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Abstract

Background: There are recent evidence of sleep-dependent changes in olfactory system structure and function which
contribute to odor memory and perception.

Objective: The aim of the present study is to study the effect of the elimination of the olfactory mucosa on the electrical
activity of the hippocampus, olfactory bulb, olfactory tubercle, pyriform cortex and frontal cortex during wakefulness
and sleep.

Methodology: Fifteen adult armadillos chronically prepared for electrographic recordings were employed in this study.
Some animals were subjected to peripheral olfactory deafferentation by removal of the olfactory mucosa. They were
studied during wakefulness and sleep phases.

Results: The lack of peripheral olfactory input causes invasion in all the structures mentioned by very conspicuous and
almost continuous bursts of high amplitude gamma activity (32 Hz) during slow wave sleep and paradoxical sleep.

Conclusions: The hippocampus, together with some olfactory structures participates in an outstanding phenomenon
produced by the suppression of olfactory receptors. The appearance of continuous bursts of gamma activity is in sharp
contrast to other published studies because it is entirely independent from olfactory input. The relevance of this
phenomenon is discussed considering the so called non olfactory functions of the olfactory bulb and the participation
of the hippocampus in emotion, learning and memory. The importance of studying the effects of peripheral olfactory
deafferentation during sleep is emphasized in view of possible derivations of interest for the interpretation of some
pathological conditions. The significance of these findings is discussed.

Keywords: Hippocampal activity; Olfactory deafferentation; Gamma activity; Slow wave sleep; Paradoxical sleep;
Armadillo

1. Introduction

There are important relations between the olfactory system and hippocampal formation. Anatomically, olfactory bulb
(OB) neurons project to the lateral entorhinal cortex in rodents [1,2] from where afferents reach the dentate gyrus [3].
The mammalian olfactory-hippocampus system expresses a variety of neuronal oscillations that provide a temporal
framework for coordinated networks activity [4]. Functional connectivity between the OB and olfactory cortex [5], and
between these primary olfactory structures and hippocampus (HC) [6] and orbitofrontal cortex [7] also were descript.
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Experiments on rats have shown that olfactory stimulation elicits bursts of rhythmical 15-30 Hz in the dentate gyrus
[8]. On the other hand, olfactory stimuli activate the medial entorhinal cortex via the HC [9].

Gamma oscillations (30-100 Hz), originally seen in the OB, have long been a defining characteristic of sensory coding in
the olfactory system. The relations between olfactory input, behavior and the presence of gamma activity in the
pyriform cortex (PC) were studied in freely moving rats [10].

The induced gamma activity is suppressed by the elimination of the olfactory receptors in rabbits [11]. The interruption
of nasal airflow by tracheotomy prevents that activity in cats [12] and in rats [13]. According to Pefialoza-Rojas and
Alcocer-Cuardn [14] tracheotomy does not abolish the activity in cats provided that they remain awake. These studies
were performed while the animals were awake. In contrast, the aim of this paper is to investigate the effects of
peripheral olfactory deprivation on the HC and some regions of the olfactory system not only during wakefulness but
also during slow wave sleep (SWS) and paradoxical sleep (PS) of the armadillo. The armadillo has been used as a non-
traditional animal model in neurobiological studies [15-18]. In OB, very peculiar electrical oscillations (8-12 Hz) are
recording only during wakefulness. These oscillations were termed “rhino-central rhythm” (RCR) because they require
both peripheral and central influences in order to appear [15-17]. There are recent evidence of sleep-dependent
changes in olfactory system structure and function which contribute to odor memory and perception in mammals [19].

2. Material and methods

2.1. Animals

Fifteen male armadillos of the species Chaetophractus villosus (Xenarthra, Dasypodidae) weighing 3.4-4.2 kg were used.
Data on geographical distribution, morphological features and behavior of this species will be found in Iodice and
Cervino [19,20].

The animals were treated following the code of ethics outlined by the Canadian Council on Animal Care [21] and also
according to the Argentine law. All efforts were made to minimize animal suffering and to reduce the number of animals

used.

