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LIST OF ABBREVIATIONS

AP: antero-posterior

AR: auto regressive

a.u.: arbitrary units

CA: cornu ammonis

CSD: current source density

DG: dentate gyrus

DRG: dorsal respiratory group

DV: dorso-ventral

EP: evoked potential

HPC: hippocampus

HRR: hippocampal respiration-coupled LFP rhythm

Hz: Hertz

LEC: lateral entorhinal cortex

LFP: local field potential

LOT: lateral olfactory tract

MI: modulation index

ML: medio-lateral

mm: millimeter

mPFC: medial prefrontal cortex

mV: milivolt

MVGC: multivariate Granger causality

n: number of rats in an experimental group

nCTX: neocortex
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nREM: non rapid eye movement

OB: olfactory bulb

OC: olfactory cortex

OSN: olfactory sensory neuron

PC: piriform cortex

PFA: paraformadehyde

PFC: prefrontal cortex

PP: perforant pathway

preBötC: pre Bötzinger complex

PTFE: polytetrafluoroethylene

REM: rapid eye movement

RPO: reticular pontine oralis nucleus

RR: respiration-coupled LFP rhythm

s: seconds

SEM: standard error of the mean

SO: slow oscillation

VRG: ventral respiratory group

TTL: transistor-transistor logic
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Title: Neural oscillations coupling olfactory and hippocampal networks

Abstract

Local field potentials (LFPs) in the rodent brain exhibit prominent oscillations, which have 

been suggested to coordinate information flow across neuronal circuits. This thesis 

investigated oscillations that simultaneously emerge in the rat olfactory and hippocampal 

systems and supposedly mediate their communication. The main results and insights are 

presented in four publications – two commentary (1 and 4) and two experimental (2 and 3) 

papers. Paper 1 discusses the controversial origin of low-frequency LFP oscillations (~ 1 

Hz) that appear in the rodent hippocampus during sleep and anesthesia. Do these 

oscillations reflect internal processing with the neocortex or do they couple to external 

inputs from rhythmic nasal respiration? This question is experimentally addressed in paper

2. By simultaneously recording nasal respiration and LFPs from urethane-anesthetized 

rats, we show that the hippocampus exhibits two independent low-frequency oscillations: 

one that entrains to neocortical “up-and-down” state transitions and another that entrains 

to the olfactory bulb respiration-coupled rhythm (RR) – and to respiration itself. Paper 3 

further shows that the olfactory bulb also drives beta oscillations (10-20 Hz) in the 

hippocampus. Together, papers 2 and 3 indicate that related network mechanisms 

generate hippocampal beta and RR: both rhythms are relayed to the hippocampus by 

entorhinal cortex inputs to the dentate gyrus and, additionally, the phase of RR modulates 

beta amplitude. Based on our own results and on publications from other groups, in paper 

4 we defend that the recently described delta-band oscillations coupling prefrontal cortex 

and hippocampus correspond to RR. In all, this thesis supports that respiration-coupled 

and beta oscillations mediate olfacto-hippocampal communication.

Keywords: 

Local field potentials, respiration-coupled oscillations, beta oscillations, olfactory bulb, 

hippocampus.
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Título: Oscilações neurais sincronizando circuitos olfatórios e hipocampais

Resumo

Os potenciais de campo local do cérebro de roedores exibem oscilações proeminentes 

que, em teoria, coordenam o fluxo de informação nos circuitos neuronais. Esta tese 

investigou oscilações que emergem simultaneamente nos sistemas olfatório e hipocampal

de ratos e que supostamente medeiam a comunicação entre estas áreas. Apresentamos 

os principais resultados em 4 publicações – dois artigos de opinião (1 e 4) e dois 

experimentais (2 e 3). O artigo 1 discute a origem controversa das oscilações lentas (~ 1 

Hz) dos potenciais de campo local que surgem no hipocampo de roedores durante sono e

anestesia. Seriam estas oscilações geradas por processamento interno com o neocórtex, 

ou se acoplariam com inputs externos da respiração nasal rítmica? Abordamos 

experimentalmente esta questão no artigo 2. Através de registros simultâneos de 

respiração nasal e de potenciais de campo local em ratos anestesiados com uretano, 

mostramos que o hipocampo exibe duas oscilações lentas independentes: uma que 

segue as flutuações up-and-down do neocórtex e outra que que segue o ritmo neural 

acoplado à respiração presente no bulbo olfatório – e, por extensão, a respiração 

propriamente dita. O artigo 3 mostra que o bulbo olfatório também impõe oscilações beta 

(10-20 Hz) no hipocampo. Conjuntamente, os artigos 2 e 3 indicam que mecanismos 

relacionados geram oscilações acopladas à respiração e oscilações beta: ambos ritmos 

chegam ao hipocampo por meio de aferências do córtex entorrinal ao giro denteado; além

disso, a fase do ritmo respiratório modula a amplitude das oscilações beta. Com base em 

nossos resultados e em publicações de outros grupos, no artigo 4 defendemos que a 

oscilação delta que sincroniza o córtex pré-frontal e o hipocampo na verdade é um ritmo 

acoplado à respiração. Em suma, esta tese corrobora que oscilações acopladas à 

respiração e oscilações beta medeiam a comunicação olfato-hipocampal. 

Palavras-chave:

Potenciais de campo local, oscilações neurais acopladas à respiração, oscilações beta, 

bulbo olfatório, hipocampo.

8



INTRODUCTION

Local field potentials (LFPs) reflect summed post-synaptic potentials of neurons recorded 

near an extracellular electrode (Buzsáki & Draguhn, 2004; Herreras, 2016). LFPs in the 

rodent brain usually exhibit prominent oscillatory activity, implying that the recorded 

neuronal population is rhythmically coordinated by its synaptic inputs. Interestingly, 

oscillations may reveal insights on how distant brain regions communicate. It has been 

suggested that coherent oscillatory activity is a network mechanism that couples 

anatomically separated neuronal networks (Engel et al., 2001; Varela et al., 2001). In this 

thesis, we are particularly interested in LFP oscillations that simultaneously emerge in the 

olfactory system and hippocampus. 

The rodent hippocampal formation - consisting of the Cornu Ammonis (CA) subfields 1, 2 

and 3 of the hippocampus proper; the dentate gyrus (DG); the subicular complex; and the 

entorhinal cortex - receives massive synaptic inputs from the olfactory system. Primary 

olfactory regions - namely, the olfactory bulb (OB) and olfactory cortex (OC) - send 

monosynaptic projections to the lateral entorhinal cortex (LEC) (Beckstead, 1978; Wilson 

& Steward, 1978; Schwerdtfeger et al., 1990), which is the main source of sensorial inputs 

to the hippocampus proper (Steward & Scoville, 1976). Other sensory systems, in 

contrast, project to the LEC only by polysynaptic pathways (Wilson & Steward, 1978). 

Anatomical tracing studies demonstrate that LEC projections reach the DG and CA1 by 

the perforant and temporo-ammonic pathways, respectively (Steward & Scoville, 1976; 

Burwell et al., 1995). Electrical stimulation of either the OB or OC elicits hippocampal 

responses which are larger in the DG than in CA1, indicating that the perforant pathway is 

the major route for olfactory inputs to the hippocampus (Wilson & Steward, 1978; 

Vanderwolf, 1992).
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Respiration-coupled LFP rhythms 

The most prominent LFP oscillation in the olfactory system is the respiration-coupled 

rhythm (RR), which we defined as an LFP oscillation that (1) has the same peak frequency

as respiration and (2) phase-couples to breathing cycles. RR was firstly reported by Walter

Freeman (1959) in the OB and OC of freely behaving cats. Subsequently, several articles 

confirmed his findings in rodents (Kay, 2014, 2015). Of note, RR has been reported in the 

olfactory system of anesthetized rodents (Fontanini et al., 2003; Fontanini & Bower, 2005; 

Viczko et al., 2014). More recently, it has been suggested that RR would be a global 

rhythm that synchronizes widespread networks in the brain, reaching even non-olfactory 

brain regions (Fontanini & Bower, 2006). 

RR in the olfactory system originates from the periodic flow of air into the nasal cavity, 

which is covered by the olfactory epithelium. Sensory transduction in the olfactory 

epithelium is carried out mainly by olfactory sensory neurons (OSNs), which, classically, 

have been considered chemoreceptors for airborne odorants (Lledo et al., 2005). 

Interestingly, some recent studies have further revealed that OSNs are mechanoreceptors 

(Grosmaitre et al., 2007) and, accordingly, can transduce the rhythmic flow of air in the 

nasal cavity (Wu et al., 2017). OSN activity, therefore, is precisely coupled with breathing 

cycles independently of the presence of odorants in the breathed air (Ueki & Domino, 

1961; Tsubone, 1989). The axons of OSNs form the cranial nerve I (olfactory nerve) and 

synapse on OB projection neurons - namely, mitral and tufted cells. The axons of OB 

projection neurons clump to form the lateral olfactory tract (LOT) and project mainly to OC 

pyramidal cells (Lledo et al., 2005). Like OSNs, neurons in the OB and OC show strong 

synchronization to respiratory cycles and LFPs recorded from these brain regions exhibit 

prominent RR (Fontanini et al., 2003). 
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The olfactory system is not, however, the primary generator of RR in the brain. It is the 

brainstem that originates and control the rhythm of breathing. The brainstem respiratory 

center is a bilateral aggregation of neurons in the pons and medulla oblongata (Feldman et

al., 2013; Del Negro et al., 2018). The medullary respiratory neurons - further subdivided 

into the dorsal and the ventral respiratory groups (DRG and VRG, respectively) - are the 

main output from the respiratory center. DRG and VRG neurons project contralaterally to 

spinal cord motor neurons that control the inspiratory and expiratory muscles, respectively 

(Ezure et al., 1988). Accordingly, neurons in the DRG and VRG display respiratory 

rhythmicity (Saether et al., 1987). These output neurons are not able, however, to 

generate rhythmicity on their own. The primary pacemaker of the respiratory brainstem is a

tiny cluster of interneurons in the VRG, called the pre-Bötzinger complex (preBötC). 

Supporting its role as the primary respiratory pacemaker, removal of the preBötC interrupts

the rhythmicity of the outputs from the respiratory center in vitro (Smith et al., 1991) and 

optogenetic silencing of the preBötC is sufficient to cause apnea in awake mice (Tan et al.,

2008, 2010). The pontine apneustic and pneumotaxic centers modulate respiratory 

rhythmicity by, respectively, interrupting or prolongating bursts of DRG action potentials 

(Feldman & Del Negro, 2006; Feldman et al., 2013). In contrast with the olfactory system, 

which has well described projections to the hippocampal formation, there are no described

connections between the respiratory brainstem and the hippocampus. 

Given the extensive anatomical connectivity between olfactory and hippocampal networks,

we hypothesized that RR originated in the olfactory system would reach the hippocampus. 

Specifically, in this thesis, we investigated this possibility in urethane-anesthetized rats.

Hippocampal oscillations during urethane anesthesia
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During urethane-anesthesia, LFPs in the rodent hippocampus spontaneously alternate 

between periods dominated by theta (~ 4 Hz) or slow oscillations (SO, ~ 1 Hz) (Wolansky 

et al., 2006; Clement et al., 2008). Some authors also refer to theta and SO periods, 

respectively, as “activated” and “deactivated” states (Wolansky et al., 2006; Viczko et al., 

2014; Sharma et al., 2010). Interestingly, the alternation of theta and SO that occurs under

urethane resembles the alternations between REM and slow wave (non-REM) sleep 

(Gervasoni et al., 2004). Based on this similarity, Pagliardini et al. (2013) considered 

urethane anesthesia an experimental model to investigate sleep oscillations. Accordingly, 

“deactivated” and “activated” states are also called, respectively, “non-REM-like” and 

“REM-like periods” by some authors (Clement et al., 2008; Sharma et al., 2010).

Hippocampal theta in urethane-anesthetized rodents is a ~ 4 Hz LFP rhythm that has the 

maximum amplitude in the CA1 fissure and is abolished by cholinergic antagonists, like 

atropine (Buzsáki et al., 1986). The exact mechanism of theta generation is still 

controversial. Since the isolated hippocampus cannot generate theta by its own, the most 

accepted hypothesis is that this rhythm is driven to the hippocampus by an external 

pacemaker (Buzsáki, 2002; Tsanov, 2015). The medial septum-diagonal band of Broca is 

currently believed to be the primary pacemaker: MSDB exhibits theta rhythmicity (Vertes &

Kocsis, 1997) and its inactivation abolishes hippocampal theta (Petsche et al., 1962, 1968;

Stumpf et al., 1962). 

SO is an LFP rhythm that synchronizes the whole neocortex during deactivated periods of 

anesthesia (Neske, 2016). Neocortical preparations isolated from thalamic sensory inputs -

like slices and slabs - exhibit SO activity (Sanchez-Vives & McCormick, 2000; Lemieux et 

al., 2014), thus indicating that this rhythm is locally generated within the neocortex. 

Steriade and colleagues demonstrated that, during SO periods, the membrane potential of 
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neocortical neurons alternates between depolarized and hyperpolarized states - which 

they called “up” and “down” states, respectively (Steriade, Contreras, et al., 1993; 

Steriade, Nuñez, et al., 1993a, 1993b). This group further demonstrated that “up-and-

down” fluctuations of single neurons correlated with the SO observed in neocortical LFP 

and surface electroencephalogram. Although SO has been hypothesized to coordinate the 

interaction between the hippocampus and the neocortex (Sirota & Buzsáki, 2005), only 

recently Wolansky et al. (2006) reported that slow rhythms in the hippocampus of 

urethane-anesthetized rats couple to neocortical SO. 

Over the last several years, different authors asked whether either hippocampal theta or 

SO correspond to RRs (Macrides et al., 1982; Kay, 2005; Wolansky et al., 2006). This 

supposition is based on two facts: (1) The frequency of respiration in rodents may overlap 

with the frequency of SO/theta; (2) There is extensive anatomical connectivity between the

rodent olfactory brain regions - known to exhibit prominent RR - and the hippocampal 

formation.

In rodents, theta and respiration may have nearby or even overlapping frequencies. One 

such a case - investigated by Yanovsky et al. (2014) - are activated periods of urethane-

anesthetized mice, whose breathing and theta frequencies are in the 3-4 Hz range. 

Yanovsky et al. demonstrated that the mouse hippocampus indeed exhibits RR in the theta

frequency range. However, they found RR and theta to be completely independent 

rhythms. Different from theta, RR was abolished by tracheotomy, was unaffected by 

cholinergic antagonists and had the maximum amplitude in the hilus of the DG. 

Surprisingly, theta and RR could co-exist in the hippocampus. Previous studies have 

demonstrated phase-coupling of the hippocampus to breathing cycles during short periods

of time (Macrides et al., 1982; Kay, 2005), but Yanovsky et al. were the first to conclusively
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demonstrate that RR and theta are two distinct oscillations with different mechanisms of 

generation.

Some authors tried to untangle RR from SO in anesthetized rats, in which both rhythms 

have a peak frequency of ~ 1 Hz. Fontanini et al. (2003) have demonstrated that, at least 

in olfactory brain regions under ketamine-xylazine anesthesia, LFP rhythms ~ 1 Hz were 

indeed an RR. These authors also demonstrated that olfactory RR was dependent on the 

airflow through the nasal cavity, as tracheal respiration abolished RR. These findings 

motivated Viczko et al. (2014) to investigate whether the same holds true for the 

hippocampus. Recording LFPs under ketamine-xylazine or urethane anesthesia, however, 

Viczko et al. found that CA1 ~ 1 Hz oscillations did not couple to breathing cycles, but, to 

neocortical SO. 

At this point, the question whether the hippocampus of anesthetized rodents couples or 

not to breathing cycles seemed controversial. Why did Yanovsky et al. find HRR, while 

Viczko et al. did not? Paper 1 of our thesis is a commentary on this contradictory findings: 

We point out important differences in their experimental designs and, to clarify the 

questions left open, we propose new experiments. Specifically, our experiments addressed

the following questions

(1) Do species other than mice also exhibit HRR? 

(2) Does HRR appear during deactivated states? If so, hippocampal RR and SO are 

independent rhythms - like RR and theta - or are they exactly the same oscillation? 

(3) Does the hippocampal layer (CA1 vs DG) from which we record matter?

14



In paper 2, we report that urethane-anesthetized rats exhibit HRR - a prominent DG 

rhythm, which appeared either in activated or deactivated states, was dependent on the 

flow of air through the nose and independent of theta and SO. 

