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Neural oscillations can couple networks of brain regions, especially at lower frequencies. The nasal respiratory rhythm, which
elicits robust olfactory bulb oscillations, has been linked to episodic memory, locomotion, and exploration, along with wide-
spread oscillatory coherence. The piriform cortex is implicated in propagating the olfactory-bulb-driven respiratory rhythm,
but this has not been tested explicitly in the context of both hippocampal theta and nasal respiratory rhythm during explora-
tory behaviors. We investigated systemwide interactions during foraging behavior, which engages respiratory and theta
rhythms. Local field potentials from the olfactory bulb, piriform cortex, dentate gyrus, and CA1 of hippocampus, primary vis-
ual cortex, and nasal respiration were recorded simultaneously from male rats. We compared interactions among these areas
while rats foraged using either visual or olfactory spatial cues. We found high coherence during foraging compared with
home cage activity in two frequency bands that matched slow and fast respiratory rates. Piriform cortex and hippocampus
maintained strong coupling at theta frequency during periods of slow respiration, whereas other pairs showed coupling only
at the fast respiratory frequency. Directional analysis shows that the modality of spatial cues was matched to larger influences
in the network by the respective primary sensory area. Respiratory and theta rhythms also coupled to faster oscillations in
primary sensory and hippocampal areas. These data provide the first evidence of widespread interactions among nasal respi-
ration, olfactory bulb, piriform cortex, and hippocampus in awake freely moving rats, and support the piriform cortex as an
integrator of respiratory and theta activity.
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Significance Statement

Recent studies have shown widespread interactions between the nasally driven respiratory rhythm and neural oscillations in
hippocampus and neocortex. With this study, we address how the respiratory rhythm interacts with ongoing slow brain
rhythms across olfactory, hippocampal, and visual systems in freely moving rats. Patterns of network connectivity change
with behavioral state, with stronger interactions at fast and slow respiratory frequencies during foraging as compared with
home cage activity. Routing of interactions between sensory cortices depends on the modality of spatial cues present during
foraging. Functional connectivity and cross-frequency coupling analyses suggest strong bidirectional interactions between ol-
factory and hippocampal systems related to respiration and point to the piriform cortex as a key area for mediating respira-
tory and theta rhythms.

Introduction
Distal neural system interactions occur through coherent low-
frequency oscillations (Fell and Axmacher, 2011; Freeman, 2015;

Fries, 2015). Respiratory coherence with hippocampal and/or
neocortical oscillations has recently been reported in anesthe-
tized (Yanovsky et al., 2014; Lockmann et al., 2016), awake,
head-fixed (Ito et al., 2014; Nguyen Chi et al., 2016; Liu et al.,
2017), and freely moving rodents (Moberly et al., 2018; Rojas-
Líbano et al., 2018; Tort et al., 2018b). Respiration also modulates
human hippocampal theta (4–8Hz), although human respiratory
rates (;0.2Hz; Zelano et al., 2016) are much slower than those
of rodents (2–12Hz; Rojas-Líbano et al., 2014). The olfactory
bulb (OB) appears to drive respiratory coupling with neural
oscillations (Ito et al., 2014; Yanovsky et al., 2014; Lockmann et
al., 2016; Moberly et al., 2018). Furthermore, human nasal, and
not oral, respiratory rhythm is implicated in memory (Zelano et
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al., 2016; Arshamian et al., 2018). However, both nasal and oral
respiratory oscillations in neocortical areas were correlated with
visuospatial performance in another study (Perl et al., 2019).

The hippocampus (HPC), important for navigation, episodic
memory, and cross-modal sensory associations, generates robust
theta oscillations during movement (Vanderwolf, 1969; O’Keefe
and Recce, 1993; Buzsáki, 2002). The olfactory system is hypothe-
sized to have evolved in parallel with HPC as a scaffold for naviga-
tion (Jacobs, 2003, 2012). Olfactory spatial cues form spatial
field representations in the rat HPC (Save et al., 2000;
Zhang and Manahan-Vaughan, 2015) and gridlike repre-
sentations in the human entorhinal cortex (Bao et al., 2019). The
rodent respiratory rhythm (2–12Hz) driven by OB appears in
HPC, and hippocampal theta (7–8Hz) appears in OB of head-fixed
mice (Nguyen Chi et al., 2016).

There are several anatomic pathways to HPC from OB mitral
cells. Lateral entorhinal cortex (LEC) is the most direct route (de
Olmos et al., 1978; Sosulski et al., 2011), and coupling between
OB and respiratory activity and LEC has been demonstrated in
rats and mice (Kay, 2005; Gretenkord et al., 2019). However, in
awake behaving rats, OB-EC respiratory coupling is absent dur-
ing odor sampling even when OB–HPC coupling is high (Kay,
2005). Another route is via piriform cortex (PC), which intermit-
tently couples with the respiratory rhythm under anesthesia
(Fontanini and Bower, 2005; Litaudon et al., 2008) at the multiu-
nit level in rats (Rennaker et al., 2007) and in the theta/respira-
tory frequency band in awake behaving rats (Kay, 2005). Human
theta oscillations in PC, amygdala, and HPC are modulated by
the respiratory rhythm (Zelano et al., 2016). PC may help propa-
gate OB respiratory rhythm to downstream limbic structures via
direct projections to the entorhinal cortex (Haberly and Price,
1978; Truchet et al., 2002; Sosulski et al., 2011; Zelano et al.,
2016) and via the endopiriform nucleus (Behan and Haberly,
1999). Moreover, PC is hypothesized to be an anatomic hub for
the cerebral cortical association connectome (Bota et al., 2015).
Thus, PC is one likely mediator of theta and respiratory frequen-
cies for linking closely connected olfactory and hippocampal sys-
tems, along with more distal sensory systems like visual cortex.