2.2. Implantation of the Electrodes

Figure 1 Parasagittal histological preparation of the brain of Chaetophractus villosus, 6 days after the complete cross
section of both olfactory peduncles (black arrows). Histological verification of the deep electrode placement (white
arrow) in the hippocampus is indicated. Note the preservation of the laminar structure of the olfactory bulb. AN,
amygdala nuclei; CB, cerebellum; CS, corpus striatum; FC, frontal cortex; HC, hippocampus; NC, neocortex; OB, olfactory
bulb; OT, olfactory tubercles; TL, thalamus. (Nissl staining method, 10x)

It was performed under ketamine hydrochloride (40 mg.kg!,i.m.) and sodium pentobarbital (35 mg.kg, i.p.). The skull
bones were exposed by removing a piece of the carapace with a saw. The bones were then drilled over the OB and the
dorsal neocortex of both brain hemispheres. Very thin bipolar electrodes made of stainless steel pins and insulated
except at the tip were placed on the dorsal surface of the OB and neocortex (frontal cortex, FC) [16]. Additionally the
same type of electrodes was inserted through the brain and placed into the olfactory tubercles (OT), PC and cornu
ammonis proper very near the dentate gyrus (HC) (Figure 1). The insertion was made by means of a stereotaxic
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instrument (David Kopf, New York) specially built for armadillos. Electrodes were soldered to DB connector and the
whole set was covered with dental acrylic. The electrical activity was bipolar recorded. ECG and EMG electrodes -last
into one muscle of the hind limbs- were implanted in order to aid the diagnosis of PS.

2.3. Technique for the elimination of the Olfactory Mucosa

For the study of the effect of olfactory mucosa (OM) elimination on the electrical activity (OMX animals), in nine
armadillos previously implanted, both nasal cavities were perfused with a 5 % solution of ZnSO4. This was done under
the same anesthetic protocol that electrodes implantation. Then, a curved thin tube ending in a hollow hook was
introduced into the mouth in such a way as to insert it into each one of the choanae [16]. Ten milliliters of zinc solution
for each nasal cavity were perfused slowly while the animals were in dorsal decubitus position. Later, was washed with
saline solution.

2.4. Section of the Olfactory Peduncles

In five armadillos the olfactory peduncles were sectioned rostrally to the anterior olfactory nucleus, under anesthesia,
by means of a blade introduced stereotaxically (OPX animals) (Figure 1).

2.5. Control Experiments

Control experiments consisted of sham nasal perfusion with saline instead of zinc sulphate (n= 3) or sham OPX (n= 3).

2.6. Analysis of the Electrical Activity of Olfactory System

The EEG signals were recorded and digitized with a sampling frequency of 256 Hz. They were filtered through a
bandpass 1.6-110 Hz (notch-filter at 50 Hz). Under visual inspection of the records there was selected periods of 30-40
seconds in which the Fast Fourier Transform (FFT) was computed. This computation was performed on adjacent epochs
of 512 points corresponding to a duration of two seconds for the sampling rate of 256 Hz. Previously, the adopted
software subtracts from all points the mean value of each epoch. The data were then tapered with a cosine window
occupying 40% of the epoch. This computation resulted in a 0.50 Hz frequency resolution with components up to 128
Hz. The power spectrum was obtained according to the following procedure: the periodogram was computed for each
epoch. For each Fourier coefficient the components were squared and summed. The periodograms of all the epochs
selected were then averaged. Thus, power spectrum and their absolute and relative powers were obtained for each
channel (OB, olfactory bulb; FC, front cortex; OT, olfactory tubercle; PC, pyriform cortex; HC, hippocampal cortex) and
frequency band. The latter were defined as follows: delta (6) 1.6-3.9 Hz, theta (6) 4.0-7.9 Hz, alpha () 8.0-13.0 Hz, beta
(B) 13.1-20.0 Hz and gamma (y) 20.1-80.0 Hz. The boundary between beta and gamma activity was determined at 20
Hz according to previous studies conducted in this animal model [16,17].

