that can autonomously regulate the timing and topography of hippocampal output synchronization. These results suggest
the subiculum is a third spontaneous gamma generator in the hippocampal formation (in addition to CA3 and the entorhinal cortex), and
these gamma rhythms likely play an active role in mediating the flow of information between the hippocampus and multiple cortical and

subcortical brain regions.

Introduction

Both theta and gamma rhythms have been studied extensively in
relation to memory processes in the rodent and primate brain
(Jacobs et al., 2007; Montgomery and Buzséki, 2007; Sederberg et
al., 2007; Wyart and Tallon-Baudry, 2008; Jacobs and Kahana,
2009; Jutras et al., 2009; Tort et al., 2009; Rutishauser et al., 2010).
Gamma rhythms in the hippocampal formation are important
locally for cell assembly synchrony as well as globally for commu-
nication between disparate brain regions during various aspects
of hippocampal-dependent memory (Montgomery and Buzsaki,
2007; Sederberg et al., 2007; Montgomery et al., 2008; Senior et
al., 2008; Jutras et al., 2009; Tort et al., 2009). Increases in gamma
power in cortical and hippocampal areas have been shown to
improve spike timing accuracy and predict memory recall (Jutras
et al., 2009). In the hippocampal formation, two main gamma
bands are found in the slow (SG; 25-50 Hz) and fast (FG; 80-140
Hz) frequency range, providing a frequency-specific transfer of
information between hippocampal regions during different com-
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ponents of memory (Bragin et al., 1995; Sirota et al., 2008; Tort et
al., 2008; Colgin et al., 2009). The SG band is thought to originate
in CA3, whereas the medial entorhinal cortex (MEC) is likely
involved in the generation of the FG rhythm (Bragin et al., 1995;
Chrobak and Buzsdki, 1998; Colgin et al., 2009). These two
gamma generators converge on CA1 circuits, providing slow and
fast gamma modulation at different times (Colgin et al., 2009).
Information contained within these generated gamma rhythms
can then be conveyed to other cortical regions. However, between
the hippocampus and the cortex resides the subiculum, which
provides the primary and most divergent hippocampal output
to entorhinal, parahippocampal, and diencephalic structures
(Tamamaki and Nojyo, 1990; Witter and Groenewegen, 1990;
Risold and Swanson, 1996; Naber and Witter, 1998; Naber et al.,
2001; Kloosterman et al., 2003; Witter, 2006). Therefore, because
CA1 and the MEC both converge on subicular circuitry, it would
be expected that gamma activity of both slow and fast frequency
would be present in the subiculum. However, investigation con-
cerning the generation of gamma rhythms in the subiculum is
sparse, particularly with regard to whether the structure sponta-
neously generates gamma oscillations in vitro or in vivo.

Using an isolated intact hippocampus in vitro, we measured
the intrinsic capacity for theta and gamma rhythm generation
within the hippocampal subregions of CA3, CA1, and the subic-
ulum. Surprisingly, we found that network activity in the subic-
ulum has a unique intrinsic structure facilitating robust gamma
rhythm generation as well as theta—gamma coupling. This net-
work organization plays an important role in mediating the
strength and spatial coherence of spike timing precision of subic-
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ular circuits. Our findings provide evidence for a potentially im-
portant mechanism by which the coexpression of theta with two
gamma frequency generators in the subiculum could facilitate
hippocampal communication with a diversity of brain regions.

Materials and Methods

Dissection. All procedures were performed according to protocols and
guidelines approved by the McGill University Animal Care Committee
and the Canadian Council on Animal Care. Sprague Dawley rats (P15—
P28, male and female) were decapitated, and, after rapid removal from
the skull, the brain was placed in an ice-cold, high-sucrose aCSF solution
(in mM: 252 sucrose, 3 KCl, 2 MgSO,, 24 NaHCO;, 1.25 NaH,PO,, 1.2
CaCl,, and 10 glucose) that was bubbled with carbogen (95%0, and
5%CO0,). A detailed description of the dissection procedure can be found
in recent reports (Khalilov et al., 1997; Wu et al., 2006; Goutagny et al.,
2009). Note that, throughout Results and Discussion, the term hip-
pocampus refers to the hippocampal proper including dentate gyrus,
CA3, CAl, and subiculum, whereas the term hippocampal formation
includes the parahippocampal and entorhinal cortex as well.

Data recording. During data recording, the preparation was continu-
ously perfused with aCSF (20-25 ml/min; 126 mwm NaCl, 24 mwm
NaHCO3, 10 mm glucose, 3.5-4.5 mm KCI, 2 mm MgSO,, 1.25 mm
NaH,PO,, and 2 mm CaCl,, pH 7.4, with 95%0,/5% CO,) via a gravity-
fed perfusion system and maintained at 30—32°C. Local field potentials
(LFPs) were recorded using glass micropipettes (1-4 MQ) filled with
aCSF. Signals were recorded with a differential alternating current am-
plifier (A-M Systems), filtered online (0.1-500 Hz), and sampled at 5-10
kHz. Signals were referenced to the bath medium and connected to
ground. Local field potentials in the subiculum were recorded in the
intermediate subiculum relative to the septal- temporal hippocampal
axis and in the mid-subiculum relative to the transverse axis, unless
indicated otherwise. Single units were recorded extracellularly using the
same pipettes and acquired using online filters between 1 Hz and 10 kHz
and filtered offline between 0.3 kHz and 10 kHz to extract spike wave-
forms. Spiking activity was classified as single units only if there were no
spikes in the 1-2 ms bins of the interspike interval (ISI) histogram. Pu-
tative interneurons and principal neurons were differentiated based in
part on firing rate, spike width, and the presence of complex spike wave-
forms (Sharp and Green, 1994; Sharp, 1999; Brotons-Mas et al., 2010).
Putative interneurons were taken to be only those cells that had a narrow
spike width (peak-to-trough <<0.3 ms) and a fast firing rate (>20 Hz).
Extracellular principal cells were classified as those cells with broad ac-
tion potential width (=0.7 ms) and slow firing rate (<7 Hz). Bursting
subicular neurons (non-interneurons with a short interspike interval in
the 5-10 ms range) were typically excluded from the principal cell class
because they had a higher firing rate of two to four spikes per burst.

Whole-cell recordings were performed using the blind patch tech-
nique as described previously (Manseau et al., 2008). Briefly, pipettes
were pulled using borosilicate glass with a resistance of 3—8 M() when
filled with (in mm) 144 K-gluconate, 3 MgCl,, 0.2 EGTA, 10 HEPES, 2
ATP, and 0.3 GTP, pH 7.2 (285-295 mOsm). Recordings were per-
formed using a patch-clamp amplifier (PC-505A; Warner Instruments).
Cell characterization was performed by injecting 0-100 pA, 2-s-long,
depolarizing and hyperpolarizing current steps. Values reported were
not corrected for the liquid junction potential of 13 mV.

Data analysis. For analyses involving only local field potentials, signals
were down sampled to 1 kHz. Filtering in the specified frequency bands
was performed in the forward and reverse direction to eliminate phase
distortions, and the first and last second in the trace was removed. Power
spectrums and spectral coherence were calculated using the Chronux
signal processing toolbox (Bokil et al., 2010) using a time—frequency
product of 3 and with five tapers. In the case in which time—frequency
analysis was performed, we used a 4—8 s window and moved across the
datain 1 s increments.

Gamma detection. We detected significant gamma events similar to
previous studies (Csicsvari et al., 2003; Colgin et al., 2009). To detect
gamma on each theta wave, we used the peak of theta as a reference and
generated a spectrogram from —100 to + 100 ms relative the theta peak
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using a short-time FFT (with a 50 ms hamming window and 1 ms time
step). The frequency with maximal power (between 20 and 250 Hz) was
recorded for each theta wave. For the calculation of the percentage of
theta waves with SG, FG, or no gamma, we used the threshold technique
(Csicsvari et al., 2003; Colgin et al., 2009). Gamma events in either the SG
or FG frequency band were identified by taking the filtered (25-55 Hz for
SG and 80-180 Hz for FG) and rectified gamma LFP in the frequency
range of interest, and events were detected as those crossing 2 SD above
the mean of the rectified gamma signal. To avoid detecting multiple
gamma events within one gamma burst, we required the gamma epoch to
be separated by a time period proportional to the theta period (for ex-
ample, 200 ms for a 5 Hz theta oscillation) calculated for each experiment
based on the dominant theta frequency of the LFP autocorrelation. The
relationship between SG, FG, and theta phase was assessed by calculating
theta phase at the time point of maximal (above threshold) gamma am-
plitude during each theta cycle.