Beta oscillations coupling the olfactory system and the hippocampus

When analyzing the dataset for paper 2, we observed that bursts of beta oscillations (here,

defined in the range of 10-20 Hz) occurred in the hippocampus during the course of 

urethane anesthesia. Interestingly, in our recordings the emergence of hippocampal beta 

correlated with the emergence of beta in the OB. Indeed, previous studies have already 

shown beta oscillations in olfactory and hippocampal networks. In the early 40’s, Adrian 

reported that the OB and OC of hedgehogs exhibited bursts of beta oscillations during 

anesthesia. Interestingly, his results also demonstrated that beta bursts were precisely 

synchronized to the breathing cycles in olfactory brain regions (Adrian, 1942, 1950). Beta 

oscillations were later demonstrated to simultaneously occur in the olfactory system and 

hippocampus of anesthetized rabbits (Maclean et al., 1952) and rodents (Heale & 

Vanderwolf, 1994).

These early reports, however, left open important questions about beta oscillations:

1. Are beta oscillations generated in the olfactory system and driven to the hippocampus? 

2. Do beta oscillations reflect phase-coupling of neuronal networks in the olfacto-

hippocampal system? 

3. Do hippocampal low-frequency oscillations modulate the amplitude of beta oscillations? 

15



In paper 3, we answer these questions and demonstrate that hippocampal beta phase-

locks to concurrent OB beta and furthermore is driven by it. Finally, we show that the 

respiratory cycle itself and respiration-coupled LFP rhythms—but not theta—modulate the 

amplitude of beta oscillations.

RR in the medial prefrontal cortex

As part of our experimental design for paper 2, we recorded LFPs from the medial 

prefrontal cortex (mPFC) to control for the occurrence of SO. Interestingly, we observed 

RR in the mPFC occurring simultaneously with SO (paper 2, figure 6B). However, we did 

not report this as the main result in paper 2, as our focus was to characterize hippocampal 

RR; neither we reported any mPFC recordings during activated states of urethane 

anesthesia.

About one year after we published paper 2, an interesting publication in Brain Structure 

and Function by Roy et al. (2017) reported a new “2–5 Hz oscillation” coupling the mPFC 

to the hippocampus. Their experimental design was very similar to ours: They recorded 

LFPs simultaneously from the hippocampus and mPFC of urethane-anesthetized rats and 

investigated oscillations that emerged during activated and deactivated states. Different 

from us, however, they did not record nasal respiration and could not control for the 

occurrence of RR. 

Paper 4 is a Letter to the Editor of Brain Structure and Function, in which we compare the 

2–5 Hz oscillation described by Roy et al. and RR described by us in our paper 2. We 

have re-analyzed our dataset and showed that RR appears in mPFC during activated or 

deactivated states of urethane anesthesia. Based on the striking similarities between the 
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2-5 Hz oscillations and RR, we defend that the oscillation described by Roy et al. is indeed

a respiration-coupled oscillation. 
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Paper 1

New Insights into the Role of Respiratory 
Inputs in Hippocampal Oscillations
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New Insights into the Role of Respiratory Inputs in
Hippocampal Oscillations

X André L.V. Lockmann* and Hindiael Belchior*
Brain Institute, Federal University of Rio Grande do Norte, Natal, RN 59056-450, Brazil

Review of Viczko et al. and Yanovsky et al., 2014

The mammalian hippocampus generates
oscillatory patterns as a result of synchro-
nized activity of its neuronal populations.
Over the last several years, it has been
suggested that such rhythmic activity
could have a mechanistic role for neural
computations, constituting a temporal
framework for neuronal communication
(Buzsáki and Wang, 2012). Moreover, dif-
ferent hippocampal rhythms have specific
behavioral correlates and have also been
implicated in memory formation and
retrieval (Buzsáki and Draguhn, 2004).
Despite the growing interest in these oscil-
lations, the mechanisms by which they are
generated remain largely unknown. An
important and yet unsolved question is to
what extent hippocampal oscillations re-
flect pure endogenous network activity
versus neuronal entrainment by afferent
sensory inputs. Two studies recently pub-
lished in The Journal of Neuroscience pro-
vide important new insights into the role
of respiratory inputs in the generation of
hippocampal oscillations (Viczko et al.,
2014; Yanovsky et al., 2014).

During nonrapid eye movement
(nREM) sleep and deep anesthesia, the rat
hippocampus produces large-amplitude
irregular activity and a more recently de-
scribed slow oscillation (SO; lower than
1.5 Hz) (Wolansky et al., 2006) that re-
sembles the concurrent transitions be-
tween up and down states in neocortex
(Steriade et al., 1993). Recording from
ketamine–xylazine anesthetized rats, Fon-
tanini et al. (2003) had previously shown
that both the piriform cortex (PC) and the
olfactory bulb (OB) exhibit slow oscilla-
tions in the local field potential (LFP) of
similar frequency as the hippocampal SO;
the slow oscillations in PC and OB, how-
ever, were clearly entrained by respiration
rate. Based on this as well as on previous
anatomical and functional data linking
the hippocampus to olfactory processing
(Vanderwolf, 1992), Viczko et al. (2014)
addressed whether hippocampal SO could
also result from the entrainment by inputs
originated in the olfactory system.

Viczko et al. (2014) used multisite LFP
recordings with simultaneous tracking of
respiratory activity to analyze periods of
SO in rats anesthetized with ketamine–
xylazine or urethane. In disagreement
with the possibility raised above, the au-
thors observed that SO recorded in CA1
was not significantly coherent with respi-
ration; moreover, the peak frequency of
SO and respiration differed. Consistent
with Fontanini et al. (2003), however,
Viczko et al. (2014) found field potentials
in PC to be entrained by respiration cycle.
Interestingly, there was significant coher-

ence between LFPs recorded in CA1 and
frontal cortex at the SO frequency. These
results are in accord with Wolansky et al.
(2006), who reported coherent slow oscil-
latory activity between the hippocampal
fissure and neocortex along with no cou-
pling between these regions and respira-
tion (their supplemental Fig. 4). Of note,
Viczko et al. (2014) found similar results
during natural nREM sleep, although in
this case there were no simultaneous re-
cordings from the PC. Altogether, the re-
sults led Viczko et al. (2014) to conclude
that SO in CA1, differently from the PC, is
not entrained by olfactory inputs but is
instead coupled to up and down transi-
tions in forebrain structures during of-
fline brain states.

A broader understanding about the
role of olfactory inputs in hippocampal
oscillations should take into account its
anatomical and functional organization.
The hippocampus has multilayered sub-
regions that receive specific sets of inputs
(Witter et al., 1989). Although Viczko et
al. (2014) found no prominent coupling
between CA1 and respiration, the latter
may still impinge upon the activity of
other hippocampal subregions. Indeed,
the work of Vanderwolf (1992) suggests
an anatomical specificity of sensory-
driven oscillations in the hippocampus of
freely behaving rats; namely, Vanderwolf
(1992) reported that both odorants and
electrical stimulation of the OB elicit fast
oscillations (15–30 Hz) in the dentate
gyrus (DG) but not in CA1. Similar fast
oscillations have also been described in
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OB and PC (Freeman, 1960; Bressler and
Freeman, 1980). These olfactory struc-
tures project to the lateral entorhinal cor-
tex (LEC), the major source of sensory
information to the hippocampus via af-
ferents to DG neurons (Steward and Sco-
ville, 1976). Thus, in the same way as for
fast oscillations, the slow respiration-
coupled oscillations in OB and PC (Fon-
tanini et al., 2003) would be more
expected to drive network activity in DG
than CA1. The pioneering work of
Vanderwolf (1992), however, focused on
respiration-induced beta and gamma os-
cillations, but did not investigate coupling
at slower frequencies.

This issue was recently addressed by
Yanovsky et al. (2014), who reported a
novel type of hippocampal oscillation at
the exact same frequency of respiration in
urethane-anesthetized mice. Yanovsky et
al. (2014) showed that this oscillation,
dubbed hippocampal respiratory rhythm
(HRR), is dependent on nasal respiration,
since it disappears when mice breathe
through tracheostomy. The influence of
nasal respiration on hippocampal net-
works was not only evident in the LFP, but
also in multiunit activity and membrane
potential fluctuations of single neurons.
In agreement with the anatomical speci-
ficity suggested by Vanderwolf (1992),
HRR was much more prominent in DG
hilus than CA1; coherence between HRR
and OB LFPs as well as between HRR and
respiration itself was also highest in DG.
Notably, the authors showed that HRR
modulates hippocampal gamma oscilla-
tions, and that the amplitude distribution
of HRR across hippocampal layers per-

fectly matches that of gamma, suggesting
that the rhythms may share common in-
puts. Indeed, and in agreement with ear-
lier reports (Wilson and Steward, 1978),
Yanovsky et al. (2014) showed that electri-
cal stimulation of afferents from either the
OB or LEC yields prominent responses in
DG, i.e., where both gamma and HRR
have maximal amplitude.

Global brain states modulate the effec-
tiveness of neuronal connections (Engel et
al., 2001), and an important difference be-
tween the studies should be highlighted:
Yanovsky et al. (2014) focused their anal-
yses only on “activated” brain states,
which are characterized by the emergence
of theta oscillations and may occur spon-
taneously under light urethane anesthesia
or—as used in their paper— be induced
by tail pinching or brainstem stimulation;
in contrast, Viczko et al.’s (2014) study
mainly concerned periods of anesthesia
in which the brain is considered “deac-
tivated,” characterized by slow-wave
electrical activity similar to nREM sleep
(Wolansky et al., 2006). Even though
Viczko et al. (2014) did not find hip-
pocampal–respiratory coupling during
deactivated states, such coupling was
present in the only analysis of activated
periods under urethane (their Fig. 6A),
just as reported inYanovsky et al. (2014)
(their Fig. 4C). So, despite the paradoxical
titles (i.e., Viczko et al. (2014) state that
hippocampal slow oscillations are not
coupled to respiration; Yanovsky et al.
(2014) affirm that respiration leads to
slow oscillations in the hippocampus), the
results are actually complementary and
even convergent when one takes into ac-

count anatomical factors (CA1 vs DG) as
well as the state-dependent dynamics of
hippocampal networks (activated vs de-
activated). One should also note that
what is referred to as “slow oscillations”
has different meanings in Viczko et al.
(2014) (up- and down-like transitions,
�1.5) and in Yanovsky et al. (2014)
(HRR, �3.5 Hz).

However, there are open questions
that should be addressed to fully concili-
ate these results. For instance, Yanovsky et
al. (2014) demonstrated the existence of
HRR during activated states of anesthesia
in mice, but did not investigate whether
HRR is present or not in deactivated brain
periods. Moreover, Viczko et al. (2014)
did not investigate whether the lack of
coupling between hippocampal LFPs and
respiration during deactivated states in
rats holds true for other hippocampal
subregions in addition to CA1 (Fig. 1). It
thus remains to be demonstrated whether
the differences between the studies are
solely due to methodological aspects or,
although unlikely, due to physiological
differences between the species studied
(rats vs mice). On a technical note, mice
and rats breathe at different frequencies,
which should be taken into account when
trying to isolate genuine respiratory
rhythms from theta (in the case of mice)
and up and down transitions (in the case
of rats). Finally, and perhaps most impor-
tantly, it remains to be investigated
whether respiration-induced rhythms oc-
cur in the hippocampus of freely behaving
animals, and, if so, whether they play any
functional role in linking olfaction and
memory processes.

Figure 1. Schematic representation of current evidence of hippocampal entrainment by respiration. A, Sagittal section of the rat brain depicting brain regions in which LFP activity
couples to respiration: OB, PC, DG (green), and CA1 (blue). B, Representation of respiratory cycles (red) and concurrent LFPs in DG and CA1 during activated and deactivated states. DG
oscillatory entrainment by respiration during deactivated states is unknown. C, Coherence spectra between DG and CA1 LFPs and respiration during activated and deactivated brain states
under anesthesia.
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A Respiration-Coupled Rhythm in the Rat Hippocampus
Independent of Theta and Slow Oscillations

X André L. V. Lockmann, Diego A. Laplagne, Richardson N. Leão, and X Adriano B. L. Tort
Brain Institute, Federal University of Rio Grande do Norte, RN 59056-450, Brazil

During slow-wave sleep and deep anesthesia, the rat hippocampus displays a slow oscillation (SO) that follows “up-and-down” state
transitions in the neocortex. There has been recent debate as to whether this local field potential (LFP) rhythm reflects internal processing
or entrains with respiratory inputs. To solve this issue, here we have concomitantly recorded respiration along with hippocampal,
neocortical, and olfactory bulb (OB) LFPs in rats anesthetized with urethane. During the course of anesthesia, LFPs transitioned between
activity states characterized by the emergence of different oscillations. By jointly analyzing multisite LFPs and respiratory cycles, we
could distinguish three types of low-frequency hippocampal oscillations: (1) SO, which coupled to neocortical up-and-down transitions;
(2) theta, which phase-reversed across hippocampal layers and was largest at the fissure; and (3) a low-frequency rhythm with largest
amplitude in the dentate gyrus, which coupled to respiration-entrained oscillations in OB and to respiration itself. In contrast, neither
theta nor SO coupled to respiration. The hippocampal respiration-coupled rhythm and SO had frequency �1.5 Hz, whereas theta tended
to be faster (�3 Hz). Tracheotomy abolished hippocampal respiration-coupled rhythm, which was restored by rhythmic delivery of air
puffs into the nasal cavity. These results solve the apparent contradictions among previous studies by demonstrating that the rat
hippocampus produces multiple types of low-frequency oscillations. Because they synchronize with different brain circuits, however, we
postulate that each activity pattern plays a unique role in information processing.

Key words: hippocampal rhythms; LFP; olfactory bulb; respiration; slow oscillation; theta

Introduction
Local field potentials (LFPs) in the rodent hippocampus display
oscillations at multiple frequencies, which have different gener-
ating mechanisms and behavioral/cognitive correlates (Buzsáki
and Draguhn, 2004). Hippocampal subregions synchronize with
other areas in a frequency-specific and state-dependent fashion

(Sirota et al., 2003; Colgin et al., 2009; Schomburg et al., 2014).
Much of the input to the hippocampus is sensorial, reaching the
dentate gyrus (DG) and area CA1 through connections from the
entorhinal cortex (Steward and Scoville, 1976; Burwell et al.,
1995). Interestingly, activity at the early stages of sensory process-
ing can be rhythmic too. Rodents breathe at a wide range of rates,
from basal respiration (�3 Hz) to active sniffing (�5 Hz) (Wa-
chowiak, 2011), rhythmically activating sensory neurons in the
olfactory epithelium (Verhagen et al., 2007). This periodicity is
relayed to the olfactory bulb (OB) and to the piriform cortex,
both of which show strong synchronization with the respiratory
cycle (Adrian, 1942; Fontanini et al., 2003). These olfactory struc-
tures indirectly project to the hippocampus after a relay in the
entorhinal cortex (Beckstead, 1978; Wilson and Steward, 1978;
Schwerdtfeger et al., 1990). But whether hippocampal oscillatory
activity synchronizes to respiration is still debated (Lockmann
and Belchior, 2014).
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Significance Statement

The rat hippocampus exhibits a large-amplitude slow oscillation (�1.5 Hz) during deep sleep and anesthesia. It is currently
debated whether this rhythm reflects internal processing with the neocortex or entrainment by external inputs from rhythmic
nasal respiration, which has similar frequency. Here we reconcile previous studies by showing that the hippocampus can actually
produce two low-frequency rhythms at nearby frequencies: one that indeed couples to respiration and another that is coupled to
the neocortex. We further show that the respiration-coupled rhythm differs from theta oscillations. The results support a role for
brain oscillations in connecting distant brain regions, and posit the respiratory cycle as an important reference for neuronal
communication between olfactory and memory networks.
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Recent efforts have explored this possibility in anesthetized prep-
arations. During deep anesthesia, the rat hippocampus displays a
slow oscillation (SO; �1.5 Hz) that follows “up-and-down” transi-
tions in the neocortex (Wolansky et al., 2006; Sharma et al., 2010),
similarly to what happens in slow-wave sleep (Steriade et al., 1993a,
b). In ketamine-anesthetized rats, Fontanini et al. (2003) reported
oscillations of similar frequency in the piriform cortex, which were
locked to the respiratory cycle. However, Viczko et al. (2014) con-
vincingly demonstrated that hippocampal and neocortical SO re-
corded from rats during either urethane or ketamine anesthesia, as
well as during natural slow-wave sleep, were not coupled to respira-
tion. On the other hand, in the mouse hippocampus, Yanovsky et al.
(2014) have recently described a low-frequency oscillation entrained
by nasal respiration under urethane anesthesia; this rhythm, dubbed
“hippocampal respiration-induced rhythm” (HRR), was most
prominent in the DG and could be distinguished from simultane-
ously occurring theta waves. Therefore, whether low-frequency os-
cillations in the rodent hippocampus couple or not to respiration is
at issue.