The EEG recordings and analysis were made by means of Harmonie and Sensa Software respectively (Stellate Systems
Quebec, Canada).
2.7. Ambient Conditions for the Recordings and the Observation of the Animals

The animals were placed in individual cages placed within a Faraday cage maintained at 22422 C, under a light-darkness
schedule of 12 h with lights on at 7 AM. The animals were observed through a closed circuit TV system. The EEG
recordings and the behavioral observations were made continuously during the light period (these are nocturnal
animals) when they were asleep most of the time. However, some records were made during the dark period with an
array of 48 infra-red LEDs that was placed in the roof of the cage at a distance of 50 cm from the animals.

2.8. Experimental Schedule

After the implantation of the electrodes and of all the experimental procedures a period of 96 h was left for recovery.

The experiments were performed in two consecutive stages performed in the same animals (n=9). The electrical activity
of the above mentioned structures was studied during wakefulness, SWS and PS. The stages were as follows:

Stage 1: after the implantation of the electrodes, the electrical activities were studied during five days.

Stage 2: when stage 1 was finished, the same animals were submitted to olfactory deafferentation (OMX). From the first
day after the deafferentation the electrical activity of the OB and other structures was studied during seven days.

Later stage 2, five OMX animals were submitted to section of the olfactory peduncles (OPX).

27



World Journal of Biology Pharmacy and Health Sciences, 2022, 11(01), 025-037

After the experiments, the armadillos were euthanized and were perfused with formaldehyde 10% in saline. The
sacrificed procedure was under anesthesia suggested in the AVMA Guidelines on Euthanasia for mammals reported by
the American Veterinary Medical Association [22]. The brains were removed and paraffin sections were stained with
the Nissl method in order to verify the placement of the electrodes (Figure 1).

2.9. Statistical Analysis

In general, the spectral values of the variables studied in the quantified EEG (qEEG) do not follow a normal distribution.
To meet this assumption of parametric statistical analysis it was necessary to perform transformations to obtain
normality in the data. In the case of total power (TP), the logio transformation was used. For the values of absolute and
relative powers of the different frequency bands selected, the transformation log (r/(1 - r)) was used, where r was the
value obtained from spectral analysis [23].

Two-Way Repeated Measures ANOVA were performed to determine the significance of the differences observed
between treatments OM vs OMX and phase of the sleep-wake cycle (SWC), for each CNS region studied. Tukey test was
additionally performed to determine the differences between treatments. In all cases, a probability value of p<0.05 was
used. For the statistical analysis of the data obtained, the software SigmaStat for Windows 3.5 (Systat Software, 2006)
was used.

3. Results

3.1. The Electrical Activity of Olfactory System in OM and OMX Animals

3.1.1. During wakefulness

o Before OMX. The classical Adrian's induced waves (induced gamma activity, 23-24 Hz), Ottoson's waves and a
peculiar 8-12 Hz-RCR were observed in the OB. Adrian’s waves were clearly seen FC (Figure 2, OM). When the
animals were in relaxed wakefulness, the RCR dominated the tracings. Generally, the more this rhythm was
observed the less Adrian's waves were seen. The power spectra of the induced gamma activity showed maximal
power at 24 Hz in the OT and PC (Figure 2, OM). The HC appeared rather synchronized exhibiting 4-8 Hz waves
and some 15-20 bursts.

o After OMX. The global electric activity is strongly diminished. The Adrian's waves were completely absent in
the OB. The same happened with Ottoson's waves and with the RCR. The theta rhythm (~5 Hz) in the OB
characteristic of peripheral olfactory deafferentation was clearly seen. The induced gamma activity of OT and
PC disappeared. The HC bursts disappeared but not the 4-8 Hz waves (Figure 2, OMX).
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Figure 2 Electrical activity and power spectra before (OM) and after (OMX) the elimination of the olfactory mucosa
during wakefulness. LOB, left olfactory bulb; LFC, left frontal cortex; LOT, left olfactory tubercle; LPC, left pyriform
cortex; LHC, left hippocampal cortex. Horizontal bar, 1 second. Vertical bars indicate the amplitude in microvolts
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3.1.2. During SWS

e Before OMX. The Adrian's waves were reduced or absent in the OB. The same happened with Ottoson's waves.
The RCR was absent. In the five tracings the power spectra showed that there were abundant slow waves. Sleep
spindles with maximal power at 14-16 Hz were seen in FC (Figure 3, OM). No 4-8 Hz waves were seen in HC.