Gamma coherence was measured in three orientations relative to the
subicular pyramidal cell layer. In a given experiment, coherence was
measured in one or two of the axes, and the data were collapsed across
experiments for analysis. Electrodes were moved in 150 wm increments
away from the reference electrode. In some cases, electrodes were instead
moved toward the reference at the same interval spacing. All analyses
were performed on the coherence values using the mean absolute dis-
tance and by detecting the peak coherence value in the theta, SG, or FG
frequency bands.

Modulation index for cross-frequency coupling. The modulation index
(MI) was calculated using the algorithm described previously (Tort et al,,
2008). Similar to previous studies, we calculated the MI for pairs of
frequencies, with amplitude frequencies (fA) ranging from 5 to 250 Hz in
2.5 Hz increments and phase frequencies (fp) ranging from 1 to 12 Hz in
0.5 Hz increments. The MI was calculated using the entropy measure ( H)
taken from the following two equations:

N

— 2p;logp, (1)

i=1

H =

where p; is equal to

<Apn > o))
EJ,NZI < Ap > dp(h)

pj = (2)

and where N is the number of phase bins N = 72, which equates to using
5° bins spanning from —180° to 180°.

(Ag) ¢p( j) denotes the mean amplitude value for frequency Ay, within
the phase bin j of phase frequency ¢y, ( ).

The overall MI was calculated by expressing H as a function of the
maximum possible value, H, ., the value obtained from a uniform dis-
tribution (where the amplitude values in all phase bins are equal), where
H, .. = logN. Therefore, MI = (H,,. — H)/H,,,,. The MI is bound
between 0 and 1, where 0 would indicate equality to the uniform distri-
bution (essentially the amplitude in all phase bins are equal). The greater
the value of MI, the greater the distance from the normalized uniform
distribution (for a graphical description of the method, see Tort et al.,
2008).

The statistical significance of the MI was calculated by performing 200
surrogate MI calculations on the data, in which the gamma amplitude
signal was shifted by randomly selected increments in both the forward
and reverse direction, thereby generating a distribution of surrogate MIs.
The obtained MI was required to be >2 SD above the mean surrogate MI
to be considered statistically significant. For the theta—gamma MI anal-
yses, the MI was calculated by using 3—5 min of continuous stationary
data collected from activity generated after 1 h in the recording chamber.
For the quantification of theta—gamma MI, the single filtered theta trace
was used as the phase signal (with bandpass filters set —1 to +1 Hz
around the dominant theta frequency for that experiment), because we
were principally interested in the MI at theta frequencies. The final MI
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value for SG and FG was taken as the integrated (summed) MI across the
entire SG or FG frequency band.

The contribution of spikes to the MI measures has been shown to
create “sharp edges” or other artifacts in the coupling index (Kramer et
al., 2008; Colgin et al., 2009). We observed a similar phenomenon, which
resulted from spectral leakage of the spike to all frequency bands and the
inability to properly filter out such large-amplitude events with common
bandpass filters. All experiments with such broadband coupling were
removed, and traces were searched manually for filter performance, as
well as for the presence of large-amplitude spikes. Data with sharp de-
flections arising from spikes were not used in the cross-frequency cou-
pling analyses.

Isolated subiculum. Experiments in the isolated subiculum were con-
ducted by removing the CA1-CA3 system at the time of dissection. To
remove the subiculum, microscissors were moved through the border of
CA1 and the subiculum while stabilizing the extracted hippocampus with
forceps. Preparations were allowed to recover for =1 h before being
placed in the recording chamber and for an additional 30—60 min before
recordings were performed. For the comparison of gamma amplitude
and theta—gamma coupling, intact hippocampal isolates from the other
hemisphere of the same animal or a littermate were used.

Single-cell analysis. For extracellular spiking analysis, 3—8 min of con-
tinuous data were used for each unit, depending on the firing rate. The
cells were located predominately within the pyramidal layer of the mid-
subiculum in the region of subicular tissue in which the largest gamma
amplitude was present (the first 200—-400 wm from subicular surface).
For the visualization of spike phase locking to theta, SG, and FG spikes
were binned into 12 bins of 30° each. The phase vector of each voltage
time series was computed using the Hilbert transform in Matlab (Math-
Works) for each network rhythm (theta, SG, and FG). The Circstat tool-
box was used for circular statistics, including circular mean, mean
resultant length, and circular correlation coefficient between phase an-
gles (Berens, 2009). For all plots, 0° indicates the oscillation peak.

To analyze the relationship between instantaneous gamma amplitude
and spike phase locking, the SG or FG amplitude and phase at each spike
time were collected, and phase locking for the highest 33% of gamma
amplitude events (strong gamma) and lowest 33% gamma amplitude
events (weak gamma) were compared with the average resultant length
for the individual cell. Therefore, the same number of spikes was used for
the calculation of spike phase locking for both strong and weak gamma.

To determine the dependence of phase locking in one gamma fre-
quency on the amplitude in the other frequency band, three independent
spike—gamma conditions were used: (1) SG only, (2) FG only, and (3) SG
together with FG. A spike was classified as arising during one of the above
conditions if the instantaneous gamma amplitude at the time of spiking
was >1.5 SD from the mean rectified gamma trace. Here, the threshold
was lowered from 2 SD to include more spikes in all conditions. This type
of analysis can assess whether phase locking in one gamma frequency
band can arise independent of activity in the other gamma band. For
example, in the SG-only condition, phase locking to SG was assessed by
only using spike times when the SG amplitude was above threshold and
the FG amplitude was below threshold. Likewise, the FG-only condition
included spikes that occurred during above-threshold FG and below-
threshold SG. This detection procedure inevitably yields a different num-
ber of spikes for each gamma condition, and the total number of spikes
influenced the mean resultant length. Therefore, the number of spikes for
all conditions was equalized by limiting the number of spikes, 7, in each
condition by the lowest spike count of the three conditions. In the re-
maining categories, 1 spikes were selected randomly from the total spike
count, and the resultant length was calculated using this dataset. This
randomization procedure was repeated 100 times for each dataset, and
the mean resultant length from this 100 point matrix was taken as the
“grand mean” for the specific gamma category of that experiment. The
overall resultant length for every cell (ignoring gamma amplitude) was
also calculated using the random selection of 1 spikes (as above) from the
entire dataset and calculating the resultant length on this subset, to keep
the number of spikes used in all analyses constant.

Depth profile analysis. Depth profiles through the subiculum were
performed using a 16-channel silicon probe with 100 wm spacing
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(Neuronexus Technologies) that was lowered perpendicular to the hip-
pocampal surface. The transmembrane current flow was calculated using
the formula CSD = Ifp(p;) — 2 X Ifp(p; _ ,) + lfp(p; .. ,)/d>, where CSD
is current source density, lfp(p;) is the field potential recorded at probe
channel 7, and d is the distance between channels (in this case, 100 um).
The CSD of theta, SG, and FG were calculated using the filtered gamma
traces in the respective frequency band, triggered by a reference electrode
located within 100 wm. The presence of significant currents was detected
at each depth by taking the absolute value of the filtered gamma LFP (in
either SG or FG) using the Hilbert transform (Matlab). Significant
gamma currents at each depth were detected by requiring that the CSD at
given depth was above a threshold equal to the mean *= 3 SD. This
analysis assessed the spatial spread of gamma current generation across
the deep-superficial axis.

Histology. After the completion of an experiment, the hippocampi
were fixed in 4% paraformaldehyde followed by sucrose until saturated.
Tissue was cut (50 wm) at —20°C with a cryostat to visualize the electrode
placement. The tissue was cut in either the coronal or horizontal orien-
tation, mounted on gelatin-coated slides, and stained with either cresyl
violet or fast red.