The opposite conclusions reached by Yanovsky et al. (2014)
and Viczko et al. (2014) could be due to intrinsic differences in
the studied species (mice vs rats), or, perhaps more likely, due
to the fact that the two studies investigated different brain
states (Lockmann and Belchior, 2014). Under urethane anes-
thesia, brain activity spontaneously switches between “acti-
vated states” (studied in Yanovsky et al., 2014) characterized
by theta oscillations, and “deactivated states” (studied in Vic-
zko et al., 2014) characterized by large-amplitude SO (Wolan-
sky et al., 2006).

Here we have concomitantly recorded respiration along with
hippocampal, neocortical, and OB LFPs in rats anesthetized with
urethane. During the course of anesthesia, time-resolved spectral
analyses showed that hippocampal LFPs transitioned between
activity states characterized by the emergence of different oscilla-
tions. By jointly analyzing multisite LFP recordings and respira-
tory cycles, we could distinguish 3 types of independent
oscillatory activity: SO, HRR, and theta. Theta oscillations were
faster (�3 Hz), whereas HRR and SO had peak frequency in the
range of 0.5–1.5 Hz. And although theta and SO were typically
mutually exclusive, HRR could coexist with either rhythm. Our
results therefore solve the apparent contradictions among previ-
ous studies (Fontanini et al., 2003; Viczko et al., 2014; Yanovsky
et al., 2014) by demonstrating that the rat hippocampus can pro-
duce two types of oscillations at frequencies �1.5 Hz: one that is
entrained to the respiratory cycle (HRR) and another that phase-
locks to neocortical up-and-down transitions (SO).

Materials and Methods
Ethics statement. All experimental procedures were approved by the Eth-
ical Committee for Animal Experimentation of the Federal University of
Rio Grande do Norte, protocol number 044/2014. The directives of the
Ethical Committee for Animal Experimentation of the Federal Univer-
sity of Rio Grande do Norte are in compliance with the Brazilian federal
law for animal experimentation.

Subjects. Experiments were performed in 18 male Wistar rats weight-
ing 300 – 420 g provided by the animal facilities of the Brain Institute of
the Federal University of Rio Grande do Norte. The animals were housed
in groups of 4, and kept on a 12 h light/dark cycle with food and water
available ad libitum.

Surgical procedures. Subjects were anesthetized with intraperitoneal
injections of 500 mg/ml urethane solution (U2500 Sigma, dissolved in
saline). The total dose of 1.5 g/kg was administered by three injections
separated by 20 min. Rectal temperature was monitored and maintained
at 37°C–38°C by a thermal pad. Anesthesia induction was certified by the

absence of withdrawal reflex to hindpaw pinching. Supplemental ure-
thane doses of 0.3 g/kg were administered as needed. Before surgery, 0.5
ml of lidocaine chlorhydrate 2% was subcutaneously applied in the scalp
for local anesthesia; an intramuscular injection of 0.1 ml of dexametha-
sone 2.5 mg/ml was also applied to prevent brain swelling.

After anesthetic induction, animals were placed in a stereotaxic frame
(RWD Life Science), and a scalp incision was made to expose the skull. A
stainless-steel screw placed at the interparietal bone was used as refer-
ence. In 6 animals, single wire recording electrodes (described below)
were placed at OB (AP: 8.5 mm, ML: �1.0 mm, DV: �1.6 mm), CA1
(AP: �3.5 mm, ML: �2.0 mm, DV: �2.5 mm), and DG (AP: �3.5 mm,
ML: �2.0 mm, DV: �3.5 mm) (Paxinos and Watson, 2004). In 4 of these
animals, we additionally recorded from the medial prefrontal cortex (AP:
3.0 mm, ML: �0.5 mm, DV: �3.0 mm). Dental acrylic cement was used
for the fixation of single wire electrodes. All recordings were performed
in the right hemisphere.

In 12 animals (6 intact, 6 tracheotomized), we recorded from the OB
with a single wire and inserted a multichannel silicon probe in the hip-
pocampus at AP: �3.5 mm and ML: �2.0 mm. The deepest probe con-
tact was placed at �4.1 mm DV. To determine the location of probe
contacts, stimulation electrodes were implanted at the perforant path
(PP) (AP: �7.3 mm, ML: �5.0 mm, DV: �2.5 mm) and at the lateral
olfactory tract (LOT) (AP: 3.0 mm, ML: �3.5 mm, DV: �6.4 mm), and
fixed with dental acrylic. In Figures 9 and 10, we only analyzed data from
intact animals (n � 6).

Tracheotomy. Tracheotomy was performed before placing the animal
in the stereotaxic frame. This surgery consisted of exposing the trachea,
followed by an incision between the sixth and seventh cartilaginous rings
to separate the trachea in two segments (rostral and caudal). In the 3
animals used in air puffing experiments (see Fig. 13), the tracheostomy
was irreversible and animals breathed exclusively through a Teflon tube
inserted into the caudal trachea. In 3 other animals, a Teflon tube was
also inserted into the rostral tracheal segment. In these animals, air
flowed only through the caudal tracheal tube when the tubes were dis-
connected, thus bypassing the nasal cavity. When the rostral and caudal
tubes were connected, air flowed through the nasal cavity. This prepara-
tion permitted reversible switching between nasal and tracheal respira-
tion (see Fig. 12).

Respiration recording. An 18-gauge stainless-steel cannula was used to
record nasal and tracheal air pressure. Nasal pressure was recorded from
a cannula placed in the nasal cavity (accessed through the nasal bone).
Tracheal pressure was recorded using a cannula inside the caudal trache-
ostomy tube. Cannulas were connected to an analog pressure sensor
amplifier (Honeywell 24PCAFA6G), and the output signals were re-
corded through auxiliary channels of our recording system (RZ2,
Tucker-Davis Technologies). Downward and upward deflections in air
pressure recordings correspond to inspiratory and expiratory phases,
respectively, of the respiratory cycle.

Air puffing into nasal cavity. In 3 tracheotomized animals, air puffs
were applied into the nasal cavity through an additional 18-gauge can-
nula placed inside a hole drilled in the right nasal bone (rostral in relation
to the pressure recording cannula). This cannula was connected to a
cylinder of compressed air using a PTFA tube. Airflow through the tube
was controlled with a solenoid valve (075P2NC12-01SQ, Bio-Chem Flu-
idics) opened by 100 ms duration TTL pulses generated by the recording
system (RZ2, Tucker-Davis Technologies). For each recording, air pres-
sure was set so that single puffs evoked intranasal pressure signals of
1–2� the amplitude of the normal respiratory cycle. After calibration, air
puffs were delivered rhythmically at 1 Hz.

LFP recordings. For recordings from multiple brain areas, we used
single Teflon-coated stainless-steel wires with 127 �m of bare diameter
(7914 AM Systems). For simultaneous multisite recordings along the
dorsoventral hippocampal axis, we used 32-channel silicon probes (Neu-
ronexus, A1x32-5 mm-100-413). Recording sites were 100 �m spaced
and had 28 �m of bare diameter. Signals were amplified and digitized at
24,414 Hz (PZ2 and RZ2, Tucker-Davis Technologies). No digital filters
were applied during the recording. All recordings were referenced to the
interparietal screw. LFPs were obtained by low-pass filtering (�500 Hz)
and down-sampling to 1000 Hz.
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Electrical microstimulation. Bipolar stimulation electrodes consisted of
a twisted pair of Teflon-coated stainless-steel wire (7914 AM-Systems)
with 1 mm distance between electrode tips. Electrical stimuli were gen-
erated by a current isolator (ISO-Flex, A.M.P.I.), which was set to deliver
100 �s constant current pulses with various amplitudes. The stimulus
amplitude was set as the minimum current to evoke a visible deflection in
the raw signal (range: 100 –250 �A). The stimuli were triggered by TTL

pulses (RZ2, Tucker-Davis Technologies) at 0.05 Hz. The electrical stim-
ulation protocol consisted of a train of 10 stimuli first to the PP and then
to the LOT. Evoked potentials were obtained by averaging 100 ms LFP
segments locked to stimulus onset. The hilus of the DG was identified as
the channel with the highest positive component of the PP-evoked po-
tential (Canning and Leung, 1997). Probe recordings from different an-
imals were aligned using the DG hilus as reference. The hippocampal

Figure 1. Histological positions of recording sites. A, Example histology of single wires placed in OB, neocortex, and hippocampus. B, Example histology of a linear probe placed across the
hippocampus. Red arrows indicate estimated positions of electrode tips. pc, Pyramidal cell layer; hf, hippocampal fissure; gc, granule cell layer; hil, hilus.
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Figure 2. The rat hippocampus displays a low-frequency respiration-coupled oscillation (HRR), which coexists with faster theta oscillations during activated states. A, Example raw traces of
simultaneous recordings of air pressure in the nasal cavity (nasal) along with LFPs from the OB and hippocampus of a urethane-anesthetized rat (DG; CA1, region 1 of cornu ammonis). B, Power
spectrum of the nasal pressure signal, revealing a respiratory rate of �1.5 Hz (Resp. Freq., blue dashed line). C, OB, DG, and CA1 power spectra. There are prominent power peaks in OB and DG at the
respiratory frequency (blue dashed lines); CA1 has a prominent power peak at the theta frequency range (�4.5 Hz). D, Coherence spectra between nasal respiration and LFP signals (blue lines). Light
gray lines reproduce the power spectra depicted in C. There are coherence peaks at the exact same frequency as respiration and its harmonics, along with lack of coherence at the peak frequency of
CA1 theta. Results in B–D were obtained from a 60 s representative data segment of activated state, which included the raw signals depicted in A. E, Mean respiratory and theta peak frequencies
across animals (n � 6 rats). *p � 0.001 (paired t test). F, Mean nasal-LFP coherence at respiratory and theta peak frequencies (n � 6 rats). *p � 0.001 (paired t tests). Error bars indicate SEM.
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fissure was identified as the channel with the maximum theta power
(Brankačk et al., 1993).

Perfusion and histology. After the recordings, the animals were tran-
scardially perfused with 0.9% sodium chloride followed by 4% PFA.
Brains were removed and stored in 4% PFA; 120 �m coronal sections
were made in a vibrating tissue slicer (EMS) and mounted on glass slides.
Electrode tracks were visualized and photographed in a microscope
equipped with epifluorescence (Zeiss). Figure 1 shows example histolog-
ical sections of recorded sites.

Data analysis: spectral analysis. Recorded data were analyzed offline using
built-in and custom-written MATLAB codes (The MathWorks). Power
spectra were calculated by means of Welch’s periodogram (built-in MAT-
LAB pwelch function). Coherence spectra of signal pairs were computed
using magnitude-squared coherence (built-in MATLAB mscohere function).
Both power and coherence spectra calculations were performed in 60 s data
segments using 4 s Hamming windows with 90% overlap. Time-frequency
power decomposition was calculated by means of the built-in MATLAB
spectrogram function. In Figures 3, 12, and 13, spectrograms were calculated
using 7 s sliding Hamming windows with 140 ms time steps; in Figures 8 and
11, 10 s sliding Hamming windows with 1 s time steps were used.

LFP staging. LFP activity was divided in two categories according to the
predominant frequency band in the power spectrum (Wolansky et al.,
2006): (1) activated LFP states, which were characterized by theta oscil-
lations (3–7 Hz); and (2) deactivated LFP states, characterized by large-
amplitude SO (�1.5 Hz). Urethane-anesthetized rats normally show
spontaneous cyclical transitions from deactivated to activated states
(Clement et al., 2008; Sharma et al., 2010). In some recordings, the acti-
vated state was induced by continuously pinching the animal tail (see Fig.
8). For the summary statistics shown in Figures 5B and 7, we used non-
overlapping epochs within deactivated states from the 6 animals im-
planted with single wires and the 6 intact animals implanted with
silicon probes. We used 30 s epochs in Figure 5B and 60 s epochs in
Figure 7. For each animal, we analyzed �1 h of concatenated deacti-
vated state periods. In Figure 7, HRR was assumed to coexist with SO
if DG LFP coherence with the nasal pressure signal was �0.4.

Laminar profile. The laminar profile is a plot of the average amplitude
of an oscillation as a function of the recording depth. For estimating the
laminar profile of HRR, we selected for each animal a 100 s period with
high HRR power. LFPs were filtered between 0.3 and 2 Hz using the eegfilt

function from the EEGLAB toolbox (Delorme
and Makeig, 2004). For each channel, the
respiration-triggered HRR average was ob-
tained as follows: we first localized the time-
stamps associated with the peak values of the
simultaneously recorded nasal pressure signal
(built-in MATLAB findpeaks function); we
then extracted nonoverlapping 3 s filtered LFP
epochs centered on these timestamps; finally,
the average HRR trace was obtained by com-
puting the mean over all 3 s epochs.

For the SO laminar profile, a 100 s period with
high SO power was selected for each animal, and
LFPs were low-pass filtered �2 Hz. For each
channel, the SO-triggered LFP average was ob-
tained as the mean over nonoverlapping 3 s fil-
tered LFP epochs centered on the SO peak times,
which were identified from the more superficial
probe channel. Theta laminar profile followed
exactly the same method, except that we selected
periods of high theta power and filtered the LFP
signals between 3 and 7 Hz.

Current source density (CSD) was estimated
as the second spatial derivative of voltage re-
corded from linear probe contacts, as previ-
ously described (Brankačk et al., 1993).

Statistics. Group data are expressed as
mean � SEM. Statistical differences were as-
sessed by paired t test (built-in MATLAB ttest
function).

Results
A respiration-coupled LFP rhythm in the hippocampus of
urethane-anesthetized rats distinct from theta oscillations
During urethane anesthesia, hippocampal field potentials have
been previously shown to display spontaneous transitions be-
tween “activated states” (dominated by �4 Hz theta) and “deac-
tivated states” (dominated by �1 Hz SO coupled to neocortical
up-and-down transitions) (Wolansky et al., 2006; Clement et al.,
2008; Sharma et al., 2010). Accordingly, in our recordings (18 rats
across all experiments), theta oscillations regularly emerged in
the course of anesthesia alternating with periods of large ampli-
tude SO activity.

Figure 2A shows raw recordings during a representative pe-
riod in which theta was prominent in the hippocampus. During
these activated states, we observed that the hippocampus could
concurrently display an additional rhythm at a lower frequency
than theta. Different from theta, which was dominant in CA1,
such low-frequency rhythm appeared more notably in DG (Fig.
2A,C). Noteworthy, whereas LFPs from CA1 and DG were mark-
edly different (compare the raw traces in Fig. 2A), DG and OB
LFPs were somewhat similar (Fig. 2A,C). Compared with the
nasal pressure recording, the cycles of the low-frequency rhythm
in OB and DG showed a 1:1 correspondence with the breathing
cycles (Fig. 2A). Spectral analysis of OB and DG LFPs evidenced a
prominent power peak exactly at the respiratory frequency (Fig.
2B,C); CA1 also exhibited a power peak at the respiratory fre-
quency, but much smaller than the power peak at theta. In addi-
tion, coherence between nasal respiration and LFPs was high at
the respiratory frequency and its harmonics, but not at theta
frequency (Fig. 2D). Therefore, the low-frequency oscillation in
DG matched the frequency of nasal respiration and was phase-
coupled to the breathing cycles. These results extend to rats the
recent findings of Yanovsky et al. (2014), who reported a “hip-
pocampal respiration-induced rhythm” (HRR) in urethane-
anesthetized mice. Henceforth, we will use a similar terminology
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time-frequency power analysis of a nasal pressure recording (top) and of LFPs simultaneously recorded from OB (middle) and DG
(bottom) in a representative animal. Upward arrowheads indicate moments of sharp increase in respiratory frequency. There are
similar changes in peak frequency for all signals. Downward arrowhead indicates a period in which OB and DG failed to follow the
nasal signal.

Lockmann et al. • HRR in Rats J. Neurosci., May 11, 2016 • 36(19):5338 –5352 • 5341



and refer to the respiration-coupled LFP rhythm in the rat hip-
pocampus as HRR, and in OB as RR. Of note, the HRR we de-
scribe here is slower than in Yanovsky et al. (2014) because rats
breathe slower than mice (see Discussion).

To compute group data, we selected, for each animal, acti-
vated LFP periods when the two rhythms (theta and HRR) coex-
isted for at least 60 s. During such periods, the respiratory peak
frequency, and by extension also RR and HRR peak frequency,
was consistently lower than theta peak frequency (Fig. 2E; 1.37 �
0.11 vs 3.79 � 0.24 Hz, n � 6 rats, t(5) � 15.66, p � 0.001, paired
t test). Hence, whenever the hippocampus displayed both
rhythms, HRR appeared in the power spectrum as an isolated
peak at a lower frequency than theta (Fig. 2C).