e After OMX. Bursts of very conspicuous high amplitude gamma activity were observed throughout this phase of
sleep in all the structures including the HC. A clear modulation of their amplitude was also observed. The power
spectra showed maximal power at 32 Hz (Figure 3, OMX). When these animals were submitted to the section
of the olfactory peduncles the high amplitude gamma activity disappeared from all the structures.
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Figure 3 Electrical activity and power spectra before (OM) and after (OMX) the elimination of the olfactory mucosa
during slow wave sleep. LOB, left olfactory bulb; LFC, left frontal cortex; LOT, left olfactory tubercle; LPC, left pyriform
cortex; LHC, left hippocampal cortex. Horizontal bar, 1 second. Vertical bars indicate the amplitude in microvolts

3.1.3. During PS

o Before OMX. The Adrian's waves were also greatly reduced or absent. The same happened with Ottoson's
waves. The RCR was completely absent (Figure 4, OM). The power spectra show maximal power at 4-8 Hz (theta
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Figure 4 Electrical activity and power spectra before (OM) and after (OMX) the elimination of the olfactory mucosa
during paradoxical sleep. LOB, left olfactory bulb; LFC, left frontal cortex; LOT, left olfactory tubercle; LPC, left pyriform
cortex; LHC, left hippocampal cortex. Horizontal bar, 1 second. Vertical bars indicate the amplitude in microvolts

e After OMX. Bursts of very conspicuous gamma activity were observed throughout this phase of sleep. A clear
modulation of their amplitude was also observed. The power spectra showed maximal power at 32 Hz (Figure
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4, OMX). Generally, the gamma activity occupied more time of the tracings and exhibited greater amplitude than
during SWS. There was a significant difference (P<0.01, Paired t-test) in frequency between induced Adrian’s
waves and the gamma activity of sleep in the peripherally deafferented animals. When these animals were
submitted to the section of the olfactory peduncles the high amplitude gamma activity disappeared from all the
structures (Figure 5, OMX after OPX).
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Figure 5 Electrical activity in OMX animals before and after the section of the olfactory peduncles (OPX) during
paradoxical sleep. The bioelectrical activity of isolated BO and HC was characterized by a rhythmic activity of 4.5 to 6.0
Hz (~25 pV amplitude). LOB, left olfactory bulb; LFC, left frontal cortex; LHC, left hippocampal cortex. Horizontal bar, 1
second. Vertical bars indicate the amplitude in microvolts

3.1.4. During Arousing Stimuli in OMX Animals
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Figure 6 Arousal from paradoxical sleep (PS) in the peripherally deafferented armadillo. The artifact indicates
application of an auditory stimulus. Note the theta rhythm characteristic of peripheral olfactory deafferentation in LOB
and LPC. LOB, left olfactory bulb; LFC, left frontal cortex; LOT, left olfactory tubercle; LPC, left pyriform cortex; LHC, left
hippocampal cortex. Horizontal bar, 1 second. Vertical bars indicate the amplitude in microvolts

When arousing stimuli (auditory, tactile, etc.) were applied, in SWS and PS, there was an immediate behavioral arousal
with abrupt interruption of the gamma activity in all the structures. The latter phenomenon was completely similar in
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both sleep stage. After the application of the stimuli the theta rhythm characteristic of deafferented animals during
wakefulness was also immediately seen in the OB and HC (Figure 6).

3.2. After the Sham Elimination of the OM

The electrophysiological patterns of these animals were similar to the intact animals.

3.3. Quantification of Cerebral Bioelectrical Activity (QEEG) before and after Bilateral Peripheral Olfactory
Deafferentation

Figure 7 shows the variation throughout the sleep-wake cycle (SWC) of different gEEG parameters for the OB and FC,
in nine armadillos before and 48 hs after peripheral olfactory deafferentation.