Statistical analysis. Data were collected from a total of 101 single isolated
hippocampal explants, and data from all of these cases were included in the
basic description of subicular gamma. Subsets of hippocampi were used for
other various experiments and are presented throughout. For the single-unit
data, only one cell was recorded per electrode track. All data were analyzed
using Matlab using custom-made programs and scripts published previ-
ously (Tort et al., 2008; Berens, 2009; Tort et al., 2009). Paired  tests were
used to evaluate differences between conditions, and the corresponding p
values were adjusted using the Bonferroni’s correction for multiple compar-
isons. Data are presented as mean * SE unless otherwise indicated.

Results

Spontaneous fast and slow gamma in the subiculum

Using the isolated rat whole-hippocampal preparation (see Methods
and Materials) (Khalilov et al., 2003; Wu et al., 2006; Goutagny et al.,
2009), we recorded local field potentials throughout the hippocam-
pus (CA3, CAl, and subiculum) because spontaneous theta activity
is present in this in vitro model (Goutagny et al., 2009). Our aim was
to determine whether gamma frequency oscillations co-occurred
with theta rhythm in the intact isolated hippocampus. The ampli-
tude of both SG (25-55 Hz) and FG (80-180 Hz) was simultane-
ously measured in CA3, CAl, and the subiculum (n = 11) during
persistent theta rhythms (3-10 Hz) (Fig. 1). All recordings were per-
formed approximately halfway between the septal and temporal hip-
pocampal poles, and, in the subiculum, recordings were made in the
mid-subiculum (with reference to the transverse axis). It was found
that there was significantly greater gamma amplitude in the subicu-
lum (mean amplitude, 30.4 £ 0.7 wV for SG and 27.9 = 0.4 uV for
FG) relative to that in CA1 (o) = 4.43, p = 0.0016 for SG; t(,oy =
4.68,p = 0.0011 for FG) and CA3 (t,5, = 4.1,p = 0.0028 and ;) =
2.64, p = 0.0268 for SG and FG, respectively) (Fig. 1 B). Gamma
rhythms were coexpressed with theta rhythm in the subiculum in
>90% of preparations and persisted for 30—120 min.

Phase amplitude cross-frequency coupling in the subiculum

Theta—gamma coupling is thought to have an especially impor-
tant function in mediating hippocampal-cortical (Sirota et al.,
2008; Tort et al., 2008; Colgin et al., 2009) and hippocampal—
subcortical (Tort et al., 2008) communication during learning
(Tort et al., 2009), episodic memory (Lisman and Idiart, 1995;
Senior et al., 2008), working memory (Sauseng et al., 2009), and
recall tasks (Canolty et al., 2006; Tort et al., 2009). We were there-
fore interested in determining whether the cross-frequency cou-
pling between theta phase and gamma amplitude was expressed
intrinsically in the subiculum or in the CA1 or CA3 subfields as
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phase modulation index for 11 experiments for each region. E, Significant theta coherence was present between the subiculum and CA3 and subiculum and CA1, and theta coherence was greater
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amplitude coupling was still present in the isolated subiculum. *p << 0.05, **p < 0.01.

well. To test this and to quantify the degree with which the two
gamma frequencies were coupled to theta phase, the MI tech-
nique (Tortetal., 2008, 2009) was used to measure the magnitude
of phase locking between the amplitude of activity in the 5-250
Hz frequency band (in 2.5 Hz steps) to the phase of low-
frequency LFP activity (ranging from 1 to 12 Hz in 0.5 Hz steps).
We found that the subiculum generated cross-frequency cou-
pling plots resembling that reported in rat CA1 (Sirota et al.,
2008; Tort etal., 2008; Colgin et al., 2009) and human neocortical
recordings (Canolty et al., 2006), with distinct bimodal peaks in
the MI distribution at 32 = 2 and 130 £ 2 Hz (n = 101, p < 0.05)
(see Methods and Materials) (Fig. 1 D). However, the presence of
this coordinated form of activity was not consistently observed in
the CA1 or CA3 area (Fig. 1 D), suggesting that a unique form of
intrinsic processing can take place in the subiculum, at the final
output stages of the hippocampus. The FG theta phase MI was
significantly higher in the subiculum than in CA3 or CA1 (¢, =
3.89, p < 0.01 and t(;5, = 3.90, p < 0.01), whereas the SG theta
phase MI in the subiculum was higher than in CA3 (t,, = 2.55,
p < 0.05; the CA1 — subiculum SG MI difference was not signif-
icantly different, p > 0.05).

Cross-frequency theta— gamma coupling in the subiculum

is intrinsic

Although there was significant LFP coherence in the theta band
between the subiculum and CA1 (0.84 * 0.06) and the subiculum

and CA3 (0.68 * 0.04), coherence above 20-30 Hz dropped
below the significance threshold, suggesting that inputs from the
CA1-CA3 system were not responsible for subicular gamma (Fig.
1E). To completely rule out that gamma and theta—gamma cou-
pling was not attributable to afferent inputs from the CA3—-CA1
system, the subiculum was isolated during the dissection proce-
dure (see Methods and Materials). The peak theta frequency was
reduced in the preparations without the CA3-CAl complex
(—1.3 Hz, t() = 3.27, p < 0.01) (Fig. 1F). However, the mean
amplitude of SG and FG (p > 0.05 for both SG and FG) and the
strength of phase—amplitude coupling were unchanged when the
CA3-CA1 system was removed (p > 0.05 for both SG and FG)
(Fig. 1G). Therefore, the subiculum can intrinsically generate
spontaneous SG and FG without input from the CA1 or MEC
(because the MEC is removed in the dissection procedure in all
preparations in this study), suggesting that a unique network
architecture exists within the subiculum that spontaneously ex-
presses these dynamic activity patterns.

Covariation in SG and FG spectral power

We also measured how both SG and FG covaried in terms of
spectral power. If SG and FG were generated by the same under-
lying mechanisms then they should undergo similar changes in
power across time. Measurements were made regarding how all
frequencies (from 1 to 250 Hz) covaried in terms of spectral
power, using the correlation coefficient method described previ-
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Figure 2.  Slow and fast gamma rhythm power fluctuate independently. A, The cross-
correlation matrix expressing the probability of significant amplitude—amplitude coupling be-
tween all frequencies (from 1to 250 Hz) from all experiments (n = 1071). This matrix represents
the probability that the spectral amplitude of each pair of frequencies would be significantly
correlated in an experiment. The matrix is symmetrical across the diagonal. Clusters near the
diagonal reflect neural rhythms and clusters off the diagonal reflect covariation in power be-
tween two frequencies (for example theta and FG). The white box outlines the region highlight-
ing the correlation between SG power and FG power, indicating that there is a very low
covariation in power and therefore these two frequencies undergo independent dynamic
changes in amplitude. B, The mean = SE correlation coefficients for the correlation between
theta and SG (left), theta and FG (middle), and SG and FG (right). **p << 0.001.

ously (Masimore et al., 2004). Frequencies around SG and FG
tended to form local clusters on the comodulogram (Fig. 2A),
therefore indicating the presence of network rhythms in the re-
spective frequency bands. Furthermore, theta power covaried
with both SG (mean, r = 0.21 * 0.02) and FG (r = 0.10 = 0.01),
because clusters also arose at the intersection of theta frequencies
and both SG and FG. However, the dynamics of SG and FG were
only weakly correlated (mean, r = 0.065 = 0.01), demonstrating
that fluctuations in SG and FG are independent (Fig. 2 B).