We compared theta and respiratory oscillation network inter-
actions while rats foraged using either visual or olfactory spatial
cues. We simultaneously recorded local field potentials (LFPs)
from OB, PC, primary visual cortex (monocular; V1M), dentate
gyrus (DG), and CA1 areas of hippocampus, and nasal respira-
tion. We found widespread coherence at both respiratory and
theta frequencies in both modalities. Directionality results show
effects of behavioral condition and modality. Faster oscillations
were also modulated by respiratory and theta rhythms shown by
phase-amplitude coupling analyses. The dynamic range of respi-
ratory frequencies is highlighted with supporting evidence for
the respiratory rhythm as an overlooked mechanism for neural
system connectivity (Tort et al., 2018b; Heck et al., 2019). Our
results show broad network connectivity supported by both theta
and respiratory rhythms in which PC appears to play a mediating
role.

Materials and Methods
We used seven adult male Long Evans rats (;400–450 g throughout the
experiments; Envigo). As there are known sex differences in navigational
strategies and hippocampal involvement (Bettis and Jacobs, 2013), future
studies will include female rats. Rats were individually housed on a
14/10 h light/dark cycle (lights on at 8:00 A.M. Central Standard
Time). All experiments were conducted during the light period to
avoid fracturing circadian rhythms with light exposure during the

dark period. Rats are known to entrain to food availability and peri-
odic behavioral demands and so were tested and fed at the same time
every day (Travlos et al., 2001; Bedrosian et al., 2013). Rats were
dieted to 85% of ad libitum weight before experiments and were
maintained at this level for the remainder of the study. All procedures
were conducted under veterinary supervision and oversight of the
University of Chicago Institutional Animal Care and Use Committee
in accordance with the Association for Assessment and Accreditation
of Laboratory Animal Care Standards.

Electrophysiology. Rats were implanted with bipolar recording elec-
trodes (100mm stainless steel, Formvar insulated, ;1–1.5 mm vertical
tip separation, 100–200 kV impedance at 1 kHz) following our previ-
ously reported methods (Frederick et al., 2016) in the left main OB
(8.5 mm anterior to bregma, 1.5 mm lateral, and ;4.2 mm deep), ante-
rior PC (0.5 mm anterior to bregma, 3 mm lateral, and 7.5 mm deep at a
15° angle from vertical), DG of hippocampus (3 mm posterior to
bregma, 2.4 mm lateral, 3 mm deep), dorsal CA1 of hippocampus
(4 mm posterior to bregma, 3 mm lateral, 2 mm deep), and V1M
(1.08 mm anterior to interaural line, 2.6 mm lateral, 1.2 mm deep). A
thermocouple (0.005 inch, Teflon coated; catalog #5TC-TTK-36-36,
Omega) was implanted in the right nasal cavity (7.7 mm anterior to nasal
suture) to track the respiratory rhythm (Ranade et al., 2013). Ground
and reference screws were secured to head screws in the right parietal
and frontal bones. Electrodes were visualized to pierce the pial surface,
and signals were recorded as the electrode was lowered. A final location
was selected if the signals on each electrode reversed themselves at or
near the planned depth. If there was no reversal, the location within the
desired stereotaxic depth with the largest amplitude was selected. Depths
for reversals were previously estimated in acute recording and stimula-
tion experiments (lateral olfactory tract for OB and PC, perforant path
for DG and CA1, and lateral geniculate nucleus for V1M).

The thermocouple and each electrode were connected to an 18-pin
connector (Ginder Scientific). All data were recorded wirelessly with a
Multichannel W2100 System, using a 16- or 32-channel headstage
(W16-HS or W2100-HS32, Multichannel Systems) with a digital sam-
pling rate of 2 kHz and MC_Rack software. Spike2 Version 6
(Cambridge Electronic Design) was used to record behavioral videos
and synchronize with MC_Rack software by sending a 5 V transistor–
transistor logic pulse triggered at the start of recording.

Behavior. During wireless recordings, rodents freely foraged in an
open-field environment (124 � 124 � 60 cm high, gray polyvinyl chlo-
ride box with open top). The design of the experiment facilitated com-
parison between environments with different sensory modalities as
spatial cues. Visual or olfactory spatial cues were placed on the walls of
the open-field box, which was surrounded by a black curtain to conceal
the rest of the room. The protocol for each session consisted of a 5 min
recording taken while the rat was in a home cage outside the testing
room, then 20min of recording while the rat was foraging for chocolate
sprinkles in the open-field box, then 1 h back in the home cage (no re-
cording during this period; Fig. 1). Recording sessions during foraging
were repeated twice for each modality, with four total sessions per day,
to control for effects of familiarity with the environment apart from the
provided salient cues. Two sets of cues for each modality were used to
control for effects of specific stimuli, and these were presented on sepa-
rate days. The order in which the modality of spatial cues was manipu-
lated across sessions was counterbalanced across subjects. The entire box
was sprayed with 70% ethanol and wiped down in between each session.
A large ventilation snorkel was placed over the box within the curtained
area to remove airborne odorants in the hour between sessions. A wide-
angle low-light camera (ELP 1.3MP USB Camera) was mounted on the
ceiling to record behavior. During olfactory foraging sessions, red over-
head lights were the only lighting used, and computer monitors were
turned off to limit any spatial cues other than the provided olfactory spa-
tial cues. For olfactory spatial cues, the following monomolecular odor-
ants (Sigma-Aldrich) were used: amyl acetate and anisole (catalog #628-
63-7 and #100-66-3, Stimuli Set 1), ethyl-2-methylbutyrate and geraniol
(catalog #7452-79-1 and #106-24-1, Stimuli Set 2). Perforated plastic
weigh boats containing cotton swab tips saturated in pure odorant were
adhered to two adjacent walls of the open-field box. The third and fourth
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wall had empty weigh boats, visually identical to the other two. During
visual foraging sessions, visual spatial cues made of black and white pat-
terns, including diagonal stripes, checkers, and circles, were printed on
8.5 � 11 inch pieces of paper, then laminated and oriented together in
different formations (e.g., adjacent, rotated 90°) and adhered to the walls
of the open field. Red overhead lights and dim lamps outside the cur-
tained area were used for visual spatial cue sessions. Off-line tracking for
velocity data was conducted post hoc using EthoVison XT software
(Noldus).