Figure 2F shows the mean coherence between LFPs and the
nasal respiration signal captured by the pressure sensor in the
same analyzed epochs as above. As expected, OB and DG
were highly coherent with the pressure signal at the respiratory
frequency across animals. Interestingly, even though CA1 had
low HRR activity, it was similarly highly coherent with respira-
tion (Fig. 2F). In contrast, LFP coherence with the nasal respira-
tion signal at theta frequency was significantly lower in all

recorded regions (n � 6 rats, OB: t(5) � 11.91, DG: t(5) � 9.94,
CA1: t(5) � 7.47, all p values �0.001, paired t tests).

When looking at longer epochs associated with variable
breathing rate, time-resolved spectral analysis showed that the
peak frequency of RR and HRR closely followed changes in in-
stantaneous breathing rate (for an example, see Fig. 3). Interest-
ingly, the OB LFP could occasionally “fail” to follow nasal
respiration, and these periods coincided with disappearance of
HRR in DG (Fig. 3, downward arrowhead).

In all, these results demonstrate the existence of a respiration-
coupled rhythm in the rat hippocampus, which is clearly distinct
from theta oscillations.

Independent respiration- and neocortex-coupled low-
frequency rhythms in the hippocampus
Activated states alternated with a state in which theta disappeared
and a slower hippocampal rhythm of large amplitude emerged
(Fig. 4A; compare with Fig. 2A). Simultaneously recorded LFP in
neocortex displayed the characteristic SO (Fig. 4A,B), which has
been shown to reflect periodic membrane potential changes from
depolarization to hyperpolarization (up-and-down transitions)
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during slow-wave sleep and deep anesthesia (Steriade et al.,
1993a, b). The slow LFP rhythm in CA1 and DG was associated
with a power peak at the same frequency as the neocortical SO
(Fig. 4C) and, moreover, was highly coherent with it (Fig. 4D).
During these periods, a similar large-amplitude rhythm could
also be seen in OB, though with inversed polarity (Fig. 4A,C).
Thus, both OB and hippocampus may exhibit a neocortex-
coupled slow rhythm during deactivated brain states. We will
refer to this rhythm also as SO to stress that it entrains with concur-
rent neocortical SO and differs from the respiration-coupled LFP
rhythm. This nomenclature is also in line with previous research that
has extensively characterized this oscillation in the hippocampus
(Wolansky et al., 2006). The high coherence between hippocampal
and neocortical SO observed here is similar to that previously re-
ported (Wolansky et al., 2006; Sharma et al., 2010).

The entrainment of all recorded regions by SO during deacti-
vated states markedly contrasts with what we observed in the
activated states, when local hippocampal circuits expressed dis-
tinct oscillatory patterns (theta in CA1 along with HRR in DG). It
is currently debated whether SO reflects a global brain entrain-
ment to rhythmic nasal respiration (Fontanini et al., 2003; Fon-
tanini and Bower, 2006; Viczko et al., 2014). Indeed, SO
frequency is quite close to the respiratory frequency of urethane-
anesthetized rats. However, by comparing SO-entrained LFP
traces with nasal respiration, it was clear that these signals were
not synchronous (Fig. 4A). Power spectra of neocortical LFP and

nasal pressure signals evidenced that
rhythmic respiration and SO had near but
distinct peak frequencies (Fig. 4B). Across
animals, SO frequency was significantly
lower than the respiratory frequency (Fig.
4E; 0.69 � 0.04 vs 1.22 � 0.05 Hz, n � 4
rats, t(3) � 17.82, p � 0.001, paired t test;
see also Fig. 5B). Further supporting that
SO is independent of respiration, LFP co-
herence with nasal respiration was low at
all frequencies, whereas, as expected, OB
and hippocampal LFP coherence with the
neocortex was high at the SO frequency
(Fig. 4D,F). Coherence with neocortex
was also high at the respiratory frequency
(Fig. 4D); this, however, does not reflect a
respiration-coupled rhythm (given no co-
herence with respiration) but is rather due
to the large width of the SO power peak,
which includes the respiratory frequency.
To further illustrate this point, Figure 5A
shows an example of SO coherence be-
tween OB and neocortex at a similar fre-
quency as respiration. SO and respiration
frequencies differed by �0.3 Hz in 11.5%
of 30 s epochs within deactivated states
(Fig. 5B).

Interestingly, during the course of an-
esthesia, animals also exhibited periods
within deactivated states in which HRR
coexisted with SO (Fig. 6). HRR could be
observed in raw LFPs as sharp peaks su-
perimposed at random phases of the SO
cycle (Fig. 6A, more easily noticeable in
OB and DG traces), which were instead
synchronized to the respiratory cycle (Fig.
6A, blue arrowheads and vertical line).

Spectral analysis confirmed the presence of robust rhythmic ac-
tivity at the exact same frequency as respiration (Fig. 6B,C) and
coherent with it (Fig. 6D). Noteworthy, respiration-coupled os-
cillations could also be observed in the neocortex (Fig. 6A,B);
indeed, during these periods, all recorded regions (OB, hip-
pocampus, and neocortex) exhibited two power peaks at fre-
quencies �1.5 Hz: one corresponding to SO and the other to
(H)RR.

Whenever SO and HRR coexisted, the higher-frequency peak
in the power spectrum coincided with the respiration peak fre-
quency. Group results confirmed that HRR was significantly
faster than SO during these epochs (Fig. 6E; 1.25 � 0.10 vs 0.64 �
0.05 Hz, n � 4 rats, t(3) � 11.50, p � 0.01, paired t test). Impor-
tantly, high LFP coherence with the nasal respiration signal oc-
curred only at the respiratory peak frequency but not at the SO
frequency (Fig. 6D,F; n � 4 rats, OB: t(3) � 16.99, DG: t(3) �
26.49, CA1: t(3) � 14.99, nCTX: t(3) � 20.61, all p values �0.001,
paired t tests). Nevertheless, coherence with neocortex was con-
sistently high at SO frequency (Fig. 6D,F; n � 4 rats, OB: t(3) �
43.35, DG: t(3) � 16.45, CA1: t(3) � 61.68, all p values �0.001,
paired t tests compared with nasal-LFP coherence at SO fre-
quency). These findings further reinforce that SO is not entrained
by the nasal respiratory rhythm (as reported by Viczko et al.,
2014) while also showing that a low-frequency respiration-
coupled rhythm may exist in the hippocampus during deacti-
vated states (as reported in olfactory cortex by Fontanini et al.,
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2003). Across 12 animals (6 rats recorded with single wires and 6
with silicon probes; used below), hippocampal SO coexisted with
HRR in 48.3 � 9.2% of deactivated periods (Fig. 7).

In all, the results confirm the recent findings of Viczko et al.
(2014) of lack of respiratory coupling with hippocampal SO.
Therefore, just by looking at different anesthesia periods within
the same experimental setup, we could corroborate the appar-
ently contradictory conclusions of Yanovsky et al. (2014) (Fig. 2)
and Viczko et al. (2014) (Fig. 4), and also extend these findings by
showing that HRR can co-occur not only with theta but also with
SO (Fig. 6). Figure 8 shows an example of transition between
activated and deactivated states in which the three oscillatory
patterns (SO, HRR, and theta) can be observed. Of note, we
found no coupling between HRR phase and theta amplitude dur-
ing activated states or between SO phase and HRR amplitude
during deactivated states (data not shown).

HRR has different laminar profile from SO and theta
The multiple hippocampal layers along the CA1-DG axis receive
specific synaptic inputs that are associated with distinct patterns

of rhythmic LFP activity (Colgin et al., 2009; Scheffer-Teixeira et
al., 2012; Schomburg et al., 2014). In the experiments above, we
simultaneously recorded from CA1 and DG using single wires,
and, consistent with Yanovsky et al. (2014), found HRR to be
larger in DG than CA1 recordings. We next set out to better
characterize the anatomical profile of HRR. To that end, we used
a 32-channel linear probe (100 �m separation between chan-
nels), which permitted simultaneous LFP recordings from all lay-
ers of the dorsal hippocampus.

The entorhinal cortex is likely to mediate the entry of olfactory
information to the hippocampus, as it receives direct inputs from
the OB and piriform cortex (Canto et al., 2008). The entorhinal
cortex in turn sends projections to CA1 via the temporoammonic
pathway and to DG via the PP (Steward and Scoville, 1976). It has
been largely documented that electrical stimulation of the PP
leads to highest evoked potential response at the DG hilus
(Buzsáki et al., 1986; Canning and Leung, 1997). Figure 9A (left)
shows a representative laminar profile of evoked responses to PP
stimulation reproducing this effect. Interestingly, electrical stim-
ulation of the LOT, the main axonal bundle leaving OB, evoked
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maximal response also at the depth of the hilus (Fig. 9A, middle),
although at a longer latency (Fig. 9B; PP latency: 6.5 � 0.7 ms;
LOT: 24.0 � 1.6 ms, n � 6 rats, t(5) � 11.17, p � 0.001, paired t
test). This suggests that activity propagating from the OB to the
hippocampus arrives at the DG after a relay in the entorhinal
cortex, consistent with previous reports (Wilson and Steward,
1978; de Curtis et al., 1991; Vanderwolf, 1992).

We then proceeded to compute the laminar distribution of
HRR activity across the dorsoventral axis of the hippocampus
(Fig. 9A, right; see Materials and Methods). Consistent with
Yanovsky et al. (2014), we found that HRR had maximal ampli-
tude at the hilus of the DG, and, indeed, the laminar profile of
HRR looked identical to that of the evoked responses to either PP
or LOT stimulation (Fig. 9C). In contrast, the laminar profile of
SO and theta oscillations revealed a different picture, in which
theta was maximal at the hippocampal fissure (Buzsáki et al.,
1986; Brankačk et al., 1993), while SO exhibited rather modest
changes in amplitude across the hippocampus (Fig. 10) (Wolan-
sky et al., 2006); of note, during probe insertion, we could observe
that SO phase-reverses within the parietal cortex as described by
Wolansky et al. (2006) and Sharma et al. (2010). Thus, despite the
similarities in frequency range, these results show that HRR and
SO have distinct laminar profiles, and hence are generated by
different network mechanisms.

Finally, we went on to analyze CSD signals (Fig. 11). Raw CSD
signals also exhibited HRR activity, which was highest at the DG
hilus (Fig. 11A–C), consistent with HRR voltage laminar profile
(Fig. 9). Moreover, as with LFP recordings, during activated brain
states raw CSD signals could simultaneously exhibit HRR and
theta (Fig. 11D) while during deactivated states HRR could coex-
ist with SO (Fig. 11E).

Rhythmic nasal airflow is necessary and sufficient to drive
coherent low-frequency oscillations in OB and DG
Respiratory rhythmicity in the rodent brain originates in two
distinct circuits (Kleinfeld et al., 2014). Specific clusters of neu-
rons in the brainstem generate periodic efferent signals that drive
inspiration/expiration cycles (Feldman and Del Negro, 2006). In
turn, the resulting rhythmic airflow through the nasal cavity
activates olfactory sensory neurons (Grosmaitre et al., 2007; Ver-
hagen et al., 2007) and imposes a reafferent periodicity in down-

stream olfactory areas (Adrian, 1942). We next investigated
which of the two mechanisms (brainstem vs reafferent signal)
drives HRR. By means of reversible tracheostomy, we first ad-
dressed the effect of switching off nasal airflow on HRR.

Before opening the tracheostomy, rats breathed rhythmically
through the nose and LFPs displayed prominent RR and HRR
(Fig. 12A,B). In addition, LFP coherence with the nasal pressure
signal, as well as OB-DG coherence, was high at the respiratory
frequency (Fig. 12D). The rate of nasal respiration was equivalent
in tracheotomized and intact rats (compare Figs. 12C and 2E).
After tracheostomy opening, nasal airflow immediately vanished
as rats started to breathe through the trachea (Fig. 12A–C). Dur-
ing tracheal respiration, the brainstem continued to generate the
rhythmical drive to control breathing; measures of air pressure
inside the trachea confirmed that breathing rate was equal in
nasal and tracheal respiration conditions (Fig. 12C; nasal: 1.13 �
0.19 Hz, tracheal: 1.14 � 0.29 Hz, n � 3 rats, t(2) � 0.16, p � 0.88,
paired t test). Following the removal of nasal airflow, RR and
HRR disappeared (Fig. 12A,B), together with LFP coherence
with respiration (Fig. 12D,E; assessed from tracheal pressure;
n � 3 rats, OB: t(2) � 4.37, p � 0.05, DG: t(2) � 12.32, p � 0.01,
paired t tests). In addition, during tracheal breathing OB-DG
coherence drastically decreased (Fig. 12D,E; n � 3 rats, t(2) �
8.89, p � 0.05, paired t test). These results show that nasal airflow
is necessary for RR and HRR.

We next assessed whether artificial nasal airflow suffices to
reinstate coherent LFP oscillations by applying air puffs at 1 Hz
into the nasal cavity of tracheotomized rats. While rhythmic nasal
airflow and LFP respiration-coupled rhythms were initially ab-
sent in these animals, the delivery of 1 Hz air puffs generated
rhythmic LFP activity in OB and DG (Fig. 13A,B). Time-
frequency analysis revealed high power at 1 Hz in both nasal
pressure and LFP signals during air puffs. LFP oscillations were
highly coherent with the 1 Hz nasal pressure rhythm, and, simi-
larly, OB-DG coherence also peaked at the air puff frequency
(Fig. 13C; notice that tracheal respiration was slightly faster than
1 Hz). Across animals, LFP coherence with the nasal pressure
signal was much higher during air puffs compared with periods
of tracheal respiration alone (Fig. 13D; n � 3 rats, OB: t(2) � 5.71,
p � 0.05, DG: t(2) � 6.39, p � 0.05, paired t tests). In stark
contrast, LFP coherence with the tracheal pressure signal was low
during either tracheal respiration alone or tracheal respiration
along with air puffs (Fig. 13C,D).

Together, these results indicate that the reafferent signal orig-
inating in the nasal cavity, and not the efferent brainstem signal,
drives RR and HRR.

Discussion
By performing a system-wide approach of simultaneously re-
cording respiratory activity and LFPs from multiple brain re-
gions, here we have shown that the rat hippocampus exhibits two
types of low-frequency (�1.5 Hz) network oscillations during
urethane anesthesia: SO and HRR. Our results further show that
HRR may coexist with faster theta oscillations that characterize
activated LFP states (Fig. 2), and also with SO activity during
deactivated states (Fig. 6). The three rhythms differ from each
other by several features, such as exact peak frequency, coherence
with respiration, laminar profile across the CA1-DG axis, and
sensitivity to tracheotomy.

Our work was motivated by 2 recent studies with apparently
opposing conclusions: one that showed evidence against (Viczko
et al., 2014) and one that showed evidence for (Yanovsky et al.,
2014) the coupling of low-frequency hippocampal oscillations to
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the respiratory cycle. Because both studies were well delineated
and reached solid, though contradictory, results, we reasoned
that their discrepancy should be due to methodological differ-
ences. While the main results of the two studies were obtained
during anesthesia (similar protocol as used here), it is worth not-
ing that: (1) they used different species (rats vs mice); (2) their
major claims refer to different hippocampal subregions (CA1 vs
DG); and (3) different LFP states were considered (deactivated vs
activated).

The study of Viczko et al. (2014) constitutes a follow-up of
previous research performed by the Dickson laboratory, which
has been characterizing SO during sleep and anesthesia in the rat
neocortex and hippocampus (Wolansky et al., 2006; Clement et
al., 2008; Schall et al., 2008; Sharma et al., 2010; Pagliardini et al.,
2012). Among other findings, this laboratory has been showing
striking similarities between brain activity patterns during
urethane anesthesia and natural sleep. Indeed, these authors pro-
moted the use of the terms deactivated (for slow-wave sleep-
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like/SO activity) and activated (for REM sleep-like/theta activity)
brain states used in the present study. In support to their previous
findings, Viczko et al. (2014) demonstrated that hippocampal SO
indeed phase-locks to neocortical up-and-down transitions

during sleep and deep anesthesia. Most importantly, they conclu-
sively showed that hippocampal SO was not coupled to respira-
tion. This result is relevant (actually the title of their work)
because previous findings in the piriform cortex of rats by Fon-
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tanini and Bower had suggested a close link between respiration
and low-frequency oscillations seen during ketamine anesthesia
(Fontanini et al., 2003; Fontanini and Bower, 2005) and slow-
wave sleep (Fontanini and Bower, 2006). That is, Fontanini and
Bower essentially hypothesized that up-and-down transitions
would reflect coupling to respiratory inputs (Fontanini and
Bower, 2006). Our results confirm the Viczko et al. (2014) con-
clusion that hippocampal SO is not coupled to respiration, but to
neocortical SO. However, we also extended their findings by
showing that SO can actually coexist with HRR. We suspect that
previous studies linking low-frequency LFP oscillations to respi-
ration (Fontanini et al., 2003; Fontanini and Bower, 2005) have
actually detected a respiration-coupled rhythm but have not rec-
ognized a different LFP oscillation from SO due to the similarity
in peak frequency. Interestingly, Viczko et al. (2014) also found
that respiration- and neocortex-coupled low-frequency rhythms
could coexist in the piriform cortex during the deactivated state;
however, as their hippocampal recordings did not display HRR,
but only SO, they concluded that “respiratory-related oscillatory

neural activities are likely limited to primary olfactory structures
during slow-wave forebrain states.” We believe that Viczko et al.
(2014) did not observe HRR because they restricted their record-
ings to CA1, where HRR is not as prominent as in DG (Figs. 9,
11).