Depth profile of subicular rhythms

CSD analysis was performed using a 16-channel silicon probe
that was lowered through the deep-superficial axis of the subicu-
lum during ongoing theta and gamma rhythms (n = 5) (Fig.
3A,B). Theta, SG, and FG were all generated within the same
region between the pyramidal layer and deep molecular layer.
However, the maximal sink/source alternation for theta and SG
was located predominantly in the molecular layer, whereas the
maximal FG CSD was located closer to the pyramidal cell layer
(Fig. 3C). Therefore, SG and FG differed slightly in the spatial
extent of gamma currents. To measure how SG and FG current
amplitudes were related, significantly large SG and FG current
bursts were detected at each depth. The threshold for significance
was defined as current amplitudes exceeding 3 SD above the
mean absolute current for each channel. We measured the FG
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current amplitude during SG current bursts and SG current am-
plitude during significant FG bursts. If SG and FG arise from the
same mechanism, then it would be expected that the large FG
bursts would accompany SG bursts (and vice versa). There was
no consistent correlation between SG and FG during either sig-
nificant SG current bursts (Fig. 3D, left) or during significant FG
current bursts (Fig. 3D, right). Therefore, in the isolated hip-
pocampus during persistent theta rhythm (Goutagny et al.,
2009), the subiculum is the most robust gamma generator pro-
ducing gamma in both SG and FG frequency bands. These data
show that, in addition to areas CA3 (Fisahn et al., 1998; Csicsvari
et al., 2003; Oren et al., 2006; Montgomery and Buzsaki, 2007;
Colgin et al., 2009) and the MEC (Bragin et al., 1995; Chrobak
and Buzséki, 1998; Cunningham et al., 2003, 2004; Colgin et al.,
2009; Quilichini etal., 2010), the subiculum is a third generator of
gamma in the rodent hippocampal formation and that it gener-
ates gamma in two distinct frequency bands.

Independent fast and slow theta—gamma coupling

It was next determined how the frequency of theta differentially
impacted SG and FG coupling dynamics. Experiments were
grouped according to their preferred theta frequency (Fig. 4A—
C). Faster theta frequencies (=7 Hz) were accompanied by faster
peak frequency of SG modulation (40 = 3 Hz) compared with
slower theta (=4.5 Hz, 26 * 2 Hz, t5,, = 4.3, p < 0.001) or
mid-range theta frequencies (=7 Hz and 4.5 Hz, 31 * 2 Hz,
te9y = 4.1 p < 0.001).In contrast, the frequency of FG theta phase
modulation was unrelated to theta frequency. In addition, the
magnitude of the SG MI was greater for slower theta than faster
theta (5,) = 3.8, p < 0.001) (Fig. 4C), and the magnitude (or
depth) of the FG MI did not change between theta frequencies.
These results suggest that the cross-frequency, theta gamma cou-
pling regimen changes according to theta frequency, with lower
theta frequencies facilitating coupling at SG frequencies whereas
with faster theta frequencies, FG is the more dominant coupling
frequency (Fig. 4C). Therefore, faster theta frequencies are ac-
companied by a greater ratio of FG to SG. To further examine the
relationship between SG MI and FG MI, we performed multiple
linear regression to analyze the predictors of SG MI or FG MI
dynamics across time (Fig. 4 D). The best predictor of SG MI or
FG MI was gamma power in the respective frequency band. Ad-
ditionally, the gamma MI in one frequency band did not assist in
the prediction of the MI in the other (again supporting SG-FG
independence). Finally, to examine the possibility that FG may
just be a harmonic of SG, we determined the distance (in hertz) of
the FG peak frequency from the predicted SG harmonics. In only
10% of all cases did the FG peak frequency coincide with a har-
monic of SG (usually the third or fourth harmonic), but on av-
erage, the FG frequency was 7.7 = 0.6 Hz from the closest SG
harmonic (p < 0.001; significantly different than 0) (Fig. 4E).
Therefore, on average, FG is not a harmonic of SG.

The phase amplitude comodulation plots in Figure 4 suggest
that the two forms of gamma in the subiculum are independent.
To definitively assess the number of theta cycles with SG, FG, or
both, we used a time window proportional to the theta period
(see Methods and Materials) (Colgin et al., 2009) and calculated
the time—frequency spectral power (20250 Hz) across each theta
cycle. Within each theta cycle, the significance of SG and or FG
amplitude was determined by calculating the maximal gamma
amplitude for each theta cycle and then determining whether
the amplitude was above the significance threshold (2 SD above
the mean). The gamma detection window was limited to a period
proportional to the theta cycle to avoid detecting multiple peaks
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Figure3.  Currentsource density of subicular rhythms. 4, (SD was performed through the deep-superficial axis of the subiculum (SUB),
using a reference electrode located just below the pyramidal cell layer (PYR). Shown are representative CSDs for one experiment for theta,
G, and FG. The mean current traces are shown above the heat maps for the electrode locations indicated on the left. A reference electrode
located near the 16-channel probe was used to trigger the data from 3 min of a continuous recording. To generate the averages, the peak
of the filtered theta, SG, or FG was detected in the reference, and the CSD in all channels was collected centered on these events (white
dashed lines). The black arrows indicate the maximum CSD alternation for each frequency band. B, A closer look at the data in 4, showing
the presence of phase shifts for all three rhythms. The dashed line indicates the time of the peak theta, SG, or FG LFP recorded from the
reference electrode and used to trigger the current from each channel for the three frequencies. ¢, The mean absolute CSD fluctuations
across depth. Note that currents for all thythms are maximally located within the same 500 um, but the FG current maximumis closer tothe
pyramidal cell layer. D, The correlation coefficient between SGand FG current magnitude using SG current peaks (left) and FG current peaks
(right). SG and FG current peaks were detected using an amplitude threshold (mean == 3 SD). This analysis therefore measures the
covariation between SGand FG current during large-amplitude current bursts of each frequency.
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rhythm, although FG tended to occur
slightly later within the theta cycle (Fig.
5B) (—50 = 2° for SG vs —43 * 2°for FG,
and F(; 190 = 7.8, p = 0.006, Watson—
Williams test for two samples of angles)
(Berens, 2009). Averaged across all exper-
iments, the percentage of theta cycles with
SG alone, FG alone, SG and FG together,
and no gamma was 12.2 + 0.3,36.1 = 1.3,
31.3 £ 1.4, and 20.4 = 1.2%, respectively.
Therefore, the number of theta cycles with
independently occurring SG or FG was
greater than the number of theta cycles in
which SG and FG concomitantly occurred
(Fig. 5C) (t(100) = 987, p < 0.001). Be-
cause both forms of gamma arise on sim-
ilar phases of the theta cycle, it was
determined whether the amplitude of SG
and FG covaried during those theta waves
in which both SG and FG were present.
As expected based on the data in Figure
5D, there was no significant correlation
between SG and FG peak amplitude
(mean, r =0.04 £ 0.01,p>0.05,n = 101)
(Fig.5D). SG and FG can arise on the same
theta cycle in the subiculum, unlike in
CA1 in which SG and FG occur mostly on
different theta cycles and in which SG and
FG power are negatively correlated (Col-
gin et al., 2009). Furthermore, the two
forms of gamma reported here are inde-
pendent, because FG is not required for
SG generation, SG is not required for FG
generation, and, in instances in which
they occur together, the SG and FG ampli-
tude are not related. Therefore, although
on average these two forms of gamma
both occur on the rising phase and peak of
theta rhythms, they do so at slightly differ-
ent phases and with unrelated amplitudes.

Phase locking of principal cells and
interneurons to fast and slow gamma

It was next determined how principal cells
and interneurons fired in relation to SG
and FG phase. To do so, we analyzed the
spiking activity of putative principal cells
(n = 17) and interneurons (n = 5)
recorded within the pyramidal layer of
subiculum (Fig. 6) (see Methods and Ma-
terials for cell selection procedure). Fast-
spiking interneurons fired with a peak
first-order ISI at 7-9 ms, corresponding to
the FG frequency range (Fig. 6 B). Princi-
pal cells had a peak ISI in the SG range
(20—40 ms). Of the principal cells identi-
fied, 14 of 17 phase locked to SG and 11 of
17 exhibited significant phase locking to
FG. Although there was substantial vari-

