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Theta and Gamma Coherence Across the Septotemporal
Axis During Distinct Behavioral States
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ABSTRACT:
Theta (4–12 Hz) and gamma (40–100 Hz) ﬁeld potentials
represent the interaction of synchronized synaptic input onto distinct
neuronal populations within the hippocampal formation. Theta is quite
prominent during exploratory activity, locomotion, and REM sleep.
Although it is generally acknowledged that theta is coherent throughout
most of the hippocampus, there is signiﬁcant variability in theta, as well
as gamma, coherence across lamina at any particular septotemporal
level of the hippocampus. Larger differences in theta coherence are
observed across the septotemporal (long) axis. We have reported that
during REM sleep there is a decrease in theta coherence across the long
axis that varies with the topography of CA3/mossy cell input rather
than the topography of the prominent entorhinal input. On the basis of
differences in the rat’s behavior as well as the activity of neuromodulatory inputs (e.g., noradrenergic and serotonergic), we hypothesized that
theta coherence across the long axis would be greater during locomotion than REM sleep and exhibit a pattern more consistent with the
topography of entorhinal inputs. We examined theta and gamma coherence indices at different septotemporal and laminar sites during distinct
theta states: locomotion during maze running, REM sleep, following
acute treatment with a h-inducing cholinomimetic (physostigmine) and
for comparison during slow-wave sleep. The results demonstrate a
generally consistent pattern of theta and gamma coherence across the
septotemporal axis of the hippocampus that is quite indifferent to sensory input and overt behavior. These results are discussed with regards
to the neurobiological mechanisms that generate theta and gamma and
the growing body of evidence linking theta and gamma indices to
memory and other cognitive functions. V 2011 Wiley Periodicals, Inc.
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INTRODUCTION
Rhythmic ﬁeld potentials such as theta and gamma reﬂect neurobiological clocking mechanisms for bringing spatially distributed cell assemblies
together in time, as well as isolating or temporally differentiating cell
assemblies (Llinas et al., 1991; Gray, 1994; Buzsaki and Chrobak, 1995;
Csicsvari et al., 2003; Llinas et al., 2005). The dynamic synchronization
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and temporal isolation of neuronal ensembles is likely a
key feature of brain function. Our laboratory has been
exploring the synchronization (coherence) of theta and
gamma ﬁeld potentials across the septotemporal axis of
the hippocampus in an attempt to understand the
conditions that may promote unitary activity vs.
conditions that may isolate septotemporal areas of the
hippocampus (HPC). Such information may contribute to our understanding of functional differentiation
along the septotemporal axis (e.g., Moser and Moser,
1998; Bannerman et al., 2004).
Theta (4–12 Hz) and gamma (40–100 Hz) ﬁeld
potentials within the hippocampal formation [HPC
and entorhinal cortex (EC)] represent the interaction
of synchronized synaptic inputs, both excitatory and
inhibitory, onto the laminarly organized somatodendritic ﬁeld of hippocampal pyramidal, granule,
and GABAergic neurons (Buzsaki et al., 1983; Brankack
et al., 1993) Several key circuit elements contribute to
theta and gamma current generation (e.g., amplitude
of LFPs) and coherence across sites including
minimally: (1) excitatory (glutamatergic) hippocampal
neurons (dentate granule cells, hilar mossy cells, CA3,
and CA1 pyramidal neurons); (2) excitatory entorhinal cortical inputs from Layers 2–3 neurons (Alonso
and Garcia-Austt, 1987; Chrobak and Buzsaki, 1998);
(3) networks of categorically distinct GABAergic neurons (e.g., basket cells, subclasses of dendritic-targeting
cells; Konopacki et al., 1992; Ylinen et al., 1995;
Hajos et al., 2004); (4) medial septal cholinergic
inputs, as well as several subcortical neuromodulatory
inputs (e.g., serotonergic, noradrenergic, histaminergic;
Brazhnik and Fox, 1999; see Vertes and Kocsis, 1997
for review); (5) medial septal GABAergic neurons that
selectively target speciﬁc subpopulations of hippocampal GABAergic neurons (Freund and Antal, 1988;
Borhegyi et al., 2004, Hangya et al., 2009); and (6)
GABAergic hippocampo-septal neurons that feedback
to the medial septal GABAergic neurons (Toth et al.,
1993; Manseau et al., 2008).
These diverse elements are responsible for a remarkably well-synchronized product that manifests in a
laminar speciﬁc proﬁle of theta and gamma ﬁeld
potentials (Bullock et al., 1990; Bragin et al., 1995)
and the phase-related discharge of most hippocampal
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neurons (Leung and Buzsaki, 1983; Leung, 1984; Bland, 1986;
O’Keefe and Reece, 1993). Theta signals across sites within the
HPC and between the HPC and EC are fairly coherent (Buzsaki, 2002), despite widespread topographic variation in intrinsic (associational and commissural) hippocampal afferents,
entorhinal afferents and subcortical afferents (Amaral and Kurz,
1985; Amaral and Witter, 1995, Dolorfo and Amaral, 1998).
While a number of studies have examined the local variation in
theta (and gamma) within sites of the septal HPC, few studies
have examined coherence across the septotemporal axis
(although see Bullock et al., 1995; Sabolek et al., 2009; Royer
et al., 2010).
We are interested in understanding the role of theta coherence along the septotemporal (areal or long) axis, its relation to
the topography of entorhinal afferents (Dolorfo and Amaral,
1998) and the conditions that may alter theta or gamma coherence. During REM sleep there is a signiﬁcant decrease in theta
coherence across the long axis (Sabolek et al., 2009). In contrast, theta coherence across hemispheres is quite high between
homotypic sites (left septal DG to right septal DG; Kocsis
et al., 1994; Sabolek et al., 2009). These ﬁndings demonstrate
that theta coherence is not varying as a function of distance per
se but rather in relation to anatomical connectivity. Given the
prominent intrahemispheric (commissural) CA3/mossy cell projection and the unilateral nature of the EC input, these ﬁndings
also demonstrate that during REM, theta coherence across the
septotemporal axis varies largely in relation to the topography
of intrahippocampal CA3/mossy cell projections.
Theta and gamma rhythms are generated in the hippocampal
formation during distinct behavioral states including REM
sleep, exploratory activity and locomotion, as well as during
awake-immobility in association with the administration of
cholinomimetics (e.g., physostigmine; see Lee et al., 1994).
Although each of these behavioral states is correlated to the
theta rhythm, few studies have deﬁned fundamental differences
in the character of the theta signal during these distinct theta
states. There is a sharp decrease in the discharge of locus coeruleus and raphe neurons during theta associated with REM sleep
and a corresponding decrease in norepinephrine (NE) and serotonin (5-HT) levels during REM as compared with the awake
state (Aston-Jones and Bloom, 1981; Trulson and Trulson,
1982). While theta rhythmicity is evident in the absence of NE
and 5-HT input, acetylcholine (ACh) (Ach) input primarily
from medial septal neurons plays an important role in the generation of theta. Cholinergic antagonists suppress theta, while
the administration of cholinomimetics typically enhance theta
and can induce theta even in the absence of locomotor activity
(Kramis et al., 1975; Leung and Vanderwolf, 1980; Bland,
1986). Thus following sufﬁcient physostigmine treatment, rats
will sit relatively immobile while exhibiting sustained bouts of
theta activity in hippocampus. Theta in the absence of locomotion led Vanderwolf and coworkers to suggest the existence of
an atropine-sensitive theta (cholinergic component) and atropine-insensitive component coexistent during active exploration
(see Bland and Oddie, 2001 and Lee et al., 1995 and for
extensive discussion). In contrast to the decrease in NE and
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5-HT levels during REM sleep, ACh levels have been reported
to be as high or higher than the awake state in both rats and
cats (Kametani and Kawamura, 1990; Marrosu et al., 1995).
While theta ﬁeld potentials largely represent synchronized excitatory (glutamatergic) and inhibitory (GABAergic), onto the
somato-dendritic ﬁeld of hippocampal neurons, neuromodulatory inputs (e.g., NE, 5-HT and Ach) enhance and suppress
the relative efﬁcacy of both glutamatergic and GABAergic
inputs impinging on CA3, CA1 and dentate neurons (see Hasselmo, 2006, Harley, 2007 as well as Sil’kis, 2009 for reviews
and discussion). Does the net effect of behavior differences
(e.g., running, immobile, asleep) and/or neuromodulatory differences alter the coherence of the theta signal across the septotemporal axis of the hippocampus?
This study examined variability in theta and gamma indices
within the HPC during distinct states: REM, locomotion during maze running, following acute treatment with a u-inducing
cholinomimetic (physostigmine) and for comparison during
slow-wave sleeo, Despite dramatic behavioral differences (locomotion across a linear track, general immobility and unconscious behavior associated with REM sleep, and awake and
upright, immobility associated with physostigmine-treatment),
we demonstrate a consistent pattern of theta coherence across
the septotemporal axis of the HPC.