Data cleaning, preparation and spectral analysis. All analysis was
performed with MATLAB R2015b. The signals from each lead for each
rat were assessed. If the two leads for an area showed reversed signals
indicating precise positioning across the principal cell layer, then the dif-
ference of the two signals was used; otherwise, the cleaner of the two
leads was chosen, and if they were comparably clean or with similar am-
plitude, then the longer lead was chosen. A low-pass filter at 100Hz was
applied to the respiratory signal to remove chewing artifacts. Foraging
data were parsed into 10 s half-overlapping windows across each 20min
session, and noisy time periods were discarded. Signals were normalized
by dividing each by the SD of the signal. Average power spectra across
all windows for each subject by condition were calculated using the mul-
titaper method implemented in the Chronux version 2.11 toolbox for
MATLAB (Bokil et al., 2010), with a time half bandwidth of three and
five tapers over a frequency range of 0.1–250Hz. This method multiplies
each LFP trace with a series of tapers (Slepian sequences) and then aver-
ages them, which has the effect of reducing spurious noise contributions.
The Slepian sequences also possess desirable spectral concentration
properties, which produce a more accurate measure of the underlying
power spectrum (Bokil et al., 2010). Recordings during 5min home cage
activity outside the behavioral room preceding each 20min foraging re-
cording session were analyzed in 10 s half-overlapping windows. The
seventh rat was excluded from analysis because of bridged electrodes.

Coherence was calculated using the coherencyc function in the
Chronux toolbox. Coherence is a mechanism for temporal coordination
of oscillatory activity between brain areas (Freeman, 2004; Fell and
Axmacher, 2011). Averages for coherence were obtained similarly for
power across all 10 s windows within each subject, then subject averages
were averaged across subjects by condition. We used five tapers with a
time half bandwidth of three. The Fisher’s Z-transform was applied to
coherence (Bressler et al., 1993; Kay and Freeman, 1998; Kay and Beshel,
2010), defined as tanh�1(coherence), to distribute the values from zero
to infinity instead of zero to one.

For binning data during foraging by respiratory rate, the frequency
of respiratory (Resp)-OB coherence was used as a measure of the fre-
quency that the OB produces in response to input from the sensory
nerve and to avoid bias to low frequencies represented by the 1/fa falloff
of log(power) over log(frequency) of cortical signals. Data were con-
catenated across rats by condition, and peak Z-coherence was averaged

across 2 s windows stepped by 1 s using the cohgramc function in the
Chronux toolbox. We used three tapers with a time half bandwidth of
two for this analysis to enhance frequency resolution in these shorter
time windows. Probability of peak coherence for each pair of recording
sites was calculated during binned periods of two respiratory frequen-
cies, one slow and one fast, within the 1–14Hz range for each of the
three behavioral conditions.

To extend on these analyses, we measured directionality using multi-
variate autoregressive Granger causality, which is an estimation of trans-
fer entropy similar to other measures of functional connectivity between
brain regions. Granger causality is an approximation of transfer entropy
between variables relying on vector autoregressive models as weighted
sums of the pasts of the variables. Data were first downsampled to
250Hz as our 2000Hz sampling resolution would result in overfitting
(Seth et al., 2015; Nguyen Chi et al., 2016).

In addition to neural oscillatory coherence and directionality, we
examined the phase of slower neural oscillations that modulate the am-
plitude of faster neural oscillations, or phase-amplitude coupling, using
the modulation index (MI) as implemented by Tort (Hurtado et al.,
2004; Tort et al., 2008, 2010). Briefly, the method is implemented as fol-
lows. The data are first filtered at amplitude and phase frequency ranges
fA and fp, respectively. Using the standard Hilbert transform, the time se-
ries of the phases is obtained. The Hilbert transform is also applied to
the time series of the amplitude envelope extracted from fA, forming a
composite time series with each phase of the fp oscillation informing the
amplitude of the fA rhythm. The mean fA is then calculated over 18 bins
of 20° intervals (0 to 360°). Then, the entropy measure H is first applied
to the phase amplitude bins, then the maximum possible entropy (Hmax)
value is obtained for a uniform distribution, and the MI is finally
obtained by normalizing H by Hmax. An MI value of zero reflects lack of
phase-to-amplitude modulation, and larger MI values show stronger
phase-to-amplitude modulation. Data are presented in comodulogram
plots, which represent in pseudocolor scale the MI values of fp calculated
in 1 Hz steps with 4 Hz bandwidths and fA in 2 Hz steps with 20 Hz
bandwidths.

Experimental design and statistics. Behavior and recordings were
conducted within subjects with the order of foraging conditions counter-
balanced. Paired t-tests were used for comparisons of velocity during the
two foraging conditions. Coherence results are presented with 95% con-
fidence intervals from 1,000 bootstrap permutations for each pair across
subjects. Chance coherence was calculated by pooling all data by condi-
tion and running the same average coherence function described above
with the same number of mismatched time points as those used for aver-
aging. Granger causality data were similarly shuffled at over 2,000 itera-
tions, which gave chance magnitudes of ;1 � 10�4, or two orders of
magnitude smaller than any Granger causality values reported here.
Surrogate data for phase-amplitude coupling was also based on

Figure 1. Within-subjects behavioral protocol for all rats. Days 1 and 2 were replicates apart from different stimulus sets used for each modality. Rats were pseudorandomly assigned to
begin with either olfactory or visual condition.
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mismatched time points and used for a significance floor of p , 0.05 in
the comodulogram plots.