The work of Yanovsky et al. (2014) demonstrated a low-
frequency hippocampal oscillation coupled to respiration during
activated periods of urethane anesthesia in mice. Our work ex-
tends Yanovsky et al. (2014) by showing that HRR also exists in
the rat hippocampus and that it can also emerge during deacti-
vated LFP states. In further agreement with them, we found HRR
to be more pronounced in DG than in CA1. Because mice breathe
considerably faster than rats during anesthesia (�3.5 Hz vs �1.3
Hz, compare our Fig. 2E with their Fig. 2D), Yanovsky et al.
(2014) mainly coped with differentiating HRR from concomitant
theta waves, which they succeeded to do. The HRR we describe
here is slower than in mice and could be easily differentiated from
theta. However, as respiratory rate in rats is closer to SO than
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theta, in the present work we have focused on distinguishing
HRR from SO.

We believe our work reconciles the dispute as to whether SO
couples or not to respiration in rats (Fontanini et al., 2003; Fon-
tanini and Bower, 2006; Viczko et al., 2014) by showing that there
are actually two distinct activity patterns with overlapping fre-
quency ranges. One of them (here called (H)RR) indeed couples

to the respiratory cycle, whereas the other pattern is not entrained
to respiration but to neocortical SO. To be in line with previous
nomenclature, we refer to this latter rhythm also as SO (Steriade
et al., 1993b; Wolansky et al., 2006). Indeed, much of the contro-
versy mentioned above may actually be due to a rather semantic
issue. Several laboratories worldwide still classify brain oscilla-
tions solely based on their frequency range, which the current
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work and others (Kopell et al., 2010; Tort et al., 2010) indicate not
to be ideal (not to mention that a frequency-based definition of
brain oscillations often leads to misleading interpretations when
directly translating animal research to human EEG). In this case,
different laboratories ended by calling “slow oscillations” differ-
ent oscillatory phenomena. The “slow oscillations” in Fontanini
et al. (2003) and Yanovsky et al. (2014) actually correspond to a
respiration-coupled rhythm, whereas the “slow oscillations” de-
scribed by the Dickson laboratory corresponds to up-and-down
transitions seen in deep sleep and anesthesia.

Theta oscillations are well known to be generated in the hip-
pocampus (Buzsáki et al., 1986; Brankačk et al., 1993). In addi-
tion, here we found that SO and HRR are also apparent in

hippocampal CSD signals (Fig. 11). Because CSD is considered to
eliminate volume conducted potentials (Sirota et al., 2003), these
results suggest that SO and HRR are also generated in the hip-
pocampus. Consistent with this, Wolansky et al. (2006) and
Sharma et al. (2010) concluded that hippocampal SO has a local
generator. Their conclusion is due to the fact that (1) SO has a
local maximum at the hippocampal fissure, (2) hippocampal
SO exhibits a small (20°) but significant phase shift across the
hippocampus, (3) CSD analysis reveals sinks and sources
within the hippocampus, and (4) hippocampal SO modulates
local multiunit activity. Similarly, our results are also consis-
tent with Yanovsky et al. (2014), who showed HRR to be gen-
erated in the DG.
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It should be noted that, in deep anesthesia, SO can often dom-
inate LFP activity not only in the neocortex but also in the hip-
pocampus and OB, and the respiration-coupled rhythm may not
be observed even in OB (Fig. 4). This implies that the existence of
a power peak at the same frequency as respiration is not sufficient
to assume the existence of an LFP rhythm coupled to respiration
(Fig. 5A). Instead, our results suggest that (H)RR can only be
confidently assessed when nasal respiration is also simultane-
ously recorded; in particular, the use of OB LFPs as a proxy for
assessing respiratory activity may be misleading in some cases.

In our experiments, HRR vanished with tracheotomy, which
strongly suggests that HRR is not driven by a respiratory central
pattern generator in the brainstem but by a reafferent signal.
Accordingly, in tracheotomized animals, we could restore rhyth-
mic hippocampal activity locked to nasal airflow by delivering air
puffs into the nasal cavity. The rhythmic entrainment of olfactory
receptors in the nasal cavity may be relayed to the hippocampus
by the olfactory system. Indeed, both OB and piriform cortex
display pronounced respiration-coupled rhythmicity (Adrian,
1942; Fontanini et al., 2003). Moreover, both areas project to the
entorhinal cortex (Beckstead, 1978; Wilson and Steward, 1978;
Schwerdtfeger et al., 1990), which is the major sensory relay to the
hippocampus (Steward and Scoville, 1976). Also supporting that
the olfactory system conveys HRR to the hippocampus through
the entorhinal cortex, electrical stimulation of LOT (axons from
OB) and PP (entorhinal axons projecting to DG) evoked hip-
pocampal responses that had identical laminar profiles to HRR.

Ito et al. (2014) have demonstrated the existence of
respiration-coupled oscillations in the whisker barrel cortex of
both anesthetized and awake mice. Consistently, a recent work
has shown that HRR also exists in awake mice (Nguyen Chi et al.,
2016). Similarly to HRR, the respiration-coupled oscillations in
the barrel cortex also depended on nasal airflow, for they were
abolished with tracheotomy (Ito et al., 2014). These results show
that the OB is capable of imposing its rhythmicity onto primary
sensory areas of the neocortex. In addition, here we have found
that respiration-coupled oscillations can also be detected in an-
other neocortical region, namely, the medial prefrontal cortex
(Fig. 6B). Together, these results suggest that the respiratory cycle
may constitute a global signal for neuronal communication
across multiple brain regions. Of note, although SO was not de-
scribed by Ito et al. (2014), up-and-down states also occur in the
barrel cortex during slow-wave sleep and anesthesia (Petersen et
al., 2003). In this sense, similarly to what we reported here for the
hippocampus and medial prefrontal cortex, it is quite possible
that primary neocortical areas also exhibit different types of low-
frequency oscillations.

In conclusion, the bulk of our results solve previous inconsis-
tencies in the literature regarding the entrainment of low-
frequency oscillations to the respiratory cycle, and, in agreement
with previous work (Kepecs et al., 2006; Shusterman et al., 2011;
Smear et al., 2011; Haddad et al., 2013; Ito et al., 2014), suggest
that respiration-coupled network activity may play a role in the
transfer of information between olfactory and higher-order brain
regions.
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Brankačk J, Stewart M, Fox SE (1993) Current source density analysis of the

hippocampal theta rhythm: associated sustained potentials and candidate
synaptic generators. Brain Res 615:310 –327. CrossRef Medline

Burwell RD, Witter MP, Amaral DG (1995) Perirhinal and postrhinal
cortices of the rat: a review of the neuroanatomical literature and com-
parison with findings from the monkey brain. Hippocampus 5:390 – 408.
CrossRef Medline
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Abstract

The synchronization of neuronal oscillations has been suggested as a mechanism to coordinate information flow between distant
brain regions. In particular, the olfactory bulb (OB) and the hippocampus (HPC) have been shown to exhibit oscillations in the
beta frequency range (10–20 Hz) that are likely to support communication between these structures. Here, we further character-
ize features of beta oscillations in OB and HPC of rats anesthetized with urethane. We find that beta oscillations simultaneously
appear in HPC and OB and phase-lock across structures. Moreover, Granger causality analysis reveals that OB beta activity
drives HPC beta. The laminar voltage profile of beta in HPC shows the maximum amplitude in the dentate gyrus (DG), spatially
coinciding with olfactory inputs to this region. Finally, we also find that the respiratory cycle and respiration-coupled field potential
rhythms (1–2 Hz)—but not theta oscillations (3–5 Hz)—modulate beta amplitude in OB and HPC. In all, our results support the
hypothesis that beta activity mediates the communication between olfactory and hippocampal circuits in the rodent brain.

Introduction

The rodent hippocampus (HPC) exhibits local field potential (LFP)
oscillations as result of synchronized activity of its neuronal popula-
tions (Buzs�aki & Draguhn, 2004). The hippocampal subregions dis-
play oscillations of different frequencies, reflecting layer-specific
synaptic inputs (Scheffer-Teixeira et al., 2012; Laszt�oczi &
Klausberger, 2014; Schomburg et al., 2014). Sensorial information
reaches CA1 and dentate gyrus (DG) by means of inputs from the
entorhinal cortex (Steward & Scoville, 1976; Burwell et al., 1995). In
particular, the entorhinal cortex receives monosynaptic inputs from
the olfactory bulb (OB) and the olfactory cortex (Beckstead, 1978;
Wilson & Steward, 1978; Schwerdtfeger et al., 1990). Like the HPC,
olfactory brain regions exhibit prominent LFP oscillations (Kay et al.,
2009). Interestingly, these oscillations can simultaneously occur in the
olfactory system and HPC, thus suggesting that they may be involved
in olfacto-hippocampal communication (Macrides et al., 1982; Kay,
2005; Martin et al., 2007; Lockmann et al., 2016).
Local field potential oscillations in the beta frequency range (10–

20 Hz) have been described in the HPC and olfactory areas of anes-
thetized animals. Adrian first reported that the OB and olfactory

cortex of anesthetized hedgehogs and cats could exhibit beta activ-
ity. Namely, odor stimulation with amyl acetate during urethane
anesthesia induced prominent beta oscillations (Adrian, 1950),
although beta also appeared spontaneously in animals under nembu-
tal anesthesia in the absence of odorants (Adrian, 1942). Moreover,
a subsequent study by Maclean et al. (1952) showed that non-olfac-
tory stimuli—such as salt crystals to the tongue or ear pinching—
could induce beta oscillations in the olfactory cortex of nembutal-
anesthetized rabbits. Importantly, this latter study demonstrated that
beta oscillations occurred in olfactory areas and HPC simultane-
ously. Beta oscillations were also shown to co-occur in the HPC
and OB of urethane-anesthetized rats in response to predator’s odors
or organic solvents (Heale & Vanderwolf, 1994).
While these early studies in anesthetized animals convincingly

demonstrated that beta oscillations may simultaneously occur in
olfactory areas and HPC, several features of olfacto-hippocampal
beta activity remain unexplored. For instance, none of the previous
studies assessed the causal relationship between OB and hippocam-
pal beta oscillations under anesthesia, nor their degree of phase cou-
pling. Additionally, olfacto-hippocampal circuits exhibit three types
of low-frequency rhythms: a slow oscillation (SO) coupled to the
neocortex, theta oscillations, and a respiration-coupled rhythm (RR)
(Wolansky et al., 2006; Viczko et al., 2014; Yanovsky et al., 2014;
Lockmann et al., 2016). But whether these low-frequency rhythms
modulate the amplitude of beta oscillations remains unknown.
Addressing these gaps by modern analysis tools should generate
new insights into the network mechanisms underlying beta activity
under anesthesia; it should also serve as a ground for future compar-
isons with beta activity in wake animals (Martin et al., 2007;
Gour�evitch et al., 2010).
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Here, we recorded LFPs from OB and HPC of rats anes-
thetized with urethane (i.p. injection). In both brain areas, sponta-
neous beta oscillations emerged during the course of anesthesia
while animals breathed room air. Beta oscillations in OB and
HPC occurred simultaneously and had the same peak frequency.
Hippocampal beta activity was phase-coupled to OB beta and
moreover was driven by it. Voltage-depth profile of beta oscilla-
tions revealed maximum amplitude in the DG, coinciding with
olfactory inputs to the HPC. By simultaneously recording nasal
respiration and LFPs, we could demonstrate that respiration phase
modulates beta amplitude in OB and HPC. Furthermore, respira-
tion-coupled neural rhythms in OB and HPC also modulated the
amplitude of local beta oscillations, while the hippocampal theta
rhythm modulated gamma but not beta oscillations. Our results
support earlier studies suggesting that beta activity in the rodent
brain mediates the communication between olfactory and hip-
pocampal circuits.

Materials and methods

Ethics statement

All experimental procedures were approved by the Ethical Commit-
tee for Animal Experimentation of the Federal University of Rio
Grande do Norte (CEUA-UFRN), protocol number 044/2014. The
CEUA-UFRN directives are in compliance with the Brazilian federal
law for animal experimentation.

Subjects

Experiments were performed in six male Wistar rats weighing 300–
420 g provided by the animal facilities of the Brain Institute of the
Federal University of Rio Grande do Norte. The animals were kept
on a 12-h light/dark cycle with food and water available ad libitum.
Data from these same animals have been analyzed in a previous
study (Lockmann et al., 2016).

Surgical procedures

Subjects were anesthetized with intra-peritoneal injections of
500 mg/mL urethane solution (U2500 SIGMA, dissolved in sal-
ine). The total dose of 1.5 g/kg was administered by three injec-
tions separated by 20 min. Rectal temperature was monitored with
a thermometer and maintained at 37–38 °C by a thermal pad.
Anesthesia induction was certified by the absence of withdrawal
reflex to hind paw pinching. Supplemental urethane doses of
0.3 g/kg were administered as needed. Before surgery, 0.5 mL of
lidocaine chlorhydrate 2% was subcutaneously applied in the scalp
for local anesthesia; an intramuscular injection of 0.1 mL of dex-
amethasone 2.5 mg/mL was also applied to prevent brain swelling.
After anesthetic induction, animals were placed in a stereotaxic
frame (RWD Life Science) and a scalp incision was made to
expose the skull.
Multichannel linear probes (see LFP recordings) were used to

record LFPs from the OB (16-channel probe implanted at AP:
+8.5 mm, ML: �1.0 mm) and HPC (32-channel probe implanted
at AP: �3.5 mm, ML: �2.0 mm). The deepest recording sites for
OB and HPC were 1.6 mm and 4.1 mm, respectively. Bipolar
stimulation electrodes were implanted at the lateral olfactory tract
(LOT) (AP: +3.0 mm, ML: �3.5 mm, DV: �6.4 mm) and fixed
with dental acrylic. All recordings were performed in the right
hemisphere.

Respiration recording

An 18-gauge stainless steel cannula placed in the nasal cavity (ac-
cessed through the nasal bone) was used to record nasal air pressure.
The cannula was connected to a pressure sensor (Honeywell
24PCAFA6G), and the output signal was recorded through auxiliary
channels of our recording system (RZ2, Tucker Davis Technolo-
gies). Downward and upward deflections in air pressure recordings
correspond, respectively, to inspiratory and expiratory phases of the
respiratory cycle.

LFP recordings

For simultaneous multisite recordings along the dorsoventral hip-
pocampal axis, we used 32-channel silicon probes (NeuroNexus,
A1x32-5 mm-100-413). Recording sites were 100 lm spaced and
had 28 lm of bare diameter. Signals were amplified and digitized at
24 414 Hz (PZ2 and RZ2, Tucker-Davis Technologies). No digital
filters were applied during the recording. All recordings were refer-
enced to a stainless steel screw placed in the interparietal bone.
LFPs were obtained by offline low-pass filtering (<500 Hz) and
down-sampling to 1 000 Hz.

Electrical micro-stimulation

Bipolar stimulation electrodes consisted of a twisted pair of Teflon-
coated stainless steel wire (7914 AM-Systems) with 1-mm distance
between the tips. Electrical stimuli were generated by a current iso-
lator (ISO-Flex, A.M.P.I.), which was set to deliver 100-ls constant
monophasic current pulses with various amplitudes. The positive
and negative poles of the stimulator were connected, respectively, to
the deepest and the most superficial wire of the bipolar electrode.
The stimulus amplitude was set as the minimum current to evoke a
visible deflection in the raw signal (amplitude range: 100–250 lA).
The stimuli were triggered by TTL pulses (RZ2, Tucker-Davis
Technologies) at 0.05 Hz. The electrical stimulation protocol con-
sisted of a train of 10 stimuli to the LOT (see Surgical procedures
for stereotaxic coordinates). Of note, monophasic electrical stimula-
tion at this amplitude and quantity has been shown to not cause tis-
sue damage (Piallat et al., 2009). Evoked potentials were obtained
by averaging 100-ms LFP segments locked to stimulus onset. The
hilus of the DG was identified as the channel with the highest posi-
tive component of the LOT-evoked potential. The hippocampal fis-
sure was identified as the channel with the maximum theta power
(Brankack et al., 1993).