within the same gamma burst. Theta cycles with different time—  ability in the preferred phase of principal spiking for SG and FG
frequency signatures were present (Fig. 5A), but, most impor-  (Fig. 6C), on average principal cells fired with the greatest phase
tantly, theta cycles with SG did not necessarily have FG (and vice  modulation near the peak of SG (66 = 33°) and FG (116 * 34°)
versa). Both SG and FG were coupled to a similar phase of theta  (Fig. 6C,E). Fast-spiking interneurons, however, fired near the
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Figure4. Slow and fast gamma independently phase lock to theta rhythms. 4, Example cross-frequency coupling plots showing the amplitude modulation of all frequencies (5-250 Hz) by the
phase of low frequencies (1-12 Hz). Five examples are shown to highlight the effect theta frequency has on the gamma coupling dynamics. The plots are ordered from slower to faster theta
frequency (left to right). Note that slower theta frequencies had greater SG coupling, whereas fast theta frequencies were dominated more by FG. The color map depicts the strength of
phase—amplitude coupling between pairs of frequencies calculated using the modulation index (see Methods and Materials). The scale is the MI >X 1000. On the right is the histogram of preferred
theta frequency in all experiments (n = 1071). Theta frequency was divided into three frequency bands for the comparison of theta— gamma modulation index analyses. The vertical lines indicate
the cutoff frequencies used for analysis. B, The theta phase modulation index (spanning 5-300 Hz) for the three theta frequency bands. Note the change in SG modulation across theta frequency.
Dark lines are the mean across the number of experiments indicated, and shaded regions are the SE. €, Quantification of the peak SG and FG frequency across the different theta frequencies. The peak
SGfrequency increased as theta frequency increased. Right, The magnitude of phase modulation decreased with greater theta frequency for SG but not FG. The ratio of FG Ml to SG Mlincreased with
increased theta frequency. D, The factors predicting changes in SG and FG amplitude modulation to theta phase. The mean == SE 3 coefficients (b) from multiple linear regression analysis using SG
MI (top) or FG MI (bottom) as the dependent variable and theta power, SG power, FG power, and SG M (top) or FG MI (bottom) as predictors. To obtain the data for each regression analysis, the power
and Ml was calculated in 6 s bins over the duration of 5-30 min recordings. The best predictor of SG Ml was SG power, suggesting that increases in SG power were associated with a stronger phase
coupling to theta phase. Note that the FG Ml did not help in the prediction of SG MI. The FG Ml was also best predicted by FG power rather than theta power, SG power, or SG M. E, FG does not arise
from a harmonic of SG. Shown is an example plot of the theta phase Ml across frequencies from 5 to 250 Hz. The green arrow is the dominant SG frequency, and the solid green lines are the five first
harmonics of the main SG frequency. If FG arises from a harmonic of SG, the FG peak will align with one of the SGharmonics, whichis not the case here (black arrow). Below is the mean == SEminimum
difference between the FG peak frequency and closest SG harmonic. *p << 0.001.

trough and falling phase of SG (—174 * 21°) and FG (122 * 22°)
(Fig. 6 D,E). Therefore, the interaction between principal cells
and interneurons is likely occurring during the ongoing rhythms
in both SG and FG frequencies.

We confirmed that both excitatory and inhibitory events were
responsible for slow and fast gamma rhythms by performing
whole-cell recordings from principal cells in the subiculum dur-
ing the spontaneously occurring theta and gamma activity (n =
14 cells) (Fig. 6 F-I). Cells had a resting membrane potential of
—49 *£ 1.5 mV (range, —47 to —61 mV, not corrected for the
liquid junction potential) and could fire spontaneously in 11 of
14 cases. We only analyzed cells in which the resting membrane
potential demonstrated a significant degree of theta coherence
with the extracellular field (7 of 14 cells) (Fig. 6 F,G). We exam-
ined the synaptic activity in subicular principal cells at —70 and 0
mV during extracellularly recorded theta— gamma activity. These
two membrane potentials were chosen to principally record
EPSPs at —70 mV (the null potential of GABA ,-mediated IPSPs
under our recording conditions) and IPSPs at 0 mV (the reversal
potential of EPSPs). At —70 mV, postsynaptic potentials in both
the SG and FG frequency range were phase locked to theta (p <

0.05, Rayleigh’s test for significance) (Fig. 6 H), similar to the
extracellular potentials. Similarly, inhibitory synaptic events were
also found to be organized in the SG and FG range (p < 0.05) (Fig.
6H), again confirming that both EPSPs and IPSPs were phase
locked to theta, similar to the extracellular LFPs. The dynamics of
EPSPs and IPSPs within each theta cycle were next examined
relative to the LFP data as performed in Figure 5. Single theta
cycles were more likely to have either SG or FG synaptic poten-
tials than both (p < 0.05) (Fig. 61).

Subicular neurons independently participate in both slow
and fast gamma synchrony

In CALl, it was shown recently that single neurons prefer to phase
lock to one form of gamma rhythm (fast or slow) while avoiding
phase entrainment by the other (Colgin et al., 2009). Because the
subiculum is positioned downstream to CAl, it is set to receive
both SG and FG forms of activity. Therefore, it may be that subic-
ular neurons phase lock to only SG or FG. As discussed above,
both interneurons and pyramidal cells phase locked to SG and
FG. Principal cells phase locked more robustly to SG than FG
(n =10, tg, = 2.5, p = 0.03, including only cells that phase
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theta cycle did not covary. It was next de-
termined whether the amplitude of SG
and FG predicted the strength of gamma
phase locking. Previous reports have
shown that increases in gamma ampli-
tude facilitate spike— gamma phase lock-
ing (Tukker et al., 2007; Oren et al., 2010).
Corroborating these findings, it was
found that stronger SG or FG increased
the spike phase locking to the respective
frequency band (Fig. 7B). For example,
spiking during a strong (large-amplitude)
SG burst of activity was more phase
locked to SG than during smaller-
amplitude SG events (t,q) = 13.3, p <
0.001). The same was true for FG (t,4) =
6.8, p < 0.001). Because SG and FG power
are primarily independent, these data sug-
gest strong phase locking in one frequency
may arise without phase locking in the
other. To conclusively test whether spike—

FG=-43°

theta phase

*

FG amplitude gamma phase locking was independent

g @ between frequency bands, epochs were

s 5075 identified in which spiking occurred dur-

. ! g 0.50 - ing isolated SG (with weak FG), isolated

- eed FG (with weak SG), or during both SG

L; 0602()5 m and FG (Fig. 7C). The number of spikes

005 0 005 e and spike phase locking was computed for

100 ms time (s) I —_— each of these conditions and compared
0.05 mV n=101 with the overall average phase locking of

Figure5.

experimental mean. *p < 0.01.

locked to both), whereas the phase-locking strength between SG
and FG for interneurons was not different (n = 5, p > 0.05).
Furthermore, there was no difference in SG or FG phase locking
between principal cells and interneurons (p > 0.05 for both). We
analyzed spike—gamma phase-locking dynamics (including all
cell types) and found that 40 of 49 neurons phase locked to SG,
FG, or both. Of these phase-locked neurons, 36 of 40 phase
locked to SG, 33 of 40 phase locked to FG, and a large degree of
overlap existed between the two populations (29 of 40). There-
fore, in contrast to CA1, the same subicular neurons participate
in synchrony at both gamma frequencies. It would be important
for SG and FG within subiculum to be independent, because the
frequency of CA1 input (SG or FG) may indicate different mem-
ory states (retrieval or encoding, respectively) (Colgin et al.,
2009). Therefore, we analyzed the independence of phase lock-
ing between SG and FG for all neurons that phase locked to both
rhythms (Fig. 7A) (n = 29). The SG phase and FG phase at the
time of spiking was not related (n = 29; mean circular, r = 0.05,
p > 0.05), indicating that knowledge of the phase of firing within
the SG or FG cycle did not assist in determining the phase of firing
in the other frequency band. This is likely because the peak am-
plitude (as shown previously; Figs. 2, 5) of SG and FG within the