Results
We studied respiratory activity and brain rhythms in olfactory,
visual, and hippocampal areas and the relationships among these
areas, with a focus on respiratory and theta rhythm frequency
bands. To describe dynamic network states that might depend
on the perceptual state of the rats (visual or olfactory cues), we
recorded nasal respiration and LFPs in olfactory and visual pri-
mary sensory cortices and in hippocampal areas while rats
moved freely in different environments. We recorded all chan-
nels simultaneously while rats explored the home cage and
foraged with salient olfactory spatial cues in the dark or visual
spatial cues in dim light (Fig. 2). Electrodes in olfactory and hip-
pocampal areas were implanted in all six rats used for this study,
and V1M electrodes were also implanted in four of these rats.
Signals were recorded from each rat during eight home cage ac-
tivity sessions and eight foraging sessions across 2 d (see above,
Materials and Methods; Fig. 1). We use spectral analysis to char-
acterize the presence of both respiratory and theta rhythms and
to examine coherence structure across pairs of brain regions. We
then use Granger causality analysis to examine the directionality
of influence across all recorded nodes. Finally, phase-amplitude
coupling was used to assess the coupling of slow respiratory and
theta rhythms to faster network oscillations.

Spectral analysis—power and coherence
Power in the 0.1–18Hz band was compared across the three be-
havioral conditions, with signals normalized by the SDs of the
signals. During home cage baseline activity (Fig. 3A) Resp and
low-frequency OB power was centered around a slow frequency
of ;1.5–2Hz and another faster frequency at 6Hz, consistent
with resting and exploratory behavior in the home cage (Rojas-
Líbano et al., 2014). Power at 7Hz was apparent in both DG and
CA1, consistent with the range of hippocampal theta rhythms
(Newman et al., 2013; Agarwal et al., 2014). PC also exhibited a
peak in power at theta frequency, and V1M power was negligible
(Fig. 3A). The slow frequency component at ;0.1–1Hz in PC,
DG, CA1, and V1M in all three conditions (Fig. 3A), and in all
regions during the two foraging conditions (Fig. 3A), is likely
movement artifact or DC drift as chance coherence of those pairs
in that frequency band is also elevated (Fig. 4).

During foraging, respiration exhibited two frequencies,
shown by peaks in power at 6–8 and 10–12Hz in both olfactory
and visual conditions (Fig. 3A). V1M showed a peak in power at
9–12 Hz, and DG showed power peaking at 6–8 Hz. CA1 showed
power in 6–8 and 9–12Hz frequency bands in both foraging
modalities. Both of these frequencies can also be seen in the sig-
nals during foraging in Figure 2A. Velocity (Fig. 3B) was compa-
rable in both conditions (F(1,5) = 1.87, n.s.). Average velocity was
too low (;15–16 cm/s) for speed or acceleration modulation of
hippocampal theta frequency (Hinman et al., 2011; Kropff et al.,
2021). Video recording was not usable for the visual sessions of

Figure 2. Representative data. A, Example of signals from one rat during home cage activity (left) and foraging (right). Note 4–6 Hz respiratory frequency in the home cage. During foraging,
faster respiration;9 Hz is seen in the first second of this example, whereas 2–4 s show slower respiration;6 Hz. B, Power and coherence across time for the same sample of signals during
foraging shown in A.
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one rat, so velocity analyses have n = 5 rats for visual and n = 6
rats for olfactory foraging (Fig. 3B).

Coherence reveals the degree of phase coordination between
two oscillatory signals as a ratio of 0:1, with 1 being maximal co-
herence where the signals are identical and may be shifted in
phase. We normalized coherence using the Fisher Z–transform,
which results in a scale from zero to infinity for statistical com-
parisons (Kay and Freeman, 1998). Low-frequency coherent
neural oscillations are suggested to facilitate coordinated activity
among brain areas (Fell and Axmacher, 2011). Examination of
coherence across the three behavioral conditions therefore allows
us to understand how the network might configure itself to share
activity flexibly depending on momentary behavioral or cogni-
tive needs.

Resp-OB exhibits coherence high above chance levels with a
peak at 4–6Hz during home cage activity and two peaks at 6–8
and 9–12Hz while foraging with visual or olfactory spatial cues
(Fig. 4). Compared with Resp-OB coherence at 6–8Hz during
home cage activity, coherence among Resp-PC, Resp-DG, and
Resp-CA1 shows a significantly smaller peak. Coherence among
these pairs elevates in magnitude and increases in frequency to
8–12Hz during foraging, especially with olfactory spatial cues
between Resp-PC and Resp-CA1. A similar pattern is seen for
these areas paired with OB, with OB-PC, OB-DG, and OB-CA1
showing coherence levels significantly above those during home
activity at 8–12Hz during foraging with visual and olfactory spa-
tial cues.

More centrally, PC shows a distinct peak in coherence with
DG and CA1 at 6–8Hz during home cage activity, which persists
during both foraging conditions (Fig. 4). PC-CA1 also shows co-
herence at 9–12Hz significantly above home cage activity during
foraging in both conditions. DG-CA1 shows peaks in the same
frequency bands as PC does with each.

V1M exhibits negligible coherence during home cage activity
with all other recorded areas. In both foraging conditions, V1M

shows a distinct peak in coherence at 9–12Hz with all recorded
areas. V1M-OB and V1M-Resp also show coherence in the 6–
8Hz range.

Respiratory state
Because respiratory frequency can be used to track different be-
havioral states (Rojas-Líbano et al., 2014), we used this frequency
to bin the data to understand possible network states that might
be associated with different behavioral states associated with
slow or fast respiration. The frequency of Resp-OB coherence
was used as a proxy for respiratory frequency instead of the fre-
quency of the respiratory signal, because coherence represents
the measure of the frequency that the OB produces in response
to input from the sensory nerve. Because we chose the peak fre-
quency in each time window to bin the data by respiratory rate,
using coherence also avoids bias to low frequencies represented
by the 1/fa falloff of log(power) over log(frequency) of cortical
signals. We indexed times from coherence spectrograms at
which Resp-OB coherence peaked within select frequency bands.
Data were binned in two respiratory frequency bands because av-
erage Resp-OB coherence occurred primarily in these two bands
for each condition (Fig. 4). An example for foraging is shown in
Fig. 2A,B. For home cage activity, the data were binned at peri-
ods of Resp-OB coherence at 1–3Hz for slow respiration and at
4–6Hz for fast respiration (Fig. 4). For both visual and olfactory
foraging conditions, the data were binned at periods of Resp-OB
coherence at 6–8Hz for slow respiration and at 9–11Hz for fast
respiration. The probability of Resp-OB coherence is maximal at
the frequency identified for each bin (Fig. 5).