MATERIALS AND METHODS
Animals and Surgeries
Seven adult male rats (Fisher-344) were used in this study.
The animals were housed on a 12-h/12-h light-dark cycle, in a
temperature-controlled room. All procedures were performed in
accordance with the guidelines set forth by University of Connecticut’s Institutional Animal Care and Use Committee and
NIH.
Rats were anesthetized with a ketamine cocktail (4 ml/kg)
consisting of (in mg/ml): 25 ketamine, 1.3 xylazine, and 0.25
acepromazine. After a midline scalp incision, four holes were
drilled in the skull over the HPC and four electrode arrays
were positioned along the septo-temporal extent of the HPC.
All electrodes were attached to female pins (Omnetics, Minneapolis, MN) secured in a rectangular ﬁve by four pin array.
Two stainless steel watch screws driven into the skull above the
cerebellum served as indifferent and ground electrodes. Two or
more additional support screws were positioned over the anterior aspect of the skull and the entire ensemble was secured
with dental acrylic.
The majority of electrodes were targeted to sites below the
hippocampal ﬁssure to include positions in stratum moleculare
(molecular layer), the granule cell layer and the hilus of the
DG (see Figs. 1A,B). Each septal electrode array consisted of
four linearly spaced 50 lm tungsten wires (16 total electrodes;
California Fine Wire Co., Grover Beach, CA). Each wire was
threaded into one of four adjacent pieces of fused silica tubing
(180 lm outer diameter; Polymicro Tubing, Phoenix, AZ).
Hippocampus
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FIGURE 1.
Electrode positions along the septo-temporal axis
of the hippocampus. A: Photomicrograph showing tracts from
electrode arrays positioned at three septotemporal positions of the
DG, CA1, and hilus. B: Flat map representations of the DG, CA3,
and CA1 subﬁelds (adapted from Swanson and Cowan, 1978).
The position of each electrode was plotted on a ﬂatmap of the
DG or CA1 using the approximate distance measured in millimeters from the septal pole. Each contour line represents 180 lm
of tissue through coronal sections. C: Concurrent recordings from