Slow and fast gamma independently arise within the theta cycle. 4, Four theta cycles are shown (top to bottom) with
significant SG only, FG only, both SG and FG, or no gamma. On the right, the mean average short time Fourier transform generated
spectrogram centered on theta peak (time 0) for all waves during one experimental session. Mean spectrograms were created from
all theta waves with SG only, FG only, both SG and FG, or no gamma. B, Distribution of the preferred theta phase for SG or FG for all
experiments. FG occurred slightly later in the theta cycle. , The percentage of theta cycles with either SG or FG was greater than the
number of theta cycles with both forms of gamma. D, The amplitude of co-occurring SG ( y-axis) and FG (x-axis) is shown for one
experiment for each theta cycle with both forms of gamma, and a correlation coefficient was calculated between the maximum
amplitudes of SG and FG. The red line is the linear fit. Below is the scatter plot of the correlation coefficient between SG and FG
amplitude for all experiments showing that the peak amplitudes of SG and FG were not related. The red line indicates the grand

the particular cell (using the mean resul-
tant length). The number of spikes that
occurred during both SG and FG was re-
duced relative to isolated FG and isolated
SG (t(r5) = 6.27, 1125, = 5.12, p < 0.001 for
each) (Fig. 7D). Therefore, although cells
can phase lock to both rhythms, they
typically only participate in one gamma
frequency within a single theta cycle. Im-
portantly, all cells exhibited significant
phase locking to SG during reduced FG,
demonstrating that SG phase locking can arise without FG. Sim-
ilarly, cells maintained their phase locking to FG during reduced
amplitude SG. Interestingly, the co-occurrence of SG and FG
increased SG phase locking relative to SG alone (Fig. 7E) (t(54) =
4.29, p <0.001), demonstrating a facilitation of SG phase locking
by the presence of FG. Although FG facilitates spike—SG phase
locking, this facilitation would occur in a limited number of in-
stances because more spikes arise during isolated SG than during
the co-occurrence of SG and FG (Fig. 7D). In contrast, there was
no increase in FG phase locking during concomitant SG-FG ep-
ochs. These data demonstrate that independent spike phase syn-
chrony can occur in one gamma band without activity in the
other frequency band. Furthermore, FG facilitates SG phase lock-
ing, but the reverse is not true. Therefore, the same subicular
neuron(s) can independently participate in network synchrony
at SG, FG, or both at different times, allowing the dynamic par-
ticipation in both network rhythms.

Differential role for excitation and inhibition in slow and

fast gamma

Various forms of hippocampal gamma rhythms have been iden-
tified in different in vitro preparations (Whittington et al., 1995;
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Phase locking of excitatory and inhibitory events to slow and fast gamma. Raw data and mean spike waveform for a representative principal cell (PR, A) and fast-spiking interneuron

(INT, B) On the right is the mean ISI for all principal cells (top) and interneurons (bottom). Note the peak in the interneuron ISl at FG periods (expanded in the inset), whereas the principal cells have
a broad distribution over the 20 — 40 ms range. C, D, The spike phase probability distribution for eight subicular neurons, including four principal cells (PC, €) and four interneurons (INT, D) for slow
and fast gamma. E, Mean == SE phase-locking histograms for all principal cells and interneurons during SG and FG. Note that, although the preferred phase is somewhat diverse, principal cells on
average fire near the peak of SG and FG, whereas on average, interneurons show the greatest depth of modulation on the trough of both SG and FG. F, An example whole-cell recording of a principal
cellin the subiculum during depolarizing and hyperpolarizing current steps. G, Mean == SE coherence between the whole-cell recording and extracellular LFP. H, Postsynaptic potentials recorded
atboth —70 mV (left) and 0 mV (right). Example theta cycles are shown, demonstrating that both SG and FG potentials occur during the rising phase of the theta rhythm, similar to extracellular
events. Traces above the raw I/, were bandpass filtered in the SG (green) and FG (gold) frequency bands. Below is the mean == SE of the normalized voltage fluctuations within the theta cycle for
SGand FG at both 0 and —70 mV. The plot shows the mean z-scored voltage for the envelope of the filtered SG or FG signal. /, The percentage of theta cycles with statistically significant S or FG is
greater than the number of cycles with both forms of gamma at both holding potentials. *p << 0.05.

Traub et al., 2004; Oren et al., 2006). Depending on the region
and experimental conditions, gamma oscillations of various fre-
quencies from 20 to 80 Hz have been identified. One model of
gamma generation involves feedback between principal cells (ex-
citatory cells) and inhibitory interneurons (Fisahn et al., 1998;
Traub et al., 2004; Tiesinga and Sejnowski, 2009). Another pop-
ular gamma model arises from the tonic depolarization of inhib-
itory interneurons that can maintain gamma rhythms in the
absence of fast glutamatergic receptor activation (Whittington et
al., 1995). We tested the effect of bath application of DNQX (10
uM, to block AMPA/kainate receptors) and bicuculline (BMI)
(10 M, to block GABA , receptors) on gamma power. Both drugs
penetrate the hippocampal tissue rapidly, within 1 min of bath
application (Goutagny et al., 2009, their supplemental Fig. 9).
DNQX reduced the power of SG (¢, = 3.4, p < 0.05) but failed
to significantly reduce FG power (Fig. 8). BMI reduced both SG
(t5)=3.1,p <0.05) and FG ((5y = 3.77, p < 0.01) power (Fig. 8).
Neither DNQX nor BMI eliminated all network activity in either
SG or FG frequency bands, although when the two drugs were
applied simultaneously, all activity was abolished (Fig. 8). The
NMDA receptor antagonist D-APV (50 uM) had no effect on SG
or FG power (p > 0.05). Therefore, although both principal cells
and interneurons participate in SG and FG during spontaneous
conditions, FG can be generated without fast glutamatergic syn-
aptic transmission.

Topographical organization of gamma rhythms in the
subiculum

Anatomical studies have shown the existence of a columnar-like
organization among subicular principal cells and between prin-
cipal cells and interneurons (Harris and Stewart, 2001; Harris et
al., 2001; Menendez de la Prida, 2003). These separate modules
are thought to exist in both the proximal—distal and septal-tem-
poral subicular axes and maintain non-overlapping parallel
pathways connecting neocortical and subcortical areas serving
different brain functions (Witter et al., 1990; Naber et al., 2001;
Kloosterman et al., 2003). Therefore, we investigated whether
gamma rhythms could provide an electrophysiological correlate
for the anatomical modules previously reported. We measured
the degree of neural communication (using spectral coherence)
in three dimensions of subicular space spanning the proximal—
distal (n = 7 preparations), septal-temporal (n = 9 prepara-
tions), and deep-superficial (n = 9 preparations) axes. The LFP
coherence was measured at theta, SG, and FG frequencies be-
tween a reference electrode, and electrodes were placed sequen-
tially in 150 wm increments in these three axes (Fig. 9A, B). Theta
coherence was high (>0.9) at all distances measured (Fig. 9B). SG
maintained significant coherence values up to 750 um from the
reference electrode in the proximal—distal direction and septal—
temporal direction, whereas FG coherence fell below the signifi-
cance threshold after 300 wm on average, suggesting that, unlike
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Figure7. Slow and fast gamma independently modulate spike phase locking in the same neural network. 4, Top, An example
trace showing spiking from a subicular principal cell and the simultaneously recorded SG and FG from a nearby (0.1 mm) electrode.
B, Left, Spikes arising during stronger SG were more tightly phase locked to SG phase. The same trend was found for FG (right).
Spike phase locking was compared during “strong” and “weak” amplitude activity in the respective frequency band using the same
number of spikes (see Materials and Methods). The overall mean phase-locking value for each cell was normalized to 1. Note that
almost all cells are above the mean value for strong gamma and below the mean for weak gamma. , Shown are three represen-
tative data epochs showing the simultaneously recorded slow gamma (SG, top), fast gamma (FG, middle), and principal cell spiking
(bottom, recorded with a separate pipette). The gamma traces shown were bandpass filtered in the SG (25—55 Hz) or FG (80 —180
Hz) frequency range. The SGand FGamplitude envelope is also shown on top of each filtered gamma trace and was calculated using
the absolute value of the Hilbert transformed signal. The three traces represent the three conditions used for analyzing spike—
phase locking during the presence or absence of either SG or FG (not shown is the presence of spiking during no gamma). The
presence or absence of gamma in each band at the time of each spike was determined by an amplitude threshold (see Materials and
Methods). D, The number of spikes recorded during each of the different gamma conditions. Spikes were more likely to fire during
SGor FGin isolation then during co-occurring SG and FG. E, Phase locking of spikes to SG (left) or FG (middle) during the presence
or absence of each form of gamma rhythm. On the left is the phase-locking probability for one neuron for SG and FG during the
states indicated. Note the increase in SG phase locking during spikes occurring with both SG and FG, whereas FG phase locking does
not exhibit this facilitation. Right, Group data across all neurons. Similar to above, the overall mean resultant length was normal-
ized to 1; therefore, a value of 1 would indicate that the strength of phase locking did not change above the overall experimental
mean resultant length (using all spikes regardless of gamma amplitude), and values 1 would indicate that phase locking in the
specific condition was increased. *p << 0.01, **p < 0.001.