Perfusion and histology

After the recordings, the animals were transcardially perfused with
0.9% sodium chloride followed by 4% paraformaldehyde. Brains
were removed and stored in 4% paraformaldehyde. 120-lm coronal
sections were made in a vibrating tissue slicer (EMS) and mounted
on glass slides. Electrode tracks were visualized and photographed
in a microscope equipped with epifluorescence (Zeiss); see Lock-
mann et al. (2016) for histological sections.

Data analysis

Spectral analysis

Recorded data were analyzed offline using built-in and custom-
written MATLAB codes (Mathworks). Power spectra were
calculated by means of Welch’s periodogram (built-in MATLAB
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pwelch function). Coherence spectra of signal pairs were computed
using magnitude-squared coherence (built-in MATLAB mscohere
function). Both power and coherence spectra calculations were car-
ried out in 100-s data segments using 10-s Hamming windows with
95% overlap. For group results, we considered the coherence value
at the beta peak frequency.
Time-frequency power decomposition was calculated by means of

the built-in MATLAB spectrogram function, using 10-s sliding
Hamming windows with 95% overlap. The mean beta band power
shown in Fig. 1 was computed by averaging the power in the 10–
20 Hz frequency band of the spectrogram.

Autoregressive power spectrum and Granger causality analysis

Granger causality analysis measures whether the past of a time ser-
ies X is useful to forecast the present of a time series Y and is based
on autoregressive modeling. In our dataset, Granger causality spectra
provided frequency-specific causal effects between OB and hip-
pocampal LFPs. To compute autoregressive and Granger spectra, we
used the MVGC MATLAB toolbox (Barnett & Seth, 2014; available
online at http://users.sussex.ac.uk/~lionelb/MVGC/). The algorithm
was applied to 50-s LFP periods, down-sampled from 1000 Hz to
100 Hz. The results we report in Fig. 3 were obtained with a fixed
model order of 50, which was above the Akaike Information

Criterion and provided a good frequency resolution. Similar results
were obtained with different orders (25, 50, 100, 150, and 200).

Laminar profile

The laminar profile is a plot of the average amplitude of an oscilla-
tion as a function of recording depth. For estimating the laminar
profile of beta oscillations, we selected for each animal a 100-s per-
iod with high beta power. LFPs were filtered between 10 and 20 Hz
using the eegfilt function (Delorme & Makeig, 2004). For each
channel, the beta-triggered LFP average was obtained as follows:
We first localized the time stamps associated with the peaks of the
beta oscillation (built-in MATLAB findpeaks function); we then
extracted non-overlapping 250-ms filtered LFP epochs centered on
these time stamps; finally, the average beta trace was obtained by
computing the mean over all 250-ms epochs. Current source density
(CSD) was estimated as the negative of the second spatial derivative
of the average beta trace. This method has been firstly described by
Nicholson & Freeman (1975) and applied to hippocampal recordings
by Brankack et al. (1993). The CSD at time t and position z is
defined as

CSDðz; tÞ ¼ �Xðzþ h; tÞ þ 2Xðz; tÞ � Xðz� h; tÞ
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Fig. 1. Beta oscillations occur simultaneously in olfactory bulb (OB) and hippocampus (HPC). (A) Example time-frequency power analysis of local field
potential (LFPs) recorded from OB and HPC in a representative rat. White arrows indicate an epoch of prominent beta oscillations. Bottom traces show mean
beta band (10–20 Hz) power. Beta power increases/decreases simultaneously in OB and HPC. Red dashed lines indicate the 100-s epoch analyzed in C. (B)
Raw LFP traces showing concomitant beta oscillatory activity in OB and HPC. (C) Linear correlation between OB and HPC beta band power for the example
in A (power computed in fifty non-overlapping 2-s windows). (D) Box plot distribution of correlation coefficients across animals (n = 6).
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where X(z,t) is the average beta trace computed for the probe con-
tact located at z and h is the distance between contacts (100 lm).
Note that the CSD is not estimated for the first and last contacts.

Cross-frequency coupling analysis

To assess cross-frequency coupling in OB and hippocampal LFPs,
we used the framework previously described by Tort et al. (2010).
Phase-amplitude plots were computed using 20° phase bins, using
either respiration, HRR, or theta phase. The mean amplitude in each
phase bin was normalized by the sum across bins, so that amplitude
values in each plot sum to 1. This procedure corrects for differences
in absolute beta amplitude among animals.
The phase-amplitude modulation index (MI) quantifies the devia-

tion of the empirical phase-amplitude distribution from the uniform
distribution, which corresponds to the lack of coupling. The comod-
ulation maps were obtained by computing the MI between multiple
band-filtered frequency pairs.

Statistics

Group data are expressed as mean � standard error mean (SEM).
Statistical differences were assessed by paired t-test (built-in
MATLAB t-test function). Correlation coefficient shown in Fig. 1
was computed using MATLAB corrcoeff built-in function.

Results

Hippocampal beta oscillations are phase-coupled to and
driven by OB beta

We analyzed data from six urethane-anesthetized rats freely breath-
ing room air. Data consisted of recordings of nasal respiration along
with LFPs from the OB and HPC. In both regions, LFPs were
recorded through multisite linear probes (see Materials and Meth-
ods). The dataset was part of a previously published study, in which
we described different types of hippocampal slow rhythms (<5 Hz)
under urethane anesthesia (Lockmann et al., 2016). Here, we char-
acterized a faster rhythm in the 10–20 Hz frequency band, which
we refer to as beta to be consistent with the terminology used in
previous studies (Vanderwolf & Zibrowski, 2001; Kay et al., 2009).
The following results were obtained from LFP periods in which the
HPC exhibited prominent beta activity; for each region, the channel
with the highest beta power was selected.
Figure 1A shows time-frequency power analysis of OB and HPC

LFPs in an example epoch of beta activity—evident as a temporary
power increase in the 10–20 Hz frequency band. Raw LFPs during
such epochs displayed large voltage oscillations in the beta fre-
quency range in OB and HPC (Fig. 1B). The time courses of beta
band power in both brain regions were strikingly similar (Fig. 1A,
lower panel). Consistently, the scatter plot of beta power in OB vs.
HPC confirmed a positive correlation between the two variables
(mean correlation coefficient: 0.805 � 0.052, n = 6 rats; Fig. 1C
and D). Moreover, beta activity in both regions had the same peak
frequency (Fig. 2A), ranging from 11.99 to 14.39 Hz
(13.16 � 0.39, n = 6 rats). Additionally, phase coherence spectrum
between OB and HPC LFPs peaked at the same beta frequency
as in the power spectrum (mean coherence: 0.63 � 0.06; Fig. 2B
and C), thus showing that OB and HPC beta oscillations are phase-
locked.
We next investigated whether beta activity originates in the OB

or the HPC using Granger causality analysis. To avoid causality bias

due to power differences, we selected 100-s LFP epochs in which
OB and HPC had similar levels of beta power. Figure 3A shows
power spectra for such periods computed by autoregressive (AR)
modeling. As in the Fourier spectral analysis in Fig. 2A, beta in
the AR spectra had the same peak frequency in OB and HPC
(Fig. 3A). In agreement with our selection criteria, mean AR beta
power between regions showed no significant difference (Fig. 3B;
n = 6 rats, t(5) = 0.1662, P = 0.87, paired t-test). Interestingly,
directionality analysis revealed that OB caused beta oscillations in
HPC: OB-to-HPC Granger causality spectrum had a much greater
peak in the beta frequency range than HPC-to-OB causality
(Fig. 3C). Across animals, Granger causality in the beta range was
significantly higher for OB-to-HPC compared to HPC-to-OB direc-
tionality (n = 6 rats, t(5) = 3.2817, P = 0.02, paired t-test;
Fig. 3D).
In all, these results show that HPC and OB beta oscillations occur

simultaneously, have the same peak frequency, and phase-lock.
Moreover, HPC beta is driven by OB beta.

Laminar profile of hippocampal beta oscillations

The HPC receives layer-specific synaptic inputs which give rise to
distinct oscillatory patterns (Scheffer-Teixeira et al., 2012; Laszt�oczi
& Klausberger, 2014; Schomburg et al., 2014). The results reported
in the previous section considered only one of the 32 channels of
the linear probe implanted in the HPC (the one with highest beta
power). We next proceeded to analyze all probe channels in order to
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estimate the voltage-depth profile of beta oscillations along the hip-
pocampal dorsoventral axis.
The OB and the olfactory cortex project to the entorhinal cortex,

which is the major source of olfactory information to the HPC via
the perforant pathway. Accordingly, electrical stimulation of the
LOT—the main axonal bundle leaving the OB—evokes a potential
in HPC with the maximum amplitude at the hilus of DG (Wilson &
Steward, 1978; Yanovsky et al., 2014). As expected, upon LOT
stimulation, we found a well-defined region of high-amplitude posi-
tive evoked potentials, anatomically corresponding to the DG hilus
(Fig. 4A left). We then computed the distribution of beta amplitude
across the dorsoventral axis of the HPC. Interestingly, we found that
beta oscillations have a laminar profile similar to LOT-evoked
potentials, also exhibiting maximum amplitude at the DG hilus
(Fig. 4A right and 4D left).
To confirm that hippocampal LOT-evoked potentials and beta

oscillations reflected local synaptic currents—and not volume con-
duction from other areas—we carried out current source density
analysis (CSD, see Materials and Methods) in the same LFP seg-
ments as analyzed in Figs. 1 and 2. CSD revealed that beta oscilla-
tions and LOT-evoked potentials have current sinks and sources in
the DG (Fig. 4B). Consistently, we also found that LFP beta phase

reverses from the hippocampal fissure to the DG hilus (Fig. 4C)
and that OB-HPC beta coherence is lowest at the fissure (Fig. 4D
right).
These results suggest that beta propagates from OB to down-

stream areas through the LOT and probably reaches the HPC by
means of entorhinal inputs to the DG.

Nasal respiration and respiration-coupled LFP rhythms
modulate the amplitude of beta oscillations

The phase of low-frequency LFP oscillations can modulate the
amplitude of faster oscillations (Colgin et al., 2009; Tort et al.,
2009). During urethane anesthesia, the rat HPC exhibits three differ-
ent rhythms with peak frequencies lower than 5 Hz: theta (~ 4 Hz),
slow oscillations (SO, ~0.7 Hz) coupled to the neocortical up-and-
down states, and a rhythm coupled to nasal respiration (HRR, ~
1.2 Hz) (Wolansky et al., 2006; Lockmann & Belchior, 2014;
Yanovsky et al., 2014; Lockmann et al., 2016). In our dataset, beta
oscillations did not co-occur with SO, but co-occurred with HRR
and theta.
The hippocampal beta described here and the previously described

HRR (Yanovsky et al., 2014; Lockmann et al., 2016) have common
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features: Each rhythm couples to a similar rhythm in OB and has
the maximum amplitude in the DG hilus. In five of our six ani-
mals, we found epochs in which beta oscillations coexisted with
respiration-coupled LFP rhythms in OB and HPC (Fig. 5A-C). We
then investigated whether the phase of the respiratory cycle modu-
lates the amplitude of beta oscillations during these epochs. Note-
worthy, beta activity was not continuous; rather, it emerged at
regular intervals coinciding with the troughs of the nasal respira-
tion signal. Phase-amplitude plots revealed that indeed beta ampli-
tude coupled to a preferred phase of the respiratory cycle, both in
OB and HPC (Fig. 5C left). To assess the coupling between respi-
ration phase and other LFP frequencies, we computed comodula-
tion maps—bidimensional representations of the modulation index
(MI) for different pairs of phase and amplitude frequencies (Tort
et al., 2010). The comodulation maps showed that respiration
phase preferentially modulates the amplitude of beta oscillations in
OB and HPC (Fig. 5C middle). To assess the statistical signifi-
cance of actual coupling levels, we compared them with a proba-
bility distribution of MIs obtained from 200 surrogate LFP
segments (see Materials and Methods). Figure 5C shows the surro-
gate probability distribution of MIs along with the actual MI

values; notice that the latter are greater than the chance distribution
for the example LFPs. Beta-respiration coupling was significant in
all animals (Fig. 5D; z-scored MI > 1.96). Moreover, when com-
puting average LFPs triggered by the beta peaks, we observed
clear beta oscillations coupled to respiratory cycles in the average
trace (not shown), thus ruling out the possibility of spurious cou-
pling due to sharp deflections of the LFP signal (Kramer et al.,
2008).
Finally, we analyzed phase-amplitude coupling during periods

in which HRR, theta, and beta oscillations simultaneously
occurred, found in four of six animals. Consistent with previous
reports (Yanovsky et al., 2014; Lockmann et al., 2016), theta was
the predominant oscillation in CA1, while HRR dominated in DG
(Fig. 6A top). Comodulation maps and phase-amplitude plots
computed for CA1 and DG LFPs revealed that theta preferentially
modulated the amplitude of gamma in CA1, while in DG HRR
preferentially modulated the amplitude of beta oscillations
(Fig. 6A-C).
These results suggest that the network mechanisms underlying

beta and HRR are related and likely differ from the mechanisms
underlying theta and gamma.
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Discussion

In this study, we characterized LFP beta oscillations (10–20 Hz) in
the HPC of urethane-anesthetized rats. We showed that HPC beta
phase-locks to co-occurring OB beta and moreover is driven by it.
Laminar analysis of voltage recorded from different channels in lin-
ear probes revealed that beta oscillations have the maximum ampli-
tude at the DG hilus, the same region where inputs carrying
olfactory information arrive in the HPC. Furthermore, we found that
the respiratory cycle itself and respiration-coupled LFP rhythms—
but not theta—modulate the amplitude of beta oscillations.
Early studies in anesthetized animals have described oscillations

in the 12–30 Hz range—by then not called beta—which were
prominent in the olfactory system and could reach the HPC.
Namely, Adrian (1942, 1950) reported 15–20 Hz waves in the OB
and olfactory cortex of anesthetized hedgehogs, while Maclean et al.
(1952) was the first to show 12–20 Hz oscillations in the HPC of
anesthetized rabbits, which co-occurred with a similar oscillation in
the olfactory cortex. Heale & Vanderwolf (1994) also described
simultaneous 15–30 Hz ‘fast waves’ in the DG and OB of
anesthetized rats. While these papers demonstrated the co-occurrence

of beta activity in the olfacto-hippocampal circuit, they have not
explored their features in further details due to technological limita-
tions at the time. Our results complement these early studies by
showing that simultaneous OB and HPC beta oscillations in
urethane-anesthetized rats have the same peak frequency and phase-
couple (Figs. 1 and 2) and also that OB drives beta activity in the
HPC (Fig. 3). Of note, previous studies in freely behaving rats have
reported similar results to ours. For instance, Martin et al. (2007)
showed OB–HPC coherence in the beta frequency range during
odorant sampling in go/no-go tasks. Moreover, OB beta was shown
to drive HPC beta oscillations in a similar task (Gour�evitch et al.,
2010). In contrast to our results, Wilson & Yan (2010) reported that
the HPC would drive OB beta oscillations. However, differently
from us, they seem not to have analyzed LFP periods of prominent
beta activity; for instance, beta oscillations were not evident in the
raw signal and beta coherence in their data was rather low.
The OB and dorsal HPC communicate to each other by means of

feedback and feedforward polysynaptic projections (Steward &
Scoville, 1976; Beckstead, 1978; de Olmos et al., 1978; Wilson &
Steward, 1978; Schwerdtfeger et al., 1990). Projections from the
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OB reach the entorhinal cortex, the main gateway to the HPC, both
directly and after a relay in the piriform cortex (Wilson & Steward,
1978). Similarly, the HPC projects back to the entorhinal cortex,
which in turn sends connections to olfactory structures (Insausti et al.,
1997). Although the dorsal HPC and the OB do not communicate
through monosynaptic pathways, the dorsal HPC drives theta oscilla-
tions in OB (Nguyen Chi et al., 2016), and the OB drives beta oscilla-
tions in the dorsal HPC (present results and Gour�evitch et al., 2010).
Interestingly, Neville & Haberly (2003) demonstrated that OB beta
depends on feedback projections from the olfactory cortex. Therefore,
rhythmicity in one area can influence the other area through polysy-
naptic pathways. Of note, monosynaptic feedback projections were
shown to connect the ventral HPC to the OB (van Groen & Wyss,
1990; Guly�as et al., 1998), but whether oscillations in these regions
are functionally coupled remains to be investigated.
While in non-anesthetized studies beta oscillations were elicited