EEG total power (TP): SWC phase, OM-OMX condition, and the interaction have statistically significant differences
(p<0.001), in all structures studied. After peripheral olfactory deafferentation, TP declines during quiet wakefulness
(QW) and SWS. In all structures studied, except FC, during PS the TP is increased due to the presence of conspicuous
gamma activity. In deafferented animals, TP in OB during QW decrease due to the absence of Ottoson's waves and
Adrian's gamma activity, which have great amplitude in animals with OM intact. In OM animals, the TP in FC during SWS
increases due to the presence of delta waves and sleep spindles.

Relative delta (%46): both SWC phase and OM-OMX condition, showed significant differences (p<0.001), in OB, OT, PC
and HC. The interaction was not significant. Multiple contrasts showed that the decrease in %8 during the SWC was
significant between sleep phases (p<0.05). In FC throughout the SWC, the abundance of delta waves showed significant
differences (p<0.001). Multiple contrasts showed significant increase in %6 during SWS (P<0.05). Instead, the OM-OMX
condition and interaction were not significant in the FC.

Relative theta (% 6): SWC phase, OM-OMX condition and interaction varied significantly (p<0.001) in OB, FC, OT, PC and
HC. In animals with peripheral olfactory deafferentation, during QW, a 400% increase of %6 was observed compared to
animals with OM intact, especially in OB, due to presence of “0 of deafferentation”. During QW and PS the abundance of
theta is evident in the hippocampus (P<0.05).

Relative alpha (%«): in all recorded brain regions the factors SWC phase and OM-OMX condition show statistically
significant differences (p<0.001); the interaction was significant (p<0.011 for OB, OT and PC; p<0.028 for NC and HC).
Multiple pairwise comparisons show that during QW in animals with intact MO, %a is higher compared to OMX animals
(P<0.05). EEG traces of the OB show that the RCR rhythm -within the a-frequency- present in awake animals with OM
is not found in OMX armadillos, where the %a is due to waves present in the EEG, but without forming a true rhythm.

Relative beta (%3): SWC phase and OM-OMX condition, as well as the interaction have statistically significant differences
(p<0.001),in OB, OT, PC and HC. In OMX animals, the incidence of the band beta in OB is increased during QW (p<0.05),
and is diminished during PS (p<0.05). In FC, the SWC phase (P<0.001) and OM-OMX condition (P=0.002), as well as the
interaction (P=0.012) shown statistically significant differences. During QW, % is markedly increased after peripheral
olfactory deafferentation, in this last region.

Relative gamma (%y): SWC phase and OM-OMX condition, as well as the interaction have statistically significant
differences (p<0.001), in OB, FC, OT, PC and HC. In OB, during QW, when analyzing the incidence of the gamma activity
-corresponding to Adrian's induced sinusoidal activity (22 Hz)- there are significant differences (p<0.05), since during
sleep this activity is absent. In OMX animals, the %y during SWS it doubled (p<0.05) and during PS it tripled (p<0.05),
approximately, with respect to QW, due to the presence of conspicuous rhythmic gamma activity around 32 Hz.
Something similar happens in OT, PC and HC. In FC, during QW, %y is diminished after peripheral olfactory
deafferentation, but during SWS and PS gamma activity is significantly higher (P<0.05).
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Figure 7 Variation of the qEEG parameters of the olfactory bulbs (OB) and frontal neocortex (FC) during quiet
wakefulness (QW), slow wave sleep (SWS) and paradoxical sleep (PS) of animals with intact olfactory mucosa (OM) and
peripheral olfactory deafferentation (OMX). Error bars represent the mean * SE (N=9). Asterisk indicates to significant
differences (Tukey test, p<0.05) between OM vs OMX condition

4. Discussion

These results show that the elimination of the OM produce striking changes in the electrical activity of all the structures
studied. The overall picture varies whether the animals are awake or asleep. During wakefulness, the most salient
change is the disappearance of the 8-12 Hz-RCR. During both phases of sleep an almost continuous high amplitude
gamma activity invades the OB, the OT, the PC, the FC and the HC in spite of the absence of olfactory receptor neurons.