DG, CA1, and hilus illustrating the laminar proﬁle of theta and
gamma oscillations. Note the prominent theta oscillations and
phase reversal present in the CA1 and DG traces, as well as the
prominent gamma oscillations in the hilus. D: Coherence as a
function of frequency (black line). A normalized coherence value
was calculated as the area above the 95% conﬁdence interval of
shufﬂed signals (red line) for each electrode pair exhibiting theta
peaks between 6 and 10 Hz. [Color ﬁgure can be viewed in the
online issue, which is available at wileyonlinelibrary.com.]

Each septal array (four pieces of silica tubing each with a
threaded wire) had a rough size of 180 lm thick and 720 lm
wide with spacing of roughly 180 microns between electrode
wires. The septal electrodes were then cut at roughly a 458
angle which allowed them to span approximately 1 mm dorsoventrally targeting different laminar positions from the dorsal
aspect of stratum radiatum thru to the hilar region (see illustration in Fig. 4 of Sabolek et al., 2009). Electrode arrays positioned at more temporal sites were more widely spaced with
electrode wires positioned in alternate tubes of seven adjacent
pieces of silica tubing (180 lm thick and 1,260 lm wide) and
not cut at an angle as laminar ﬁelds becomes oriented in
mediolateral dimension. Typically three arrays were positioned
into one hemisphere of the HPC at distinct septotemporal
locations, and the fourth array was positioned in the contralateral septal HPC. The targeted positions included arrays at the
following coordinates (relative to bregma): AP: 22.5, 25.5,
27.5 mm; ML: 2.2, 5.0, 6.0; DV, 3.0–7.0 mm.

Electrophysiological Recordings and Data
Analysis

Hippocampus

Details of the electrophysiologic recording and analysis procedures have been described elsewhere (Sabolek et al., 2009).
Wide-band electrical activity was recorded (1–2,000 Hz, 4,006
samples/s) using a Neuralynx data acquisition system (Tucson,
AZ). Electrophysiological recordings occurred during the light
phase of the light/dark cycle. Recordings were made while rats
foraged for food on a twelve arm radial maze, during REM
and slow wave sleep (SWS) sleep, and after treatment with
physostigmine (1.0 mg/kg, i.p). REM recordings were collected
in the animals’ home cage. Recordings commenced once the
rat engaged in a sleeping posture, typically curled up with eyes
closed, and theta activity was present. All REM bouts were
deﬁned by both the absence of any movement, as well as a
relaxed ‘‘sleeping’’ posture, and were preceded by large irregular
EEG (SWS) activity. SWS data was selected from an episode
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TABLE 1.
Theta/Delta Power Ratio

Theta/Delta
Maze running
REM
Physostigmine
SWS

CA1

DG

Hilus

(N 5 22)

(N 5 26)

(N 5 33)

1.29
1.33
1.13
0.91

6
6
6
6

0.02
0.02
0.02
0.00

1.29
1.29
1.15
0.93

6
6
6
6

0.03
0.03
0.02
0.01

1.03
1.06
1.01
0.94

6
6
6
6

0.01
0.01
0.01
0.00

All values expressed as dB relative to 1 lV in theta band (6–10 Hz) divided by
dB relative to 1 lV across delta band (1–4 Hz).

preceding REM by no more then 10 min. SWS epochs were
deﬁned by the presence of large irregular waves in the EEG as
well as a decrease in theta/delta ratio (see Table 1). The entire
duration of each REM episode (typically lasting 30 s–2 min)
was collected, and data selection (Adobe Audition 1.0) and
analyses (Matlab, Mathworks Inc, Natick, MA) were performed
off-line.
A total of thirty seconds of data were used for analysis from
each behavioral state (maze running, REM, physostigmineinduced theta and SWS). The EEG traces were visually scanned
(Adobe Audition 1.0) and three-second epochs of artifact free
theta activity with peak frequencies of 6–8 Hz were selected for
each channel. Ten of these nonoverlapping three-second epochs
were then concatenated to produce a total of 30 s of continuous EEG data for analysis of both power spectral density and
coherence. The same 30 s of data was used for both analyses.
Power spectral density estimates were then obtained in Matlab
using Welch’s averaged modiﬁed periodogram method (Welch,
1967). Power values across behavioral states were analyzed as a
function of laminar position using repeated measures ANOVAs,
followed by Tukey HSD tests or paired t-tests.
Coherence values (Bullock et al., 1990) for each channel pair
were computed using the Welch periodogram estimation procedure with a spectral resolution of 2 Hz. Coherence is a measure of the linear association between two signals as a function
of frequency. As such, two signals can differ in either amplitude
and/or phase and still be highly coherent assuming the relationship between the amplitude and/or phase of the two signals
remains constant. To ensure that the measured coherence values
were not due to chance alone, a signiﬁcance estimation procedure was devised in which the coherence estimate for a pair of
electrodes was compared against a null hypothesis condition
consisting of signals with identical magnitude spectrum, but
with zero phase coherence (Sabolek et al., 2009, Hinman et al.,
2011; Fig. 1D). For each channel pair, the cumulative distribution of frequency-dependent coherence values were created by
randomizing the phase spectrum of both signals (Efron and
Tibshirani, 1993). This was accomplished by circularly phase
shifting one signal in the pair by a random amount (preserving
the magnitude spectrum), and calculating the coherence for the
random phase signals. This procedure was then bootstrapped