In the home cage, few areas exhibit significantly coherent ac-
tivity during either slow or fast respiratory states (Fig. 5), similar
to that seen in average coherence plots across all states (Fig. 4).
Resp-PC and Resp-CA1 show coherence that peaks at frequencies
that match the respiratory bin (Fig. 5). Similar to average coherence
(Fig. 4), PC-DG, PC-CA1, and DG-CA1 exhibit oscillations at 8Hz

Figure 3. Power across the three behavioral conditions and velocity during foraging. For all regions other than V1M, n = 6; for V1M, n = 4. A, Power is averaged across all sessions by con-
dition for each rat, with bootstrap 95% confidence intervals from 1000 permutations across the six subjects (4 subjects for V1M) shown. B, Mean velocity is compared for visual (left) versus ol-
factory (right) spatial cues, with Se bars and individual subject means shown.
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in both slow and fast respiratory bins (Fig. 5). V1M shows minimal
likelihood of coherence in the 2–20Hz range with any other struc-
ture during either respiratory bin in the home cage.

During foraging, the frequency distributions of peak coher-
ence between pairs of recorded areas are comparable across the
two foraging conditions (Fig. 5). Most pairs show peak probabil-
ity at a frequency that matches the respiratory bin, slow (6–8Hz)

or fast (9–11Hz). This is especially true for the fast respiratory
state, where most pairs, except PC-DG and DG-CA1, show high
probability of peak coherence that matches that respiratory bin.
PC-DG maintains highest probability of peak coherence at 8Hz
in both slow and fast respiratory bins, whereas DG-CA1 shows
coherence in both slow and fast bands during the fast respiratory
bin, again similar to average coherence (Fig. 4).

Figure 4. Coherence across the three behavioral conditions compared with chance levels. The z-coherence is averaged across all sessions for each condition by rat with 95% bootstrap confi-
dence intervals permuted 1,000 times across rats for all pairs. V1M was recorded in fewer rats (n = 4), whereas the rest of the pairs were recorded in all rats (n = 6). Bottom, Note difference
in scale of y-axis for V1M-CA1 (right).
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Spectral analysis—Granger causality
We used multivariate Granger causality, which relies on autore-
gressive modeling, for measures of directionality in functional
connectivity (Barnett and Seth, 2014) as was used in reports on
respiratory rhythm coherence with neural oscillations (Nguyen
Chi et al., 2016). We estimated directionality in the frequency
domain using Granger causality for each pair of brain areas
across all sessions within a behavioral condition (home cage, ol-
factory, visual) for each subject. These spectra were averaged
across subjects resulting in an averaged spectrum for each pair
of brain areas and directional influence for each of the three

behavioral conditions. Data were shuffled to determine chance
Granger causality, as surrogate statistics are necessary for fre-
quency analyses of Granger causality (Seth et al., 2015), and data
were considered significant if .2 SDs above shuffled or chance
Granger causality levels. All Granger causality values shown are
significant, with peaks an order of magnitude greater than the
significance threshold. Granger causality magnitude for 1–18Hz
frequencies was then transformed into arrow weights for net-
work diagrams representing frequency and Granger causality
magnitude between recorded areas. The range of Granger causal-
ity magnitudes will be described as weak for a Granger causality

Figure 5. Probability of peak coherence after binning by respiratory rate. Bottom, Results for coherence with V1M electrodes (n = 4). Data are indexed at time points of peak Resp-OB coher-
ence in select frequency bands, then the probabilities of peak coherence are calculated in 2 s moving windows stepped by 1 s.
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magnitude ;0.05, moderate for ;0.15, strong for ;0.3, and
very strong for;0.5 (Fig. 6).

Peaks in Granger analysis mirror what appeared in the coher-
ence results. During home cage activity (Fig. 6A), all causality
peaks were in the 5–8Hz frequency band. For pairs with Resp,
there was very strong causality from Resp to OB, weak causality
from Resp to PC, and weak causality from DG and CA1 to Resp.
OB received weak causality from PC and DG. For other pairs
with PC, there was weak causality from PC to CA1 and V1M.
Within the hippocampus, there was weak to moderate causality
from DG to CA1. CA1 showed weak causality on V1M. In sum-
mary, influences are relatively weak during home cage activity
except for respiratory drive to OB, and there is minimal effective
connectivity between the olfactory and hippocampal systems,
except for the influence of DG onto PC. Furthermore, all direc-
tional interactions occur at 5–8Hz during home cage activity.

Causal influences between brain areas during foraging
emerged at frequency bands similar to those seen with coherence
analysis (5–8 and 9–12Hz). We begin with the lower frequency
band (5–8Hz; Fig. 6A–C, top row, gray arrows). The network of
Granger connections seen in this band during visual foraging is
similar to that in the home cage. There are some notable differ-
ences during olfactory foraging, which we highlight below.
Respiratory influences on OB are very strong in home cage and
visual foraging conditions and strong during olfactory foraging.
Respiratory influences onto PC are weak, but they are strong
onto OB in the home cage and during visual foraging; this in-
teraction between Resp and PC is reversed during olfactory for-
aging. Both hippocampal areas show a weak influence on
respiration in the home cage, which is weak to moderate from
CA1 during visual foraging. During olfactory foraging, the
influence reverses from Resp to CA1. In this lower frequency
band, OB does not appear to have causal connections toward
any higher cortical areas except for a weak influence on CA1
during olfactory foraging. In contrast, OB receives causal influ-
ence from PC in the home cage. Additionally, OB receives weak
causal influence from DG in the visual foraging condition and
moderate influence from DG in the olfactory foraging. PC shows a
causal influence on CA1 in the home cage and during visual

foraging, which is weaker in the home cage. DG shows moderate
causal connections to PC in both foraging conditions but lacks
causal connection to CA1 during olfactory foraging. Involvement of
V1M in this circuit at lower frequencies varies between home cage
and foraging conditions. CA1 and PC influence V1M weakly dur-
ing home cage activity. During visual and olfactory foraging, only
the DG shows a causal connection to V1M, which is stronger dur-
ing visual foraging. Overall, the most prominent interactions in this
frequency band (5–8Hz) are consistent Resp to OB causality in all
three conditions, stronger DG causality onto V1M during visual
foraging, and DG causality onto PC in all three conditions but
stronger onto OB during olfactory foraging.