Consistent with these findings, previous work demonstrated that OB rhythms disappear after bypassing nasal airflow
through tracheotomy in rat [13] and in armadillo [15], which shows that they are generated by peripheral stimuli as
opposed to central respiratory networks.

The most surprising phenomenon appears during sleep. It is represented by the appearance of gamma activity invading
the HC and the olfactory structures during SWS and PS in spite of the absence of OM. The functional role that gamma
oscillations may play in olfaction and in sensory perception is still under debate, as is the nature of processing in the OB
[24]. The presence of gamma activity in the FC is particularly interesting. In fact, neocortical projections of the olfactory
cortex have been described [25]. Apparently, armadillos have a powerful frontal representation of smell. The olfactory
structures here studied represent approximately two thirds of the brain surface of armadillos [26]. A noteworthy fact
is the spreading of gamma activity to the HC providing additional proof of its participation in olfactory mechanisms.
Considering that this structure is also involved, although not exclusively, in memory, cognition, emotion and learning
[27], the relevance of this sleep phenomenon appears evident.
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During sleep, while the electrical activity of olfactory system in intact animals is reduced, the activity shifts to gamma
activity in OMX animals, reminiscent of that observed in the OB during wakefulness. Obviously, in deafferented animals
the gamma activity was not produced by the peripheral input to the OB because the OM had been eliminated. The latter
fact was demonstrated by histological controls and by the complete absence of Adrian’s induced activity following
odorous stimuli during wakefulness. The OM absence and the disappearance of the gamma activity after the section of
the olfactory peduncles suggest that the centrifugal input to the OB is responsible for the generation of gamma activity
in this olfactory structure. For contrary, if the lateral olfactory tract -axons of a subset of cells from the OB that project
to the PC [28]- is disrupted in animals with OM and awake, gamma oscillations in the OB persist [29], but gamma no
longer occurs in PC [28]. This suggests, under these conditions, that the mechanism involved in producing gamma
oscillations resides within the OB.

It is not surprising that the appearance of gamma activity in the OB has different origins. In fact, gamma oscillations are
not of a single type associated with odor coding in the OB. According to Kay [30], they are of at least two types of gamma
activity, distinguishable by their differential relationships to behavioral state and the sniffing cycle and by their
frequency characteristics.

There are many brain structures from which centrifugal fibers arise: anterior olfactory nucleus, locus coeruleus, raphe
nuclei, pyriform cortex, lateral entorhinal cortex, some amygdaloid nuclei [2]. Although the generator of this gamma
activity in unknown, one hypothesis is that they are driven by the highly auto-excitatory endopiriform nucleus, which
has broad excitatory connections throughout PC [31]. The experiments performed do not permit to determine from
what nucleus or nuclei the influence is originated, but the results strongly suggest that whatever the nucleus or nuclei
might be they are active during both phases of sleep.

Why are they active? Here, the lack of stimulation of the olfactory receptors undoubtedly plays a major role. This is an
experimental condition, which is present after OMX. Also, the electrical activity during tracheal breathing was quite
similar to that observed after OMX [15]. Therefore, the sequence of events appears to be as follows: during sleep, the
nasal airflow impinges upon the intact OM initiating an action, which impedes the generation of gamma activity in the
OB and all the other structures. In this way, the role of nasal breathing for the maintenance of the normal
electrophysiological patterns of sleep appears fundamental. In the absence of nasal airflow or when the OM is eliminated
the impediment represented by the activation of the olfactory receptors is removed and consequently the gamma
activity reappears. I do not know how this is accomplished. It is probable that the nasal airflow initiates a direct action
on the OB, which blocks its response to the centrifugal input. Another possibility is that the influence initiated by the
nasal airflow blocks the centrifugal impulses at their site of origin. Only future experiments can elucidate this point.