theta and SG, FG is best suited to organize small discrete regions
of the subiculum (Naber et al., 2001; Kloosterman et al., 2003).
There was a significant main effect of axis direction for SG (f, 1,0,
= 29.5, p < 0.001) and FG (f5,1,9) = 42.6, p < 0.001) (for
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follow-up t test values, see Fig. 9B), dem-
onstrating that the gamma coherence in
both frequencies did not change uni-
formly in all directions and that gamma
coherence was mainly organized across
the pyramidal cell layer in the deep-
superficial axis. Both SG coherence and
FG coherence were most robust in the
deep-superficial axis relative to the septal—
temporal (t,5) = 3.79, p < 0.01 for SG,
the) = 4.7, p < 0.001 for FG) and prox-
imal-distal axis (¢4, = 2.8, p < 0.05 for
SG; t14) = 3.8, p < 0.01 for FG). The SG
coherence observed at greater spatial loca-
tions could be attributable to volume con-
duction of the larger SG signal (relative to
FG), suggesting that the difference in SG
and FG phase synchronization measured
between regions is not necessarily physio-
logically meaningful. We therefore mea-
sured spike phase locking (using the mean
resultant length) in a subset of neurons
(including all cell types) between the local
LFP and a more distant electrode record-
ing (1 mm, located in either the septal—
temporal or proximal-distal axes) (Fig.
9C). The majority of neurons (62%) ex-
hibited significant SG phase locking to
the distant subicular region, although the
strength of SG phase locking was reduced
(ta0) = 5.0, p < 0.001, comparing the
mean resultant length for SG between the
local and distal LFP electrode). However,
only 14% of the cells were significantly
phaselocked to FG in the distant subicular
region, and the phase locking was reduced
in all but one cell (t,9) = 4.99 p < 0.001;
relative to the local LFP FG recording).
Therefore, in addition to LFP coherence
(Fig. 9B), more neurons were synchro-
nized to SG in the distant subicular re-
gions than to FG in distant regions (p <
0.01, binomial test), demonstrating that
SG exerts a spatially greater synchronizing
influence than FG (Fig. 9C). Therefore,
the slab or columnar organization of subic-
ular modules (Tamamaki and Nojyo, 1990)
could be supported physiologically by FG
but less so by SG.

The topography of neural inputs and
outputs in the proximal—distal subicular
axis exhibit a precise anatomical organiza-
tion (Naber et al., 2001; Kloosterman et
al., 2003). We found that the proximal-
distal subiculum could be dissected with
regards to the preferred frequency of its
gamma modulation (Fig. 9D,E). The
proximal subiculum (closer to CAl) ex-
hibited a stronger ratio of SG to FG theta

phase coupling strength relative to the distal subiculum (¢.,,, =
3.29, p < 0.007) (Fig. 9D), demonstrating a proximal-distal or-
ganization in the preferred frequency of hippocampal output
along transverse axis. Furthermore, the distal subiculum had a
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higher FG frequency (135 = 9 Hz) than
the proximal subiculum (114 * 8 Hz; ¢y,
= 2.3, p < 0.05), whereas the SG fre-
quency did not differ in the proximal-d-
istal axis (Fig. 9E). Theta frequency was
not different between the proximal and
distal subiculum (p > 0.05). This fre-
quency difference at FG supports the lack
of FG coherence proximo-distally and
suggests that independent FG generators
allows these regions to perform local pro-
cessing without interference from high-
frequency activity in the adjacent
subicular module. This topographical or-
ganization of gamma frequencies could
play an important role in differentially
communicating with postsynaptic re-
gions such as the lateral and medial ento-
rhinal cortex, which are known to receive
inputs from the proximal and distal
subiculum, respectively (Kloosterman
et al., 2003). To summarize, subicular
gamma rhythms are geometrically orga-
nized in spatially defined modules with
synchronization arising most robustly in
the deep-superficial axis perpendicular to
the pyramidal cell layer and with a topo-
graphical organization of gamma fre-
quencies that correspond to functionally
different subicular regions.

Figure 8.

BMI wash B 1

Excitation and inhibition differentially control slow and fast gamma. 4, Pharmacology of SG and FG. Field potentials
were analyzed during baseline and during the application of drugs to block fast GABAergic (BMI, 10 wum) and glutamatergic (DNQX,
10 M) transmission. Filtered traces within each frequency band and conditions are shown. The red lines indicate the threshold
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Discussion

We have demonstrated here that the hip-
pocampal outputs from the subiculum
spontaneously generate two main fre-
quencies of gamma rhythms in the intact
hippocampus in  vitro similar to
the gamma frequencies reported in vivo
(Bragin etal., 1995; Sirota et al., 2008; Tort
etal.,, 2008; Colgin et al., 2009; Sullivan et al., 2011). Interestingly,
we also show the first evidence of spontaneous theta-nested slow
and fast gamma oscillations in vitro. These gamma rhythms were
present without any form of pharmacological or electrical stim-
ulation, suggesting that this is the true default mode of the
subicular network. The subiculum is the main hippocampal out-
put, and therefore hippocampal—cortical and hippocampal—-sub-
cortical communication arises most predominantly from
subicular neurons. These results support the idea that a signifi-
cant amount of information processing in the subiculum arises
independent of CA1 or MEC inputs (Deadwyler and Hampson,
2004; Cappaert et al., 2007), suggesting an important role for
subicular local circuits in mediating hippocampal outputs. These
gamma rhythm-generating circuits likely have a role in mediating
hippocampal-dependent behaviors, such as spatial memory, emo-
tion, stress, fear, and reward (Herman and Cullinan, 1997; Witter,
2006; O’Mara et al., 2009; van Strien et al., 2009).

The subiculum is a gamma generator

Slow and fast gamma band frequency rhythms have been re-
ported in the hippocampal formation. It is now well established
that the CA3 area contains an SG band generator (Bragin et al.,
1995; Oren etal., 2006; Colgin et al., 2009). This SG generator can
be activated in the CA3 area of hippocampal slices with bath

BMI were tested in different experiments. Note that activity in the SGand FG bands is not eliminated by either drug on its own. The
scale bars on the bottom apply to all traces. B, Representative power spectrums from experiments with bicuculline (left) and DNQX,
followed by DNQX plus bicuculline (right). The insets are a magnified view showing the effect on FG. €, Normalized group mean
spectral power in each gamma band during DNQX, BMI, DNQX plus BMI, and APV. The data segments analyzed were taken from
3— 6 min after bath application of the drugs. Both SG and FG spectral power were reduced by BMI (top left). SG but not FG spectral
power was reduced by DNQX (top right). Coapplication of BMI and DNQX reduced SG and FG power (bottom left). Neither SG nor FG
was on average reduced by NMDA receptor blockade using APV (bottom right). *p << 0.05.