A major difference between foraging and home cage activity
was the emergence of high-frequency (9–12Hz) Granger connec-
tions in both foraging conditions, similar to what we saw with co-
herence (Fig. 6B,C, bottom row, green arrows). Respiratory activity
plays very different roles in the two foraging conditions in this fre-
quency band. During olfactory foraging there is moderate causality
on Resp from CA1, whereas during visual foraging Resp shows
weak causality on V1M. OB shows weak causal influence on PC
and receives moderate influence from CA1 in both olfactory and
visual conditions. However, OB shows a moderate causal influence
on DG only in the olfactory condition. PC receives moderate causal-
ity from V1M in both foraging conditions, and additionally moder-
ate influence from CA1 in the olfactory condition. CA1 shows
moderate causality toward DG in both visual and olfactory condi-
tions. This analysis shows that hippocampal interactions with V1M
are stronger during foraging with visual versus olfactory spatial
cues. Specifically, CA1 shows moderate causality to V1M, which
itself shows moderate causality to DG in the visual condition. These
same directional interactions are weak in the olfactory condition.
This is also true at 5–8Hz for DG to V1M, as mentioned above.

Overall, the most notable interactions in the higher fre-
quency band (9–12Hz) are from CA1 toward OB, DG, and
V1M during visual foraging, with the same interactions pres-
ent (although weaker toward V1M) during olfactory foraging,
plus the addition of CA1 influence on PC and Resp during ol-
factory foraging. Furthermore, OB causality on DG is only
present in the olfactory foraging condition for this frequency

Figure 6. Granger causality across the three behavioral conditions. A–C, Direction of arrows shows which direction had greater causal influence; color denotes frequency, and the thickness
of arrow denotes causal magnitude.
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band. The top-down influences from CA1 toward Resp and
PC are present only in the olfactory foraging condition in this
frequency band.

Phase-amplitude coupling
Above, we characterized distal interactions between brain areas
that are important for sensation and memory, limited to cou-
pling of coherent slower oscillations in rodent respiratory and
theta frequency bands (4–12Hz). We now address how these
slow oscillations may organize faster oscillations that represent
temporal organization of local neuronal populations (Singer,
1993; Canolty et al., 2006; Jensen and Colgin, 2007; Womelsdorf
et al., 2007; Tort et al., 2008). To do this, we analyzed phase-am-
plitude coupling of low- and high-frequency oscillations during
home cage activity and foraging and compare respiratory and
theta modulation of faster cortical oscillations in both foraging
conditions. We focus our analysis on respiratory and theta
phase-amplitude coupling between primary sensory and hippo-
campal areas, along with PC interactions. Phase-amplitude cou-
pling is presented in comodulogram plots, which represent in
pseudocolor scale the MI values, by pairs of areas shown with the
phase of one area to the amplitude modulation of all others, at
phase frequencies of 4–14Hz and amplitude frequencies of 15–
250Hz. Each comodulogram is from data concatenated across sub-
jects by condition. Subtracted from these are the average plus 2 SDs
of comodulograms from shuffled data, so all phase-amplitude cou-
plings that are not dark blue Figs. 7-10 are significant at p, 0.05.

During home cage activity and both foraging conditions, the
phase of respiration modulates the amplitude of fast gamma
oscillations (;100Hz) in OB (Fig. 7), as expected from previous
studies (Rojas-Líbano et al., 2014). Respiratory phase-amplitude
coupling is absent in hippocampus and V1M in the home cage.

During both foraging conditions, respiratory phase-amplitude
coupling emerges with high frequency (.100Hz) in both hippo-
campal areas and with CA1 beta oscillations. V1M beta oscilla-
tions are also modulated by respiratory phase (15–35Hz)
amplitude in both foraging conditions.

Figure 7. Phase-amplitude coupling with respiratory phase to primary olfactory and visual areas. Comodulograms are shown for respiratory phase frequency at 4–14 Hz with OB, DG, CA1,
and V1M amplitude frequency at 15–250 Hz. Note color axis for comodulogram values are larger and vary between conditions for Resp-OB. Values have been subtracted by 2 SDs of shuffled
comodulograms, so all couplings that are not dark blue are significant at p, 0.05.

Figure 8. Phase-amplitude coupling between hippocampus (CA1) and primary olfactory
and visual areas. Comodulograms are shown for CA1 phase frequency at 4–14 Hz with OB
(left) and V1M (right) amplitude frequency at 15–250 Hz.
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Slow hippocampal oscillations also couple with faster oscilla-
tions in primary olfactory and visual areas (Fig. 8). CA1 6–8Hz
oscillations couple with the amplitude of high-frequency oscilla-
tions (.100Hz) in V1M in the home cage and both foraging
conditions. CA1 couples with high gamma (;100Hz) oscilla-
tions in OB and with V1M beta oscillations (15–35Hz) in a wide
band of low frequencies during foraging in both conditions. PC
low-frequency activity is coupled with high-frequency hippo-
campal oscillations (Fig. 9). The phase of 6–8Hz PC oscillations
couples with DG amplitude at 100–150 and 200–250Hz in all
three conditions, although more prominently during foraging.
Note that this was the slower frequency band at which PC-DG
showed high probability peak coherence even while respiration
was fast at 9–11Hz (Fig. 5) and at which DG showed Granger
causality toward PC (Fig. 6). PC phase at 6–8Hz also couples
with CA1 fast oscillations at 150Hz in all three conditions,
again more prominently during foraging than in the home
cage. PC phase at 8–12Hz couples with CA1 beta oscillations
in both foraging conditions (Fig. 9). This overlaps with the
faster frequency band (9–11Hz) at which CA1 showed moder-
ate Granger causal interactions to many areas, including PC
(Fig. 6) and at which PC-CA1 and most other pairs exhibited
peak coherence (Figs. 4-5).