1167

250 times. This procedure guarantees that the signal spectrums
are identical, but have no linear association because the phase
or time information has been removed. The coherence distribution for this null (random phase) condition was used to determine a signiﬁcance threshold for each frequency band (2 Hz
resolution), below which 95% of the shifted null hypothesis coherence values fell (see also Fig. 1D). Thus, only regions of the
nonshufﬂed signal coherences falling above the 95% threshold
were considered signiﬁcant. For each channel pair, the mean
coherence values for statistically signiﬁcant frequencies in the
theta (6–10 Hz) and gamma (40–100 Hz) band were calculated (expressed as average coherence value per Hz). Average
coherence values were normalized relative to the observed maximum for each frequency range, determined by calculating the
signiﬁcant area in each frequency range for a channel pair
where both elements of the pair are the same channel (Cxx 5
1.0 at all frequencies). The resulting normalized coherence
value falls between 0 and 1. The standard theta coherence
(non-normalized) for each homotopic channel pair was also calculated (see Table 2), and a correlation was run between the
normalized and standard coherence values. All coherence values
were calculated between electrode pairs located within homotopic laminar positions (same laminar subﬁeld e.g., stratum
moleculare and stratum moleculare at a different septotemporal
locations) ipsilaterally and homotypic positions contralaterally
(same laminar subﬁeld), unless otherwise indicated. Normalized
coherence values for each channel pair were then analyzed as a
TABLE 2.
Non-normalized Theta Coherence by Distance
CA1-CA1
(n 5 4)

DG-DG
(n 5 10)

Within hemisphere ﬁrst septal quartile
Maze running
0.94 6 0.01
0.88
REM
0.92 6 0.03
0.83
Physostigmine
0.90 6 0.03
0.79
SWS
0.56 6 0.08
0.63

6
6
6
6

0.02
0.04
0.06
0.08

Hilus-Hilus
(n 5 5)

0.74
0.73
0.73
0.61

6
6
6
6

0.07
0.14
0.08
0.05

Within hemisphere ﬁrst to second quartile
(n 5 5)
(n 5 7)
Maze running
0.71 6 0.08
0.68 6 0.07
REM
0.75 6 0.05
0.67 6 0.04
Physostigmine
0.60 6 0.05
0.53 6 0.07
SWS
0.41 6 0.07
0.38 6 0.06

(n 5 17)
0.61 6 0.04
0.54 6 0.04
0.50 6 0.03
0.47 6 0.05

Within hemisphere ﬁrst to third quartile
(n 5 1)
(n 5 4)
Maze running
0.52 6 N/A
0.43 6 0.12
REM
0.53 6 N/A
0.50 6 0.04
Physostigmine
0.53 6 N/A
0.28 6 0.03
SWS
0.34 6 N/A
0.29 6 0.03

(n
0.41
0.44
0.36
0.29

5
6
6
6
6

8)
0.04
0.05
0.02
0.01

All values expressed as standard coherence 6 SEM. Values are averaged across
homotopic (e.g., CA1-CA1) and septo-temporal positions. N 5 number of
homotopic electrode pairs. The correlation between normalized and standard
coherence was r 5 0.99 for REM, r 5 0.98 for the maze condition, r 5 0.97
following physostigmine treatment, and r 5 0.98 during SWS.

Hippocampus
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function of laminar position of electrodes and the distance
between each electrode pair, using repeated measures ANOVAs
followed by Tukey HSD tests or paired t-tests.
In addition to coherence of either theta and gamma across
electrode sites, the cross frequency coupling of theta and
gamma at single electrode sites was assessed using a procedure
similar to that employed by Hentschke et al. (2007). Signals
from a single electrode site were bandpass ﬁltered for theta (4–
16 Hz) and gamma (40–100 Hz) and then the envelope of the
gamma signal was obtained by taking the magnitude of the
Hilbert transform of the gamma signal. Coherence between the
theta signal and the envelope of the gamma signal was then
calculated (as described above). As with the coherence between
electrode sites, coherence between the theta signal and the
envelope of the gamma signal at a single electrode site was
computed using the Welch periodogram estimation procedure
with a spectral resolution of 2 Hz and the same signiﬁcance
estimate procedure (as described above) was also used to determine the cross frequency coupling between theta and gamma
above a 95% signiﬁcance threshold.

Histology
Following the completion of recording, rats were anesthetized with Euthasol (390 mg/kg sodium pentobarbital and 50
mg/kg phenytoin solution) and transcardially perfused with icecold saline followed by 4% paraformaldehyde in 0.1M phosphate buffer (pH 7.2). Brains were sliced (50 lm sections)
using a vibratome (Vibratome Series 1,500), mounted, and
Nissl stained using thionin. All electrode positions were veriﬁed
and categorized according to laminar and septotemporal position. Septotemporal distances between electrode positions were
determined by noting the location of each electrode position
on a ﬂat-map representation of the HPC (Swanson, 1978).
Each section of a ﬂatmap represents 180 lm of tissue, and so
fairly accurate approximations of the relative distance between
electrodes could be determined by counting the number of sections between two electrodes. Photomicrographs of relevant
electrode tracks were captured using a Nikon microscope connected to a Spot RT camera system, digitized and prepared for
presentation using Adobe Photoshop 7.0.