application of carbachol or kainate and requires balanced excita-
tion and inhibition between principal cells and interneurons
(Atallah and Scanziani, 2009). Similarly, the SG spontaneously
generated here within the subiculum was also mediated through
the activation of AMPA and GABA, receptors. Others have pre-
viously reported slow gamma frequency activity in the subiculum
after tetanic stimulation of the CA1 area (Colling et al., 1998;
Funahashi and Stewart, 1998; Stanford et al., 1998). The gamma
frequency events in these reports appear to be different from the
SG reported here because they are very-large-amplitude transient
population events often characterized by spike doublets and are
never observed to be nested with theta oscillations. However,
these population gamma events share a similar pharmacological
profile to the SG here (i.e., sensitive to both AMPA and GABA,
receptor antagonists). Conversely, the hippocampal FG (>80
Hz) is thought to arise extrinsically in the MEC (Bragin et al.,
1995; Chrobak and Buzsaki, 1998; Colgin et al., 2009). To our
knowledge, this is the first report of spontaneous, intrinsically
generated FG frequency band oscillations in the hippocampus.
Fast-spiking interneurons all phase locked to FG, and FG power
and local synchrony were reduced by GABA , receptor blockade,
suggesting that rapid and strong local inhibition in the subiculum
(Menendez de la Prida, 2003) is primarily responsible for FG
activity. Therefore, it appears that the two forms of gamma in
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Figure9. Intrinsictopographical organization of slow and fast gammain the subiculum. 4, Diagrammatic representation of the
whole hippocampus with arrows indicating the axes within which theta, SG, and FG coherence was measured. S, Septal; T,
temporal. B, The topography of theta, SG, and FG. Coherence was measured in the proximal- distal (blue), septal-temporal (red),
and deep-superficial subicular axes (black). Coherence is plotted as a function of absolute distance. *p < 0.05, *p < 0.01. Note
that SG coherence is reduced with distance but s still above the significance threshold (the color above each pointindicates the post
hoc comparison between the deep-superficial axis and the other color-coded axes). FG coherence drops below the significance level
at distances >>300 wum. The dashed line is the 95% significance threshold. C, Spike—LFP phase locking between local and distant
(1mm) regions of the subiculum. i, Diagrammatic representation of the experimentin which LFPs from local and distant electrodes
were recorded together with spikes nextto the local electrode. ii, The phase-locking strength (mean resultant length) is shown and
compared between the local LFP electrode and the distant LFP electrode for SG. Filtered LFP traces are shown for SG from the local
and distant electrode. All spikes were phase locked to the local SG, and 13 of 21 cells were phase locked to SGin the distant subicular
electrode. iif, The same as in i for FG. Note how the three spikes fire on a similar phase of the local FG but on different phases of FG
from the distant electrode because of a slightly slower FG network frequency. D, On the left is a representative histological section
showing the location of electrodes located in the proximal and distal subiculum. The mean normalized theta MI plots are shown for
the proximal and distal subiculum. The proximal and distal subiculum prefer different ratios of SG and FG, and the distal subiculum
has a greater preference for FG whereas the proximal subiculum preferred SG. Black lines are the mean, and gray shading indicates
the SE. E, An example phase—amplitude modulation index plot is shown for simultaneously recorded field potentials in the
proximal and distal subiculum, demonstrating that the distal subiculum exhibits a higher FG frequency.

subiculum are generated by different synaptic mechanisms, be-
cause SG was modulated by excitatory and inhibitory blockade,
whereas FG was mediated primarily by inhibition. Surprisingly,
gamma rhythms were not consistently present in either the CA3
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or CAl area in the complete hippocampal
preparation, suggesting that gamma
generation in these areas may necessitate
external excitatory input and that the level
of internal synaptic excitatory and inhibi-
tory activity within CA1 and CA3 may not
be sufficient to generate spontaneous
gamma rhythms. Furthermore, the exten-
sive recurrent collaterals running in the
deep-superficial axis of the subiculum
(Witter and Groenewegen, 1990; Harris
and Stewart, 2001; Harris et al., 2001), to-
gether with the greater firing rate (Sharp
and Green, 1994; Sharp, 1999) and intrin-
sic capacity for bursting of subicular cells
(Stewart and Wong, 1993; Staff et al,
2000), likely provide the unique neuro-
connective substrate for the most robust
generation of all three rhythms (theta,
SG, FG) in the subiculum.

Collectively, the data presented here
demonstrate that the subiculum is one of
three regions of the hippocampal forma-
tion (in addition to CA3 and the MEC)
that exhibits prominent gamma generat-
ing properties, with two fundamental fre-
quencies matching those in the MEC (FG)
and CA3 (SG). Therefore, the subiculum
could serve as a comparator (similar to
CA1l) (Vinogradova, 2001), functioning
to inform thalamic, hypothalamic, and
other cortical circuits with information
regarding the encoding or retrieval state of
the hippocampus.

Spontaneous and independent cross-
frequency coupling in vitro

It has been reported previously that the
phase—amplitude coupling between theta
and gamma rhythms is important for
learning and memory (Canolty et al,
2006; Tort et al., 2009; Axmacher et al.,
2010). In the CA1 region in vivo, SG and
FG arise on separate theta phases and on
different theta cycles (Colgin et al., 2009).
This independence is thought to reflect
the encoding (FG from the MEC) or re-
trieval (SG from CA3) state of the hip-
pocampus (Colgin et al., 2009; Fries,
2009). The data presented here demon-
strate that cross-frequency coupling be-
tween theta and gamma can occur in the
subiculum. The network requirements for
phase—amplitude coupling remain un-
known. However, the data shown here
suggest that phase—amplitude coupling in
the subiculum is an intrinsic phenome-
non, whereas in areas CA3 and CAl,
phase—amplitude coupling may require

additional synaptic inputs (thereby increasing overall network
activity) (Gloveli et al., 2005).

SG and FG in the CA1l are independent and reflect different
forms of synaptic input arising from CA3 and the MEC, respectively
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(Colgin et al., 2009). SG and FG in the subiculum were only sepa-
rated by ~10°, which may reflect genuine differences between the
subiculum and CA1 in the phase when SG and FG normally arise, or
it could be attributable to a lack of strong afferent inputs in this
preparation that could induce phase shifts in the theta phase in
which SG or FG occurs. Interestingly, separate populations of CA1
neurons phase lock to SG or FG but rarely to both (Colgin et al.,
2009). In contrast, single subicular neurons can phase lock to both
gamma frequencies, whereas phase locking in one frequency can
arise without significant activity in the other gamma band (Fig. 7).
This would be important in vivo because CA1 should provide a con-
stant bombardment of subicular circuits with both SG and FG de-
pending on inputs from CA3 and MEC (Colgin et al., 2009). The
presence of two intrinsic gamma generators in subiculum could
function to match the frequency of CAl input to most effectively
route information out of hippocampal circuits and to inform target
brain regions of the intrinsic state of the hippocampus.

Topography of subicular activity

The subiculum displays a marked topography of its inputs and out-
puts. Specifically, the proximal subiculum receives input from the
distal CA1 and projects to the lateral entorhinal cortex (LEC),
whereas the distal subiculum receives input from the proximal CA1
and projects to the MEC (van Groen and Wyss, 1990; Witter et al.,
1990; Naber et al., 2001; Kloosterman et al., 2003). The proximal
CA1 (which receives the most dense MEC input) is the most spatially
tuned region of CA1 and phase locks most robustly to theta in the
MEC (Henriksen et al., 2010) and, in accordance, the neurons in the
distal subiculum have greater spatial tuning, higher firing rate (Sharp
and Green, 1994), and more bursting (Staff et al., 2000). Further-
more, grid cells are found mainly within the MEC (Hafting et al.,
2005) and not in the LEC. Therefore, spatial memory appears to
involve specific topographical loops between the MEC and hip-
pocampus (CA1), which use FG to route information between areas.
We showed that the distal subiculum preferred to phase lock to theta
using FG, therefore suggesting that the MEC—proximal CA1-distal
subiculum loop may use FG to route spatially related information
through this circuit. In contrast, the proximal subiculum-LEC
would function most effectively using SG. Therefore, these data
demonstrate that different pathways in the cortical hippocampal
circuit may use different gamma frequencies to selectively transmit
information. In addition, the segregation of information processing
between the pathways using the proximal and distal subicular re-
gions would be ensured by different frequencies of FG (Fig. 9).

Conclusions

Hippocampal theta and gamma rhythms have an important role in
the synchronization of cortical and subcortical neural assemblies
involved in a diverse set of cognitive functions (Vorel et al., 2001;
Seidenbecher et al., 2003; Siapas et al., 2005; DeCoteau et al., 2007;
Colgin etal., 2009; Popa etal., 2010). Although the importance of the
subiculum in memory, emotion, and stress are well known (Herman
and Cullinan, 1997; O’Mara et al., 2009; Ulrich-Lai and Herman,
2009), little is known regarding how network activity in the subicu-
lum could regulate hippocampal outputs. The intrinsic topograph-
ical organization of independent SG and FG by subicular networks
might therefore function as an interface to inform the remainder of
the brain as to the ongoing state of the hippocampus.
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