PC fast frequencies did not couple with slow frequencies in
other recorded areas in the home cage, but fast PC oscillations
did show coupling to the phase of slow respiratory and hippo-
campal rhythms during both types of foraging (Fig. 10). High
gamma (;100Hz) oscillations in PC were coupled to 6–12Hz
respiratory, CA1, and V1M phase across a wide range of low fre-
quencies. OB slow oscillations 4–8Hz modulated PC amplitude
at 100 Hz gamma (data not shown) similarly to respiratory
modulation.

Phase-amplitude coupling demonstrates that respiratory and
theta network interactions occur beyond those at overlapping
frequencies, as reported above for coherence and Granger causal-
ity, with dynamic and robust modulation of fast oscillatory

amplitude representative of more local activity. The phase of
slow respiratory rhythms modulates the amplitude of fast oscilla-
tions in primary sensory areas across the entire range of respira-
tory frequencies at 4–12Hz. For PC oscillations, the slower end
of this frequency band at 6–8Hz modulates fast hippocampal
oscillations, and the faster 9–12Hz band modulates hippocampal
beta amplitude. These higher frequency modulation effects were
not detectable in analyses of one-to-one frequency interactions
using coherence or Granger causality. Altogether, primary sen-
sory and hippocampal LFPs appear to interact directly in respira-
tory and theta frequencies, along with the modulation of faster
local activity in primary sensory and hippocampal areas by
ongoing slower respiratory and theta rhythms.

Discussion
In this study, we address dynamic network configurations associ-
ated with different perceptual states. Our results support the hy-
pothesis that respiration works dynamically with hippocampal
theta to coordinate neural activity across multiple cortical areas
(Tort et al., 2018a). We find a set of frequencies, coupling pat-
terns, and interaction statistics that may define the network states
associated with home cage behavior and foraging in two different
sensory contexts, olfaction and vision.

Network interactions depend on behavioral state
There was a clear change in network connectivity patterns based
on behavioral context, with fewer significant interactions during
home cage activity compared with foraging conditions.
During foraging with either olfactory or visual cues, we
found distal interactions among respiration, olfactory, vis-
ual, and hippocampal areas. Coherence among these areas
was elevated in both foraging conditions compared with
home cage activity in two frequency bands (6–8 and 9–
12 Hz), matching the frequency range in recent reports of
respiratory coupling between hippocampal and neocortical

Figure 9. Phase-amplitude coupling between PC and hippocampus. A, Comodulograms are shown for PC phase frequency at 4–14 Hz with DG (left) and CA1 (right) amplitude frequency at
15–250 Hz. B, Example of signals centered around high-frequency ripple detected in CA1 associated with what appears to be a PC sharp wave.
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areas (Tsanov et al., 2014; Rojas-Líbano et al., 2018; Tort et
al., 2018b). Resp to OB causality is very strong in the home
cage and during visual foraging, and strong during olfactory
foraging, possibly because of greater afferent feedback on
the bulb in the olfactory condition. This is supported in our
results by increased causality onto OB from DG in the same
frequency band. We saw effects of modality on directional
interactions in the 9–12 Hz frequency band. Causal influ-
ence at 9–12 Hz from CA1 to V1M increased during visual
foraging and emerged from OB to DG only during olfactory
foraging (Fig. 6). Furthermore, we found CA1 causal influ-
ence on respiration during olfactory foraging and respira-
tory influence on V1M during visual foraging.

The widespread coherence and directional interactions dur-
ing foraging suggests respiratory and theta oscillations may play
important roles in coordinating sensory information with hippo-
campal activity for navigation and memory, as suggested in other
behavioral contexts (Macrides et al., 1982; Forbes and Macrides,
1984; Vanderwolf, 1992; Kay, 2005). Motor activity related to
navigation, including sensorimotor whisking and head and oro-
facial orientation, shows coherence with respiration (Moore et
al., 2013; Kleinfeld et al., 2014), and motor signals show up in
sensory areas (Parker et al., 2020), which suggests that there may
be additional sensorimotor pathways by which the distal coher-
ence reported here could occur.

Potential mediators of widespread respiratory and theta
interactions
PC interacted flexibly with olfactory and hippocampal systems.
Specifically, PC showed 6–8Hz coherence with HPC in the
home cage when other regions showed no coherence. PC also
interacted with HPC at 6–8Hz during foraging in periods of
fast respiration (9–12Hz), when all other pairs except for DG-
CA1 exhibited coherence only at 9–12Hz (Fig. 5). Our results
suggest that PC is richly and dynamically involved in this net-
work, confirming its anatomic role as a conduit for rhythmic
drive across systems in lower respiratory and theta ranges. In
the upper range of these rhythms, PC appears to receive but
not drive influence in the network (Fig. 6), which suggests at
least two interpretations. One possibility is that this

convergence onto PC in the higher frequency range engages
the multisensory and associative nature of the PC (Johnson et
al., 2000; Kay and Sherman, 2007). In this scenario, the con-
nectivity and convergence from sensory and hippocampal
inputs facilitates transformation of unit activity that is not evi-
dent in the low-frequency band of the LFP. We found that
high-frequency activity in PC is coordinated with low-fre-
quency rhythms in OB, CA1, and V1M (Fig. 10), which signi-
fies underlying organization of unit activity (Eeckman and
Freeman, 1990). Another possibility is that we have not
recorded from areas that might be recipients of this conver-
gence from PC at higher theta and respiratory frequencies.
The most obvious targets would be medial septum, amygdala,
motor areas (Hermer-Vazquez et al., 2007), mediodorsal thal-
amus, insula, and orbitofrontal cortex (Fig. 11).