RESULTS
The majority of electrodes sites were located just below the
hippocampal ﬁssure in the dentate gyrus (DG); including positions in the dendritic ﬁeld of the granule cells (stratum moleculare), the granule cell layer and within the hilus (N 5 59 sites;
see Fig. 1A). In addition, 22 electrode sites were located in the
CA1 region with most in stratum oriens or pyramidale (see
Fig. 1A). The position of electrode sites along the septotemporal axis is plotted on a ﬂatmap representation of the HPC
(Swanson, 1978) where contour lines represent coronal sections
(see Fig. 1B).
Hippocampus

Theta and Gamma Power Across Different
Behavioral States
Theta oscillations (0.2–1.0 mV) were observed visually, as
well as in spectrograms, in all electrode sites sampled during
maze running, REM sleep and physostigmine treatment (see
Figs. 1C and 2A). The relative amplitude (ratio of total power
between 1 and 100 Hz) of theta signals was largest nearest the
hippocampal ﬁssure at sites within stratum moleculare of DG
(see Fig. 1C and Table 3). Signals at CA1 sites exhibited similar
power during all theta states, but were phase-shifted as compared with dentate and hilar sites. The laminar proﬁle of theta
power and phase-shifts across CA1, DG, and hilar sites were
similar across the septotemporal axis, as well as across distinct
theta states (maze running, REM, and physostigmine-induced).
Theta power was reduced (CA1, DG, and hilar) sites during
physostigmine-induced theta as compared to theta power during
maze running and REM (P < 0.001; see Fig. 2A and Table 3).
Gamma (40–100 Hz) power was signiﬁcantly different across
laminar positions. Gamma signals at hilar sites had signiﬁcantly
greater gamma power than signals at DG or CA1 sites (P <
0.001; see Figs. 2C and 3B and Table 3) during all theta states,
as well as during SWS. Gamma signals in DG also exhibited
higher gamma power compared to CA1 sites across all theta
states (P < 0.001; see Figs. 2C and 3B and Table 3). Gamma
power was increased across CA1 and DG sites during physostigmine-induced theta as compared with gamma power during
maze running and REM (P < 0.01; see Table 3). The increase
in CA1 and DG gamma during physostigmine was often
related to a clear peak in gamma power near 40 Hz and an
obvious shift toward lower frequency gamma (see Fig. 2B) particularly at electrode sites deep in stratum radiatum or nearest
the hippocampal ﬁssure. Lastly, gamma power was reduced at
all sites during SWS as compared with gamma power during
maze running and REM (P < 0.001; see Fig. 2B, Table 3).

Theta Coherence Across the Septotemporal Axis
Coherence of theta was calculated using a statistical thresholding procedure in which normalized coherence values represent the area within a speciﬁc frequency band that falls above
the 95% conﬁdence interval created by randomly shufﬂing the
signal phase spectrum in the time domain. To simplify
the analysis across the septotemporal axis, the hippocampal
electrode sites were binned into quartiles (see Fig. 3A). Thus,
theta coherence was measured between homotopic locations
either within the ‘‘ﬁrst’’ or septal most quartile (e.g., a–b sites
in Fig. 3A), across hemispheres within the septal most quartiles
(e.g., a–c sites in Fig. 3A), across the ﬁrst and second quartiles
(e.g., a–d sites in Fig. 3A), or across the ﬁrst and third
quartiles (e.g., a–e sites in Fig. 3A). The standard coherence
was also calculated for each homotopic channel pair (see Table
2). The average difference between the standard coherence and
normalized coherence ranged from an increase of approximately
0.2 for the SWS conditions to between a 0.02–0.04 increase
for the REM, maze and physostigmine conditions (regardless of
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FIGURE 2.
A: Exemplar power spectral density plots for maze
running, REM sleep, physostigmine, and slow wave sleep conditions. Note power in theta band during SWS. Power is presented in
decibels relative to 1 lV. Frequency is presented on a log scale.
B: Average gamma power for maze running, REM sleep, physositg-

mine, and slow wave sleep conditions. Power is calculated for 20 Hz
frequency bands. Gamma power was signiﬁcantly higher during
maze running for the highest frequency band (91–120 Hz, P <
0.01). All state comparisons were made for homotopic (ispilaerally)
and homotypic (contralaterally) laminar and areal positions.

quartile comparison). Further, there was a very high positive
correlation between the normalized coherence and standard
coherence, with an r 5 0.99 for REM, r 5 0.98 for the maze
condition, r 5 0.97 following physostigmine treatment, and
r 5 0.98 during SWS. For these reasons we considered the
normalized coherence a more conservative estimate of the
coherence and thus used normalized coherence for all of our
subsequent analyses (see Sabolek et al., 2009; Hinman et al.,