by odorant sampling (Martin et al., 2007; Gour�evitch et al., 2010),
they are not strictly evoked by odorants. For example, the beta
bursts observed by Adrian (1942) could occur in the absence of
odorant stimulation, but, importantly, not in the absence of rhythmic
nasal airflow. In fact, tracheal respiration abolished beta oscillations,
which were restored by intranasal puffs of clean air. The subsequent
paper of Maclean et al. (1952) also reported the emergence of beta
oscillations during non-olfactory stimulation such as ear pinching
and salt crystals delivered to the tongue. Supporting these results,
we found that HPC beta activity occurs in the absence of odorant
stimulation and is strongly modulated by the phase of nasal respira-
tion (Fig. 5). Indeed, in vitro experiments of Grosmaitre et al.
(2007) showed that olfactory sensory neurons in the nasal cavity
respond to mechanical stimuli, thus suggesting that nasal airflow
alone may be sufficient to activate downstream olfactory regions.
Consistently, we have previously demonstrated that rhythmic nasal
airflow entrains an LFP oscillation coupled to breathing cycles in
the olfactory bulb (RR) and HPC (HRR) (Lockmann et al., 2016),
and here we further showed that HRR phase modulates the ampli-
tude of HPC beta (Fig. 6).
Beta oscillations in freely behaving rats have been studied in the

context of olfactory coding and learning. Noxious odorants, like
toluene, evoke strong beta oscillations in the olfactory system and
HPC, which are more prominent in DG than CA1 (Vanderwolf,
1992; Chapman et al., 1998). During olfactory go/no-go tasks, the
sampling of some odorants increases beta power in OB and HPC,
and the learning of odor discrimination is associated to higher OB-
HPC coherence in the beta frequency range (Martin et al., 2007).
On the other hand, the latter study also showed that rats learn to dis-
criminate odors irrespectively of the power of beta oscillations. As
different odorants induce beta oscillations of variable power (Martin
et al., 2007), and some non-odorant stimuli can also induce promi-
nent beta (Maclean et al., 1952), whether beta oscillations are neces-
sarily related to olfactory coding seems controversial. Furthermore,
it has been shown that HPC beta power increases during exploration
of novel objects (Franc�a et al., 2014) or novel environments (Berke
et al., 2008), but not when the same objects or environments
became familiar. This indicates that HPC beta is not only related to
the coding of sensory features but also to novelty detection.
An intriguing question is what network mechanisms determine

the emergence of beta activity in the olfacto-hippocampal circuit.
Interestingly, Heale & Vanderwolf (1995) showed that atropine
and scopolamine abolish DG beta oscillations evoked by toluene,
thus suggesting that acetylcholine may be involved in the gating
of OB-HPC beta coupling. In turn, this finding may be related to

the observed beta activity during novel experiences (Berke et al.,
2008; Franc�a et al., 2014) and to our present results showing co-
occurrence of beta activity along with urethane-induced theta oscil-
lations, a brain state known to depend on cholinergic transmission
(Kramis et al., 1975). Moreover, we did not observe beta oscilla-
tions during SO periods, a brain state previously shown to be
interrupted by cholinergic activation (Steriade et al., 1993; Steri-
ade, 2004).
Previous studies on beta oscillations in HPC have recorded from

different subregions (Heale & Vanderwolf, 1994; Chapman et al.,
1998; Martin et al., 2007; Berke et al., 2008; Franc�a et al., 2014;
of note, the seminal work by Adrian, 1942, 1950 and Maclean
et al., 1952 did not report the recorded subregion). Vanderwolf
(1992) was the only one to compare beta power in single wire
recordings from different HPC subregions of freely behaving rats
and found that beta was much more prominent in the DG than in
CA1. In our study, we performed multisite recordings to obtain a
detailed picture of the variations of beta amplitude along the HPC
dorsoventral axis. In agreement with Vanderwolf (1992), we found
that beta oscillations have highest amplitude and phase reverse in
the DG (note that volume conduction from other brain regions
would affect all electrodes of the linear probe, and not only the
DG electrodes). We also demonstrated through CSD analysis that
local synaptic currents are likely to generate beta oscillations in
the DG. Importantly, current sinks/sources were induced in the
same site by electrical stimulation of the LOT, further confirming
that beta is conveyed to downstream regions by axons leaving the
OB (Fig. 4). Altogether, these results strongly suggest that hip-
pocampal beta oscillations are not volume conducted from other
brain regions.
Respiration and respiration-coupled rhythms have been previ-

ously shown to modulate the amplitude of beta oscillations in the
olfactory system. Adrian (1942) observed that beta oscillations in
OB and pyriform cortex appeared as bursts at each inspiration.
More recently, Buonviso et al. (2003) and Cenier et al., 2009
reported that the respiration-coupled LFP rhythm (RR) in the OB
modulates the amplitude of local beta oscillations. During urethane
anesthesia, the rat HPC exhibits different low-frequency oscillations
(< 5 Hz), including SO, theta, and a respiration-coupled rhythm
(HRR) coherent with the RR in OB (Lockmann et al., 2016). Con-
sistent with Buonviso et al. (2003), here we found that HRR mod-
ulates beta amplitude in HPC. In addition, we showed that neither
theta oscillations nor SO modulates beta (in fact, SO and beta did
not coexist in our dataset).
In all, our results indicate that related network mechanisms gener-

ate beta and respiration-coupled LFP oscillations in the olfactory
regions of the rodent brain. In the HPC, both HRR (Nguyen Chi
et al., 2016) and beta (present results) are driven by coherent oscil-
lations at the same frequencies in OB. We speculate that (H)RR-beta
coupling across the olfacto-hippocampal circuit may mediate the
interaction between sensory and memory networks.
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Dear Editor,

We read with great interest the article “Prefrontal–hip-
pocampal coupling by theta rhythm and 2–5 Hz oscillation 
in the delta band: The role of the nucleus reuniens of the 
thalamus” by Roy et al. (2017), published in Brain Structure 
and Function. The communication between the hippocampus 
and prefrontal cortex (PFC) is crucial for memory forma-
tion (Colgin 2011). Previous studies have shown that local 
field potentials (LFPs) in the PFC and hippocampus may 
synchronize in the theta-frequency range (4–10 Hz) (Jones 
and Wilson 2005; Sigurdsson et al. 2010; Benchenane et al. 
2010). Since theta is generated in the hippocampus (Buzsáki 
2002; Sirota et al. 2008), it is possible that these oscilla-
tions mediate information flow from this region to the PFC. 
Recording from urethane-anesthetized rats, Roy et al. (2017) 
have found a new 2–5 Hz oscillation and suggested that it 
mediates information transfer in the other direction, namely, 
from the PFC to the hippocampus, via a relay in the thalamic 
nucleus reuniens.

Interestingly, rodents breathe at the delta-frequency 
range (~ 0.5–4 Hz) during anesthesia (Clement et al. 2008), 
therefore, at overlapping frequencies with the oscillations 
described by Roy et al. (2017). Rhythmic airflow is known 
to activate receptors in the nasal cavity and drive a promi-
nent respiration-coupled LFP rhythm (RR) in olfactory brain 
areas such as the olfactory bulb and piriform cortex (Adrian 
1942; Fontanini et al. 2003). The piriform cortex projects 
directly to the PFC (Clugnet and Price 1987) and indirectly 
to the hippocampus, after a relay in the entorhinal cortex 
(Wilson and Steward 1978).

We have recently characterized three different types of 
low-frequency oscillations < 6 Hz in LFPs from the olfactory 

bulb, hippocampus, and PFC of urethane-anesthetized rats 
(Lockmann et al. 2016), the same experimental preparation 
as in Roy et al. (2017). By simultaneously assessing air pres-
sure in the nasal cavity of these animals, we could demon-
strate that one of the three oscillations actually corresponded 
to RR: it had the same frequency as and phase-locked to the 
breathing cycles (the other two oscillations corresponded 
to up-and-down state transitions and theta oscillations; 
Lockmann et al. 2016). We further showed that respiration-
entrained LFP oscillations were abolished by tracheostomy 
and restored by rhythmic air puffing into the nasal cavity; 
moreover, in the hippocampus, RR had the maximum ampli-
tude in the dentate gyrus hilus, the anatomical site where 
olfactory inputs impinge (Lockmann et al. 2016).

Along with other recent papers in mice (Ito et al. 2014; 
Yanovsky et al. 2014; Nguyen Chi et al. 2016; Zhong et al. 
2017; Biskamp et al. 2017; Tort et al. 2017), there is now 
solid evidence demonstrating the existence of respiration-
coupled LFP oscillations in several regions of the rodent 
brain, not restricted to the olfactory areas. Importantly, RR 
is particularly prominent in frontal regions (Zhong et al. 
2017; Biskamp et al. 2017; Tort et al. 2017). Roy et al. 
(2017) called the new rhythm as “2–5 Hz oscillation” (as 
stated in the title), because its peak frequency increased 
with arousal induced by electrical stimulation of the reticu-
lar nucleus pontis oralis (RPO, their Fig. 3), though at the 
highest stimulation intensity, the peak frequency was ~ 4 Hz 
(their Fig. 3d). Interestingly, the level of arousal also influ-
ences respiratory rate, and tail pinching has been previously 
shown to increase RR frequency (see examples in Yanovsky 
et al. 2014 and; Lockmann et al. 2016). In the absence of 
RPO stimulation, Roy et al. (2017) actually found an oscil-
lation around 2 Hz (their Fig. 1), closer to the ~ 1.5 Hz peak 
frequency of the RR reported in Lockmann et al. (2016). 
Moreover, as shown in their Fig. 6, hippocampal–prefron-
tal coherence also peaked at ~ 2 Hz. Of note, Roy et al. 
(2017) called “wide-band delta activity” what we and oth-
ers have called the “slow oscillation” (SO) associated with 
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Fig. 1  Slow oscillatory patterns in the hippocampus and medial 
prefrontal cortex of urethane-anesthetized rats. a Time–frequency 
power analysis of nasal pressure (top) and LFP signals from the hip-
pocampus (middle) and medial prefrontal cortex (mPFC, bottom) of a 
urethane-anesthetized rat, showing a transition from slow oscillation 
(SO) to theta. The harmonic peaks in the nasal respiration spectrum 
are due to the non-sinusoidal shape of the respiration cycles. Notice 
that both brain regions exhibit a respiration-coupled LFP rhythm 
(RR) at the same frequency as nasal respiration (~ 1.5 Hz). b Power 
spectra (black traces) of the nasal pressure signal (top) and LFPs from 
the hippocampus (middle) and mPFC (bottom) during SO (left) and 

theta (right) periods. Gray traces depict coherence spectra between 
nasal respiration and LFP signals. Notice high coherence at the respi-
ration frequency and its harmonics. c Time–frequency power analysis 
of LFP signals from the hippocampus (top) and mPFC (bottom) in a 
urethane-anesthetized rat during a similar SO-to-theta transition as in 
(a). d Power spectra of LFPs from the hippocampus (red) and mPFC 
(blue). Notice that the 2–5 Hz oscillation is strikingly similar to the 
RR shown in (a) and (b). a, b Computed de novo using data previ-
ously published in Lockmann et al. (2016). c, d Modified from Roy 
et al. (2017)
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up-and-down state transitions (Wolansky et al. 2006; Sharma 
et al. 2010; Viczko et al. 2014). During spontaneous theta-
SO transitions, both the RR in Lockmann et al. (2016) and 
the 2–5 Hz oscillation in Roy et al. (2017) were faster than 
SO and slower than theta. We reproduce these findings in 
Fig. 1.

Although Roy et al. (2017) did not measure respiration 
in their experiments, the striking similarities with our find-
ings (Fig. 1) suggest that the 2–5 Hz oscillation observed in 
the hippocampus and PFC by Roy et al. (2017) corresponds 
to RR, i.e., network activity entrained by nasal respiration. 
The recent boom of studies recording from these same brain 
regions has described RRs in both awake (Heck et al. 2016; 
Nguyen Chi et al. 2016; Tort et al. 2017; Zhong et al. 2017; 
Biskamp et al. 2017) and anesthetized (Yanovsky et al. 2014; 
Lockmann et al. 2016) rodents. In particular, Nguyen Chi 
et al. (2016) demonstrated that RR in head-fixed awake 
mice follows respiration rates from 2 Hz (immobility) to 
10 Hz (running), while Biskamp et al. (2017), Zhong et al. 
(2017), and Tort et al. (2017) have all shown that RR is a 
prominent rhythm in the PFC of freely behaving mice. Alto-
gether, these findings indicate that nasal respiration imposes 
low-frequency (< 10 Hz) rhythmicity in several regions of 
the rodent brain, whose exact peak frequency depends on 
breathing rate.

In short, we congratulate Roy et al. (2017) for the very 
interesting work. Our intention with this letter is simply to 
call attention to the possibility that the 2–5 Hz oscillation 
reported by these authors would be the same as the respira-
tion-entrained oscillations we and others have been describ-
ing. We particularly believe this is the case. At any event, 
these observations reinforce the importance of tracking nasal 
respiration along with electrophysiological recordings.
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DISCUSSION

The main question of this thesis was whether oscillations emerging in the olfactory system 

could entrain LFP rhythms in hippocampal networks. To address this question, we 

analyzed hippocampal LFPs recorded from urethane-anesthetized rats in different 

experiments: 

1. Recordings from multiple brain regions (6 rats);

2. Recordings from different hippocampal layers (6 rats);

3. Recordings from animals breathing through a reversible tracheostomy (6 rats).

Our first question was whether ~ 1 Hz LFP rhythms in the hippocampus of urethane-

anesthetized rats coupled to olfactory RR or to neocortical SO. To address this question, 

we carried out the first set of experiments, in which we recorded LFPs from multiple brain 

regions using single wires (paper 2, figure 1). RR was defined as an LFP rhythm that had 

the same frequency as respiration and phase-coupled to it. Thus, to control for the 

occurrence of RR we always have recorded nasal pressure signals simultaneously with 

LFP in all the experiments. Furthermore, all the experiments included olfactory bulb (OB) 

LFP recordings as a positive control for the occurrence of RR in olfactory brain regions. 

We found that indeed ~ 1.5 Hz hippocampal RR (HRR) intermittently appeared in our 

recordings (paper 2, figures 2, 3, 4 and 6).

We speculated whether the intermittent emergence of HRR would be correlated with the 

alternations of LFP oscillatory state, typical of urethane anesthesia. It has been reported 

that under urethane, LFPs alternate between two mutually exclusive oscillatory states: (1) 

“activated” state, when the hippocampus is dominated by theta oscillations (~ 4 Hz); (2) 
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“deactivated” states, when the neocortex is dominated by slow oscillations (SO, ~ 1 Hz). 

The occurrence of activated states was detected by recording LFPs from the CA1 

subregion, where the amplitude of theta oscillations is the largest across the hippocampal 

layers (paper 2, figure 10), while deactivated states were detected by the occurrence of 

SO in medial prefrontal cortex LFPs (four out of six rats, paper 2, figures 4, 5, 6 and 8). 

Interestingly, our results demonstrated that the occurrence of HRR is independent of the 

oscillatory state, and HRR could co-exist with both theta (paper 2, figure 2) and SO (paper 

2, figure 6). 

Our finding that HRR co-exists with SO is particularly important (paper 2, figure 6). Some 

authors have defended that during deactivated states the brain is closed to sensorial 

inputs from the periphery (Timofeev & Steriade, 1996; Timofeev et al., 2000). Indeed, the 

term “deactivated” derives from the fact that the neocortex responds less to sensorial 

inputs from the thalamus when exhibiting SO (Timofeev et al., 1996). Further supporting 

this hypothesis, preparations of the neocortex isolated from the thalamus - like slices and 

slabs - exhibit SO activity (Sanchez-Vives & McCormick, 2000; Timofeev et al., 2000). The 

existence of RR in the hippocampus (paper 2) and in the medial prefrontal cortex (paper 4)

during deactivated states, however, opposes the hypothesis of a brain closed to sensory 

inputs. HRR is an LFP rhythm originated by the rhythmic depolarization of sensory 

neurons in the nasal cavity. Different from other sensory systems, however, the olfactory 

system can reach the neocortex and the hippocampus without a thalamic relay (Fontanini 

& Bower, 2006). This result suggests that the olfactory system has a particular network 

mechanism for gating projections to downstream brain regions. 

The co-existence of SO and HRR we reported here is also relevant for another debate. 