Both bands (6–8 and 9–12Hz) at which we report interac-
tions between LFPs and nasal respiration are within the range of
rodent hippocampal theta (Hinman et al., 2011; Tort et al.,
2018b) and respiration (Rojas-Líbano et al., 2014) and

Figure 11. Schematic highlighting PC interactions based on frequency. Most low-fre-
quency interactions (light gray arrows) were from the PC, whereas most high-frequency
interactions (red arrows) were toward the PC. The high-frequency input to PC may be propa-
gated to other areas such as thalamus, orbitofrontal cortex (OFC), motor areas (e.g., stria-
tum), and the medial septum. Figure was obtained from the Scalable Brain Atlas Composer
(Lein et al., 2007; Bakker et al., 2015).

Figure 10. Phase-amplitude coupling between all areas and PC. Comodulograms are shown for the phase frequency of all areas at 4–14 Hz with PC amplitude frequency at 15–250 Hz.
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overlap with human theta (4–8 Hz) and alpha (8–13 Hz) fre-
quencies (Zelano et al., 2016). OB and especially CA1 both
appear to drive this faster 9–12 Hz frequency during forag-
ing as shown in the Granger causality results (Fig. 6B,C,
bottom row). Medial septum is reciprocally connected to
olfactory and hippocampal areas including OB, PC, DG,
and CA1 via CA3 (Truchet et al., 2002) and is a generator of
hippocampal theta (Buzsáki, 2002). Additionally, medial
septum receives projections from the brainstem pontine re-
spiratory group (Cornwall et al., 1990). A study using a sim-
ilar open-field foraging task showed fast respiratory
coupling with CA1 in the 9–12 Hz band, which was shifted
to 6–8 Hz with muscimol blockade of medial septum
(Tsanov et al., 2014). This suggests that the faster frequency
of coupling we saw here only during foraging and not home
cage activity may be mediated by the medial septum,
although it may also be driven by higher frequency sniffing
(Rojas-Líbano et al., 2014).

Notably, the faster frequency coupling at 9–12Hz was more
prominent in this study for coherence during foraging, especially
in the olfactory condition (Fig. 4) and when data were binned by
respiratory rate (Fig. 5). Thus, this faster frequency band at 9–
12Hz, previously characterized in OB activity during active sniff-
ing associated with olfactory learning (Kay and Laurent, 1999;
Kepecs et al., 2007; Wesson et al., 2009; Ranade et al., 2013), may
be optimal for olfactory respiratory coherence with hippocampal
and neocortical areas.

Modulation of high-frequency oscillations
High-frequency oscillations (.100Hz) were present in DG,
CA1, and V1M. These oscillations were coupled to the phase of
PC and CA1 oscillations at 6–12Hz during foraging behavior.
DG and CA1 showed phase-locked oscillations at 150 Hz to 6–
8Hz PC oscillations (Fig. 9). This coupling occurred at a slower
frequency than the 8–12Hz PC oscillations that coupled to CA1
beta, suggesting possibly different pathways supporting these dis-
tinct couplings. Examination of the data suggest that these may
be sharp wave ripples (Fig. 9). Sharp wave ripples are extremely
synchronous events largely driven by hippocampal circuits that
fall within this frequency range (100–250Hz) and also occur in
the piriform cortex with similar behavioral correlates as hippo-
campal sharp wave ripples in regard to planning and memory
consolidation (Manabe et al., 2011; Barnes and Wilson, 2014;
Narikiyo et al., 2014; Buzsáki, 2015). PC sharp wave ripples
appear to occur separately from hippocampal sharp waves
(Manabe et al., 2011; Narikiyo et al., 2014), although some cou-
pling has been described (Buzsáki, 2015).

The high-frequency of DG oscillations shown here is
within range of pathologic ripples that occur above 200 Hz
in epileptic rat models and humans (Bragin et al., 1999,
2004; Buzsáki, 2015). However, we saw no signs of seizure
activity in the data, and the CA1 oscillations centered at
normal sharp wave ripple frequency of 150 Hz argues
against this. It is notable this high-frequency hippocampal
activity is modulated by the phase of PC oscillations at 6–
8 Hz, the same frequency where PC-DG showed coherence
in all three conditions, whereas this coupling with faster
DG oscillations that represent more local activity only
emerged during foraging. Furthermore, no coherence or
causality between any sites were seen in high-frequency
bands apart from OB-PC gamma coherence (data not
shown).

Study limitations and future directions
The design of this study attempted to compare interactions
among anatomic nodes in a large network during somewhat nat-
uralistic behavioral conditions. This leads to some complexity in
the results—there are many interactions to report, and natural
foraging behavior is difficult to control and quantify. Some limi-
tations include the presence of olfactory cues in the visual condi-
tion (e.g., chocolate sprinkles), although place cells should have
been formed based on a visual map with the use of the salient vis-
ual spatial cues, and adult rats perform no worse on a spatial task
when olfactory cues are removed (Rossier and Schenk, 2003). In
the olfactory foraging condition, visual cues should be mini-
mized by using only red light, which is outside of the rat visual
spectrum. In an upcoming report we will describe these same
effects during spatial learning to characterize perceptual differen-
ces more closely. Another limitation was the lack of interventions
on central respiratory areas or the medial septum to parse out
whether respiratory coherence is driven primarily by nasal air-
flow or central pattern generators in the brainstem. We have
focused on the involvement of PC as a hub and multisensory
structure, but clearly there may be other ways to interpret very
complex interactions among the areas and frequency bands.

In conclusion, we show dynamic interactions between
primary sensory and limbic areas, which are closely related
to respiratory rate and depend on the behavioral and per-
ceptual conditions of freely exploring rats. Findings here
lay groundwork for future studies to parse out roles of re-
spiratory and hippocampal rhythms for interregional net-
work communication in navigation and memory.
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