2011). For completeness, we also report coherence across hemispheres between all quartiles and the septal contralateral quartile (see Fig. 3). In agreement with our prior report (Sabolek
et al., 2009), the coherence of theta decreased signiﬁcantly
between homotopic (e.g., CA1 to CA1; DG to DG) sites
located across quartile boundaries for CA1, DG and hilus sites
(P’s <0.05; compare panels B, C, and D or E, F, and G). In
contrast, coherence among homotypic sites across hemispheres
Hippocampus
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TABLE 3.
Theta and Gamma Power Ratios
CA1
Theta (6–10 Hz)/wide band (1–100
Maze running
0.95 6 0.003
REM
0.95 6 0.004
Physostigmine
0.91 6 0.009b
SWS
0.83 6 0.003c

DG
Hz) power ratio
0.94 6 0.007
0.94 6 0.006
0.92 6 0.010b
0.85 6 0.005c

Hilus

0.86
0.87
0.84
0.85

6
6
6
6

0.005a
0.005a
0.007a,b
0.003c

Gamma (40–100 Hz)/wide band (1–100 Hz) power ratio
Maze running
0.73 6 0.005
0.76 6 0.008e
0.85
REM
0.71 6 0.007
0.75 6 0.006e
0.86
Physostigmine
0.74 6 0.008g
0.77 6 0.008e,g
0.85
SWS
0.65 6 0.010f
0.69 6 0.008f
0.78

6
6
6
6

0.005d
0.006d
0.005d
0.007f

All values expressed as dB relative to 1 lV in theta band (6–10 Hz) divided by
dB relative to 1 lV across wide band (1–100 Hz).All values expressed as dB relative to 1 lV in gamma band (40–100 Hz) divided by dB relative to 1 lV
across wide band (1–100 Hz).
a
Hilar sites had a signiﬁcantly lower power ratio (P < 0.001) when compared
to CA1 and DG sites across all theta states.
b
All sites had a signiﬁcantly lower power (P < 0.01) following physostigmine
compared with during maze running and REM.
c
All sites had a signiﬁcantly lower power ratio (P < 0.01) during SWS as compared with maze running and REM.
d
Hilar sites had a signiﬁcantly higher power ratio (P < 0.001) when compared
with CA1 and DG sites across all theta states.
e
DG sites had a signiﬁcantly higher power ratio (P < 0.001) when compared
with CA1 sites across all theta states.
f
All sites exhibited a signiﬁcantly lower power ratio (P < 0.001) during SWS.
g
There was a signiﬁcant increase in the power ratio (P <0.01) following physostigmine in CA1 and DG.

(e.g., Fig. 3A a–c,) within the septal hippocampus was not different from coherence among sites within the ﬁrst quartile in
the same hemisphere (compare Figs. 3B and 4E).

Theta Coherence Across Different Behavioral
States
Our main hypothesis was that theta coherence would
increase across the septotemporal axis during awake locomotor
activity reﬂecting increased dominance of EC inputs and the
general excitatory (depolarizing) inﬂuences of subcortical modulatory (e.g., cholinergic) inputs. However, we observed no signiﬁcant differences in theta coherence across the septotemporal
axis during maze running as compared to REM sleep. Speciﬁcally, for any group of homotopic electrode pairs (e.g., CA1 to
CA1 within hemisphere within the ﬁrst quartile, or across the
ﬁrst and second quartiles; see Figs. 3B and 4C), no signiﬁcant
differences were observed (P’s > 0.1) across u-associated behavioral states (running, REM), although theta coherence in the
DG tended to be lower during physostigmine treatment as
compared to maze running.
There were obvious decreases in theta coherence during
SWS at all CA1-CA1 and DG-DG pairs, while the decrease in
coherence across hilar-hilar pairs was quite variable. On this
note, we report that the decrease in theta coherence across the
Hippocampus

long axis is quite evident during SWS where there is a roughly
50% decrease across each successive quartile (P’s < 0.001; see
Fig. 3 comparing Panels B, C, and D). The decrease in theta
coherence observed during SWS is much greater than that
observed during u-associated states, diminishing to values less
than 0.1 at the most septotemporal distances (see Figs. 3D and
3G). Note that these values are expressed as normalized coherence, so that coherence across distant septotemporal electrodes
during SWS in the theta band is still greater than one would
expect by chance.

Gamma Coherence and h-c Cross-Frequency
Coupling
Gamma coherence decreases much more rapidly with distance than theta coherence with more than a 60% decrease in
coherence beyond roughly 1 mm distances (see Sabolek et al.,
2009). The majority of our electrodes were positioned beyond
1–2 mm distances within the ipsilateral hemisphere, which are
distances that typically yield gamma coherence values between
0.0–0.3 (see Sabolek et al., 2009). While there was an obvious
decrease in coherence across quartile distances (see Table 4), no
theta state dependent differences were observed (see Table 4 or
Fig. 4A). Gamma coherence was signiﬁcantly lower during
SWS for homotopic CA1-CA1, but not across homotopic DGDG or hilar sites (see Fig. 4A).
We also examined the modulation of gamma by theta and
demonstrate that cross frequency coupling is reduced at DG
sites during physostigmine-induced theta compared with maze
running and REM sleep (see Fig. 4B, P < 0.01). No change in
the u-g relationship was observed at either CA1 or hilar sites.
Table 5 illustrates cross-frequency coupling coherence for all
electrode positions at each quartile of the hippocampus.