Namely, there was a controversy (reviewed in paper 1) on whether low-frequency ~ 1 Hz 
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oscillations in the rat hippocampus coupled to neocortical SO or to olfactory system RR. 

Our results demonstrate that the deactivated hippocampus indeed couples to both 

networks. This controversy was raised by two studies published at the beginning of 2014 

in The Journal of Neuroscience, which investigated the entrainment of the hippocampal 

LFPs by rhythmic nasal respiration in urethane-anesthetized rodents. Interestingly, these 

two studies reported exactly opposite results: Viczko et al. state that hippocampal slow 

oscillations do not couple to the respiratory cycles, (“Lack of Respiratory Coupling with 

Neocortical and Hippocampal Slow Oscillations”), while Yanovsky et al. claim they do 

(“Slow Oscillations in the Mouse Hippocampus Entrained by Nasal Respiration”). Why did 

they reach opposite conclusions? As we review in paper 1, there are important differences 

in their experimental designs. They used different species (mouse vs rat), recorded from 

different hippocampal subregions (DG vs CA1) and analyzed different states of urethane 

anesthesia (activated vs deactivated). 

Yanovski et al. investigated oscillations in the DG of urethane-anesthetized mice during 

activated states. In this preparation, they found that two distinct oscillations in the theta 

frequency range can simultaneously exist in the hippocampus: (1) the classically described

theta oscillation, which had peak frequency ~ 4.5 Hz, maximum amplitude in the CA1 

fissure and was abolished by atropine; (2) HRR, an oscillation that had the same 

frequency as respiration (~ 3.5 Hz), had maximum amplitude in the DG and was abolished

by tracheotomy. We confirmed the findings of Yanovsky et al., and showed that HRR (~ 1 

Hz) co-exists with theta (~ 4 Hz) in urethane-anesthetized rats (paper 2, figure 2). 

Untangling HRR from theta was easier in our case. Different from mice, the breathing 

frequency of anesthetized rats (~ 1 Hz) does not overlap with the frequency of theta 

oscillations. HRR in rats would, otherwise, overlap in frequency with SO. 
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Viczko et al. looked for respiration-coupled oscillations in the CA1 of urethane-

anesthetized rats during deactivated states - when HRR and SO would have overlapping 

peak frequencies ~ 1 Hz. Their study demonstrated that the ~ 1 Hz hippocampal oscillation

phase-couples to neocortical SO, but not to the breathing cycles. On the contrary, they 

showed that ~ 1 Hz oscillations in the OC phase-coupled to the breathing cycles. They 

concluded that RR exists during deactivated states, but it is limited to primary olfactory 

brain regions and does not reach the hippocampus. We partially support their conclusions.

In agreement with them, we have found some deactivated periods in which polymodal 

brain regions - namely, the hippocampus and medial prefrontal cortex - couple exclusively 

to neocortical SO (paper 2, figure 4). However, we also convincingly demonstrated the 

existence of RR in these brain regions either during activated (paper 4, figure 1) or 

deactivated (paper 2, figure 6) states of urethane anesthesia. Supporting our findings, 

several other studies in awake and anesthetized mice have recently shown RR in non-

olfactory brain regions, like the hippocampus (Yanovsky et al., 2014; Nguyen Chi et al., 

2016), prefrontal cortex (Biskamp et al., 2017; Zhong et al., 2017; Karalis & Sirota, 2018; 

Moberly et al., 2018; Tort et al., 2018), whisker barrel cortex (Ito et al., 2014), primary 

visual and somatosensory cortices (Rojas-Líbano et al., 2018; Cavelli et al., 2018). 

Therefore, we oppose the claim of Viczko et al. that RR is limited to primary olfactory 

structures.

The inappropriate use of the term “slow oscillation” by Yanovsky et al., when referring to 

HRR, may have brought some confusion to the debate. Curiously, they were the authors 

who dubbed the term HRR to refer to oscillations coupled to respiration. Actually, they call 

HRR a “slow oscillation” because it is slower than the concurrent theta oscillations. The 

use of the term by Viczko et al. is indeed the appropriate: In line with the original meaning 

coined by Mircea Steriade in the 90’s - and lately used by several other authors (Wolansky
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et al., 2006; Clement et al., 2008; Schall et al., 2008; Sharma et al., 2010; Pagliardini et 

al., 2012) -, they use “slow oscillations” to refer to the “up-and-down” fluctuations that are 

locally generated in the neocortex during deactivated periods of anesthesia. 

One may ask why Viczko et al. did not report hippocampal RR in their article. Like us, they 

recorded LFPs from the hippocampus of urethane-anesthetized rats. We believe there are 

two reasons for that. Firstly, HRR amplitude varies across hippocampal layers. The study 

of Yanovsky et al. and ours (paper 2, figure 9) demonstrated that HRR is much more 

prominent in the DG as compared to CA1. Viczko et al. recorded only from the CA1 

subregion. Secondly, HRR does not appear all the time. Our results show that the 

percentage of deactivated periods with HRR is variable between the rats - of note, some 

rats did not exhibit HRR at all (article 2, figure 7). Interestingly, all the rats of our dataset 

exhibited HRR during activated periods. Viczko et al., however, excluded the activated 

periods from their analyses. We also speculate that the depth of anesthesia may influence 

the gating of respiratory inputs to the hippocampus. Maybe, the rats in the study of Viczko 

et al. reached a level of anesthesia deeper than ours, thus precluding the appearance of 

HRR. Also, different from us, their study used Sprague Dawley rats, induced the 

anesthesia firstly with isoflurane, used a slightly higher dose of urethane and injected it 

through a venous catheter. 

The findings of Viczko et al. and ours oppose the hypothesis raised by Fontanini & Bower 

(2006), which states that the low-frequency oscillation entraining widespread forebrain 

regions during slow wave sleep and deep anesthesia is an RR. In other words, they stated

that SO is the same as RR. This proposition was essentially based on their study on rats 

anesthetized with ketamine-xylazine (Fontanini et al., 2003). They reported that, when rats

breathed through the nose, LFP oscillations ~ 1 Hz in the OC always coupled with 
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breathing cycles; otherwise, when nasal respiration was abolished by tracheotomy, OC 

LFPs were dominated by an oscillation that did not couple to respiration and had a slightly 

lower frequency - which, we believe, corresponds to SO, although they did not confirm it 

with neocortical recordings. In fact, this result already suggests that two different circuits 

compete to drive distinct low-frequency oscillations to the OC. The study of Viczko et al. 

provided a strong argument against the hypothesis of Fontanini and Bower, by showing 

that the rat brain can simultaneously exhibit at least two independent oscillations ~ 1 Hz 

during deactivated states of anesthesia: While the OC displayed mainly RR, the primary 

motor cortex exhibited mainly SO. The results of our thesis complement the findings of 

Viczko et al. and show that RR and SO can simultaneously occur in the hippocampus and 

in the medial prefrontal cortex (paper 4, figure 1). 

In olfactory brain regions, RR seems to be related to the encoding of sensory stimuli. In 

the OB and OC, different odors evoke trains of action potentials that occur at specific 

phases of RR cycles (Friedrich & Laurent, 2001; Shusterman et al., 2011). Moreover, mice 

can differentiate optogenetic depolarization of olfactory sensory neurons that occur in 

different phases of breathing cycles (Smear et al., 2011). In non-olfactory brain regions, 

however, we believe RR cannot yet be assigned to any functionality in sensory encoding. 

Indeed, recent studies show that RR in the hippocampus and medial prefrontal cortex of 

awake mice is more prominent when they are not exploring their environments, namely, 

during quiet wake (Zhong et al., 2017) and freezing (Biskamp et al., 2017). 

Our second question was how HRR reaches the hippocampus. By recording LFPs across 

the CA1-DG axis with a 32-channel linear probe, we have demonstrated that HRR had the 

maximum amplitude in the DG hilus, coinciding with the site where electrical stimulation of 

59



the lateral olfactory tract (LOT) evokes the largest potential. LOT consists of a bundle of 

axons leaving the OB to synapse in downstream brain regions. 

Our results provide strong evidence that RR is driven to the hippocampus by olfactory 

inputs. In our second set of experiments (hippocampal recordings with 32-channel linear 

probes), we investigated how the amplitude of HRR varied across the layers of the CA1-

DG axis and found that HRR had the maximum amplitude in the DG hilus (paper 2, figure 

7). Of note, we have defined the hilus of the DG as a recording channel that had the 

largest LFP deflection in response to the electrical stimulation of the perforant pathway. 

Consistent with the olfactory origin of HRR, electrical stimulation of the LOT evoked 

hippocampal LFP deflections with maximal amplitude exactly at the DG hilus (paper 2, 

figure 7). Supporting our findings, Yanovsky et al. (2014) have also reported a that HRR in 

urethane-anesthetized mice is more prominent in the DG. Moreover, a study of Vanderwolf

(1992) in freely behaving rats found that fast oscillations originating in the olfactory system 

were larger in the DG than in the overlying CA1. We believe that RR entraining the OB and

OC reaches the entorhinal cortex and, subsequently, reaches the hippocampus by means 

of perforant pathway projections.

Respiratory rhythmicity in the rodent brain could also originate in the pre-motor pacemaker

circuitry if the respiratory brainstem (Smith et al., 1991; Feldman & Del Negro, 2006; 

Feldman et al., 2013; Del Negro et al., 2018). Our third set of experiments, however, rules 

out the hypothesis that inputs from the respiratory brainstem would drive RR to the 

hippocampus. RR in olfactory brain regions is driven by mechanotransduction of rhythmic 

airflow in the nasal cavity by olfactory sensory neurons. Accordingly, we found that 

interrupting airflow through the nasal cavity by tracheotomy abolishes HRR (paper 2, figure

12) and that rhythmic air-puffing into nasal cavity is sufficient to restore it (paper 2, figure 
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13). This finding is in agreement with the synaptic organization of the rodent brain: While 

neurons from the olfactory system have massive projections throughout the whole brain, 

neurons from the respiratory brainstem project mostly to local circuits (Feldman & Del 

Negro, 2006; Tan et al., 2010). Accordingly, RR in several other brain regions (like the 

medial prefrontal cortex, whisker barrel cortex, visual cortex) were also demonstrated to 

depend on nasal airflow (Fontanini et al., 2003; Ito et al., 2014; Yanovsky et al., 2014). 

As a final note, we believe the only reliable method to detect instantaneous breathing 

frequency - and then untangling HRR from other LFP rhythms - is directly measuring 

respiratory activity. Some authors have claimed to detect respiratory rhythmicity by 

measuring LFPs in the OB (Kay, 2005; Rojas-Líbano & Kay, 2012; Rojas-Líbano et al., 

2014). Our findings, however, discourage this practice. We found that even the OB - which

receives direct projections from OSNs - does not follow respiration during some periods of 

anesthesia (paper 2, figure 5). Not measuring respiration have led many authors to 

overlook RR in their results (Tort et al., 2018). In a recent publication, Moberly et al. (2018)

demonstrated that the 4 Hz oscillation that has been extensively reported in the prefrontal 

cortex during freezing behavior (Seidenbecher et al., 2003; Pape et al., 2005; Narayanan 

et al., 2007; Lesting et al., 2011; Likhtik et al., 2014; Stujenske et al., 2014; Karalis et al., 

2016) is indeed a RR. Furthermore, in our paper 4, we have demonstrated that the 

recently described “2-5 Hz oscillation” (Roy et al., 2017) share striking similarities with RR. 

In brief, paper 2 solved the controversy about the origin of low-frequency oscillations in the

rat hippocampus during deactivated states. We showed that there are two different low-

frequency oscillations ~ 1 Hz: one that couples to the breathing cycles (HRR) and other 

that couples the neocortical SO. Together with the previous report of HRR in mice 

(Yanovsky et al., 2014) and the subsequent reports of HRR in awake rodents (Nguyen Chi 
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et al., 2016; Zhong et al., 2017), the findings of paper 2 reinforce the importance of 

controlling for the occurrence of HRR when one investigates hippocampal oscillations in 

the low-frequency range of the LFP spectrum. 

Finally, in addition to RR we found that faster olfactory oscillations also reach hippocampal

networks. This thesis demonstrated that OB oscillations in the beta frequency range (10-

20 Hz) phase-couple to simultaneous beta oscillations in the DG during activated states 

(paper 3, figures 1 and 2). Of note, the occurrence of simultaneous beta oscillations in the 

olfacto-hippocampal networks of anesthetized rodents has been already described 

elsewhere (Maclean et al., 1952; Heale & Vanderwolf, 1994). Our findings complement 

these previous studies, as we show that beta oscillations may be a mechanism of 

functional coupling between olfactory and hippocampal neuronal networks. Some authors 

have hypothesized that olfacto-hippocampal beta oscillations originate in the hippocampus

and subsequently propagates to the olfactory system through hippocampo-fugal pathways 

(Wilson & Yan, 2010). Our results, however, oppose this view. Causality analysis in our 

dataset showed that beta originates in the olfactory system and then propagates to the 

hippocampus (paper 3, figure 3). 

Both RR and beta originate in olfactory networks (paper 2, figures 12 and 13; paper 3, 

figure 3) and, moreover, reach the hippocampus by the same synaptic inputs, namely by 

the entorhinal cortex projections to the DG (perforant path) (paper 2, figure 7; paper 3, 

figure 4). Interestingly, our results showed that, when both rhythms co-existed in the DG, 

they also interacted with each other. We found that the amplitude of hippocampal beta 

depended on the phase of the concurrent HRR in the DG (paper 3, figures 5 and 6). RR-

beta phase-amplitude coupling has already been reported in the olfactory system by 

previous studies (Adrian, 1942; Kay, 2014; Frederick et al., 2016). The novelty of our 
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results consists in describing it in hippocampal circuits. In the hippocampus, theta-gamma 

phase-amplitude has been the more extensively studied case of interaction between LFP 

oscillations (Jensen & Colgin, 2007; Tort et al., 2009; Scheffer-Teixeira et al., 2012; 

Schomburg et al., 2014; Scheffer-Teixeira & Tort, 2018). In this context, our findings are 

especially relevant as RR-beta seem to constitute an oscillation system that process 

information in parallel with the theta-gamma system. Accordingly, we found that HRR and 

theta have specific nested rhythms and occur in specific subregions of the hippocampus 

(paper 3, figures 5 and 6). Studies in freely behaving rodents supports our findings, even 

though the peak frequencies of the fast rhythms nested in HRR or theta was different 

(Pena et al., 2017; Zhong et al., 2017).

The circuit mechanism that generates olfactory beta is under debate. A model for the 

generation of beta oscillations in the olfactory system was proposed by Neville & Haberly 

(2003). These authors propose that beta oscillations emerge from the activity of a neuronal

loop involving neurons in the OB and OC. According to the model, OB mitral cells activated

by OSNs send excitatory projections to OC pyramidal cells, which send feedback 

excitatory projections to granular cells in the OB. Granular cells, in turn, would inhibit mitral

cells in the OB. The delay from the activation of mitral cells by OSNs and its inhibition by 

granule cells would be one period of a beta cycle. Supporting this model, lesions of 

feedback projections from OC to the OB abolish beta oscillations in the OB. Our finding of 

high causality values from the OB to hippocampus - and not from the hippocampus to OB 

(paper 3, figure 3) - suggests that beta indeed originates in a neuronal loop in the olfactory

system and then propagates to downstream regions in the brain.

The frequency of oscillations generated by the same network mechanisms can vary across

species and, in the same species, it can vary across behavioral states. Let us take the 
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case of RRs in mice and rats as an example. During sleep, anesthesia and quiet wake, 

rats breathe ~ 1 Hz and mice ~ 3 Hz. During the active wake, while exploring their 

environments, both mice and rats breathe ~ 10 Hz (Wachowiak, 2011). Thus, defining RR 

by a frequency range would be obviously misleading and would preclude the comparison 

of studies using different animal models. Nevertheless, some groups still use frequency 

bands of the LFP spectrum when referring to RR (Kay, 2005; Ito et al., 2014). We support 

a functional definition of brain oscillations. Independently the breathing frequency, it has 

been a consensus in studies using different experimental models that HRR is an LFP 

rhythm that is dependent on nasal airflow, propagates through the olfactory system and 

reaches the hippocampus synaptic inputs to the DG (Yanovsky et al., 2014; Nguyen Chi et

al., 2016). With these features, it is possible to differentiate HRR from other concurrent 

LFP rhythms even if there is an overlap in their peak frequencies. Similarly, in paper 3, we 

approached a more functional definition of beta: An oscillation that emerges in the olfactory

circuits and the DG, where its amplitude is modulated by concurrent RR. 

In conclusion, this thesis supports the hypothesis that oscillations emerging in the olfactory

brain regions entrain neuronal networks in the rat hippocampus. 
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