DISCUSSION
Our main hypothesis was that theta coherence would
increase across the septotemporal axis during locomotor activity
as compared to REM sleep. However, we observed no signiﬁcant differences in theta coherence across the septotemporal
axis during maze running, REM sleep or physostigmineinduced theta. This was true between sites that exhibited quite
high coherence (e.g., 0.7–0.9 between sites within the same
septotemporal quartile of the HPC and across homotypic sites
in the contralateral hemispheres). This was also true between
sites more distant across the septotemporal axis that exhibited
relatively low coherence values (0.2–0.5). Thus, our ﬁrst main
ﬁnding is that the general pattern of theta coherence across the
septotemporal axis is unchanged across distinct u-associated behavioral states (locomotion, REM sleep and cholinesterase
induced theta during immobility). These ﬁndings demonstrate
that the general pattern of theta coherence across the septotemporal axis, while varying systematically (decreasing), does not

FIGURE 3.
Theta coherence of homotopic (ispilaerally) and
homotypic (contralaterally) recording locations along the areal
extent of the hippocampus. A: A ﬂatmap representation of the dentate gyrus (both hemispheres). The hippocampal sub regions have
been divided into quartiles. B–D: Columns signify ipsilateral homotopic recording locations. The ﬁrst column indicates the coherence
of two signals recorded within the CA1 sub region, in the second
column recordings in the DG, and in the third column recordings

in the hilus. Rows were segregated by the relationship of the areal
position of the two recording sites. So the coherence values in the
ﬁrst row were from electrodes positioned within the same 25% of
the hippocampus (i.e., a–b). The second row represents the coherence between adjacent quartiles (i.e., a–d, b–d), and the third row
indicates coherence when recording sites were separated by at least
25% of the hippocampus (i.e., a–e). E-G) Columns signify contralateral, homotypic recording locations.
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FIGURE 4.
A: Gamma coherence of homotopic recording locations within the ipsilateral CA1, DG, and hilar subﬁelds during
maze running, REM sleep, physostigmine treatment and slow wave
sleep. B: The cross-frequency coupling of theta and gamma during
maze running, REM sleep, physostigmine, and SWS conditions.
Coherence values are calculated within electrode, for homotopic
recording locations.

change in relation to gross changes in sensory input or overt
behavior.
Second, the present ﬁndings highlight that the decrease in
theta coherence along the septotemporal axis observed during
REM sleep (Sabolek et al., 2009) is also evident during locomotion across a maze, as well as during physostigmine-induced
theta (awake-immobility). Third, we report that theta modulation of gamma at all sites is similar during locomotor activity
and REM sleep; however, the coupling of theta to gamma was
signiﬁcantly reduced during physostigmine-induced theta in
both CA1 and the DG.

Why One Might Expect Differences in
Theta/Gamma as a Function of State
There are two major populations of glutamateric excitatory
afferents that are critical to theta current generation. First, the
CA3/mossy cell afferents innervating CA1 and DG, respectively
and the Layers 2 and 3 entorhinal afferents that innervate CA1
and DG, respectively. There is a large difference in the topographic distribution of these afferents along the septotemporal
axis. CA3 neurons and related mossy cells project extensively
along the long axis and across hemispheres in the rodent
Hippocampus

(Ishizuka et al., 1990; Li et al., 1994; Amaral and Witter,
1995). In contrast, unilateral entorhinal afferents deﬁne three
areal zones along the septotemporal axis with the largest area
zone, the septal 50%, receiving input from a narrow lateral
band of entorhinal neurons near the rhinal sulcus (Dolorfo and
Amaral, 1998). Additionally, there is septotemporal variation in
the density and topography of subcortical modulatory inputs
(e.g., Gage and Thompson, 1980; Amaral and Kurz, 1985; see
also Thompson et al., 2008 for an excellent review).
Our simple hypothesis was that variation in the contribution
of these two afferent (CA3 and EC) projections (e.g., Ang et al.,
2005), as well as widespread changes in the activity of subcortical
afferents (e.g., Brown et al., 2005) would be reﬂected in changes
in theta coherence. While the current ﬁndings illustrate clear
decreases in theta coherence along the septotemporal axis during
REM, maze running, as well as physostigmine-induced theta, no
differences were observed between these distinct theta states
despite quite widespread difference in the behavior of the animal.
In this regard, one might conclude that theta coherence across
the septotemporal axis reﬂects a fairly ﬁxed anatomical substrate.
A few studies have indicated signiﬁcant changes in theta and
gamma coherence across laminar-speciﬁc sites in the septal HPC
as a function of state and information processing (see Montgomery et al., 2008, 2009; see also Jones and Wilson, 2005; Kay,
2005 and Martin, Beshel and Kay, 2007). Similarly, a number of
human and animal studies have demonstrated a relationship
between theta power and coherence, as well as gamma and theta/
gamma coupling at both medial temporal lobe and other neocortical sites in relation to information processing (e.g., Fell
TABLE 4.
Gamma Coherence by Distance
CA1-CA1

DG-DG

Hilus-Hilus

(N 5 10)
0.15 6 0.02
0.17 6 0.02
0.18 6 0.03
0.16 6 0.03

(N 5 5)
0.18 6 0.09
0.27 6 0.15
0.24 6 0.17
0.25 6 0.15

Within hemisphere ﬁrst to second quartile
(N 5 5)
(N 5 7)
Maze running
0.11 6 0.02
0.11 6 0.01
REM
0.17 6 0.05
0.11 6 0.01
Physostigmine
0.19 6 0.05
0.11 6 0.01
SWS
0.08 6 0.01
0.08 6 0.01

(N 5 17)
0.14 6 0.02
0.14 6 0.02
0.17 6 0.02
0.12 6 0.01

Within hemisphere ﬁrst to third quartile
(N 5 1)
(N 5 4)
Maze running
0.10 6 N/A
0.07 6 0.01
REM
0.08 6 N/A
0.07 6 0.02
Physostigmine
0.14 6 N/A
0.09 6 0.04
SWS
0.06 6 N/A
0.10 6 0.02

(N 5 8)
0.11 6 0.01
0.08 6 0.02
0.11 6 0.01
0.11 6 0.01

Within hemisphere ﬁrst septal quartile
(N 5 4)
Maze running
0.30 6 0.14
REM
0.38 6 0.11
Physostigmine
0.37 6 0.14
SWS
0.26 6 0.13

All values expressed as normalized coherence 6 SEM. Values are averaged
across homotopic (e.g., CA1-CA1) and septo-temporal positions. N, number of
homotopic electrode pairs.
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TABLE 5.
Cross Frequency Coupling by Distance
CA1

DG

Hilus

(N 5 16)
0.07 6 0.03
0.14 6 0.03
0.04 6 0.01
0.13 6 0.02

(N 5 17)
0.22 6 0.03
0.26 6 0.03
0.18 6 0.02
0.09 6 0.02

(N 5 12)
0.16 6 0.03
0.12 6 0.03
0.15 6 0.02
0.13 6 0.03

(N 5 3)
0.15 6 0.08
0.17 6 0.10
0.13 6 0.06
0.08 6 0.04

(N 5 7)
0.29 6 0.08
0.24 6 0.08
0.08 6 0.04
0.12 6 0.04

(N 5 14)
0.13 6 0.02
0.18 6 0.04
0.19 6 0.04
0.17 6 0.04

(N 5 3)
0.13 6 0.11
0.09 6 0.04
0.24 6 0.10
0.14 6 0.03

(N 5 2)
0.41 6 0.14
0.23 6 0.05
0.09 6 0.04
0.06 6 0.02

(N 5 7)
0.11 6 0.01
0.08 6 0.02
0.11 6 0.01
0.11 6 0.01

First quartile
Maze running
REM
Physostigmine
SWS
Second quartile
Maze running
REM
Physostigmine
SWS
Third quartile
Maze running
REM
Physostigmine
SWS

All values expressed as normalized coherence 6 SEM.

et al., 2001, 2003; Sederberg et al., 2003; Canolty et al., 2006;
Shirvalkar et al., 2009; Tort et al., 2010). In contrast to these
studies, our interest has focused on global alterations in theta
and/or gamma indices across the septotemporal axis as a means
to examine the relationship between these physiological indices,
topographic anatomy (e.g., Dolorfo and Amaral, 1998) and
functional differentiation across the long axis. Surprisingly, the
present data demonstrate that the decrease in theta coherence
across the septotemporal axis was not notably different during
running or immobility related to physostigmine treatment. In
many respects, the absence of differences in theta coherence is
reminiscent of early neuroimaging studies where novel and trialunique stimuli were required to evidence BOLD signal activation
of HPC and anterior-posterior differences in HPC response to
particular stimuli (see Strange et al., 1999 or Hasselmo and
Stern, 2006 or Strange and Dolan, 2006 for reviews). Our recent
ﬁndings also indicate that environmental novelty produces significant change in theta coherence across the septoemporal axis, as
well as between hippocampal and entorhinal cortical sites
(Penley, unpublished observations). Thus, it appears that theta
coherence exhibits considerable variation along the septotemporal axis at both CA1 and DG sites and that dynamic variability in
theta signals may offer insight into stimuli and information processing states that engage HPC processing.

SUMMARY
Considerable information is available about the discharge
characteristics of hippocampal neuronal populations (e.g., CA1
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pyramidal, CA3 pyramidal, granule cells and interneurons), as
well as any number of subcortical and necortical neurons in
relation to theta ﬁeld potentials. Theta and other frequency
rhythms support the temporal organization of neuronal discharge, a mechanism to create temporally organized ensembles.
We suspect that greater (or less) coherence of LFP signals across
sites within the HPC could reﬂect more temporally precise synaptic inputs (or less) impinging on the dendritic ﬁelds in the
vicinity of the recording sites. Thus, greater coherence reﬂecting
a larger, more synchronous, neuronal circuit engaged in emergent function (e.g., encoding patterns of entorhinal input
related to ongoing sensory events). Alternately, less coherence
between sites could represent less temporally precise synaptic
input perhaps as a consequence of temporal segregation of synaptic inputs from EC inputs. Our goal has been to describe the
general pattern of theta coherence, as an index of functional
interaction between sites across the septotemporal axis. The
present ﬁndings illustrate that there is considerable difference
in theta coherence across the septotemporal axis that is not particularly sensitive to gross differences in locomotor behavior
(same during running as during REM sleep). Further studies
will be required to characterize the environmental conditions
(e.g., novelty) or information-processing state (e.g., encoding,
retrieval) that produce alterations in theta coherence, gamma
coherence or for that matter alterations of u-g cross-frequency
coupling along the septotemporal axis of the HPC.
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