Since Adrian’s induced waves diminish or disappear during sleep one might think that the olfactory system remains
"closed" during sleep. However, it is evident that during this state some kind of influence originated in the OM continues
to arrive at the brain. As an outcome of this arrival, no gamma activity can be seen. I suggest that bulbar and pontine
respiratory centers being partially responsible for nasal airflow indirectly participate in the regulation of brain electrical
activity.

From the fact that the gamma activity is immediately interrupted after the application of arousing stimuli, it is suggested
that the brain systems responsible for the arousal reaction directly or indirectly block the influence of the centrifugal
system.

Respiration-entrained oscillations in the OB have first been described by Adrian [32]. Gault and Leaton [33], in cats,
studied the relationship between respiration and the sinusoidal induced waves. They observed, first, that there was a
clear correspondence between Ottoson slow waves and ventilation, to the point of serving as an indicator of it. On the
other hand, they showed that the burst of Adrian's induced waves appeared coincidentally with the passage of air
through the nose and were not recorded when the nostrils are closed. Gault and Coustan [12] in cats, showed the
absence of Adrian's induced waves in tracheostomized animals. Pagano [34], in acute experiments on curarized cats,
studied the OB electric activity after stimulating the mesencephalic reticular formation, bulbar reticular formation and
mesencephalic central gray matter. In all cases it was observed an increase in the amplitude of sinusoidal induced waves
that accompanied the ventilation movements. The section of the olfactory peduncle prevented the increase and
stimulation when it was not accompanied by passage of air through the nose, did not appear sinusoidal induced activity.

On the other hand, based on recordings from urethane-anesthetized mice, Yanovsky et al. [35] demonstrate that nasal

respiration causes prominent oscillation at near-6 frequencies (2-4 Hz) in the HC. The rhythm is highly coherent with
nasal respiration and with rhythmic field potentials in the OB. These results suggest that respiration-induced
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oscillations have a role in information processing in hippocampal networks, providing a long-range synchronizing signal
between olfactory and hippocampal structures.

As OMX determine the appearance of gamma activity it is suggested that the centrifugal centers are very active during
sleep. Sleep, therefore, might represent a valuable research "tool" for revealing new feedback relations between
centrifugal fibers and the olfactory structures. Recent work has begun exploring the role of sleep in olfactory memory
[19]. Olfaction is interesting in this regard given the unusual anatomy of the olfactory pathway compared to all other
sensory systems, most notably the relatively limited involvement of a thalamic nucleus prior to the primary sensory
cortex.

In direct relation with these results, studies in waking rats [10] showed that the generation of gamma activity in the PC
is entirely dependent on olfactory input. The results shown in this paper with armadillos are in opposition to those
findings. However, Vanderwolf made his study during wakefulness whereas the phenomenon descript here was found
during sleep. Of course, species differences cannot be discarded. Yet, these results provide evidence of the existence of
gamma activity independent of olfactory input. As far as I know, this is the first report communicating the existence of
gamma activity in the olfactory system and HC being entirely independent from peripheral olfactory input.

What is the physiological significance of gamma activity independent of the olfactory input during sleep? A rather
simplistic interpretation of these results, probably wrong, could be that one of the functions of the olfactory input is to
avoid the invasion of the olfactory structures by gamma activity during sleep.

In fact, when the OM is intact no gamma activity is seen. However, caution is needed in this respect. The abnormalities
of the electrical activity induced by ablation procedures may not be understood simply in terms of the absence of a
putative function that is normally mediated by the ablated tissue. Rather, the abnormal electrical activity may reflect
the normal dynamic interactions of the OB with other interconnected structures.

[ wish to suggest that these experiments on the effects of the sole elimination of the peripheral olfactory input contribute
to differentiate this procedure from other procedures producing anosmia. I think that this is a very important point. In
fact, olfaction is very important in many aspects of mammalian life. It is therefore not surprising that numerous
investigators tried to assess the physiological and behavioral effects of smell suppression. Unfortunately, in past years,
this was done by bilateral ablation of the OB. They obtained a variety of interesting results, which in many cases were
simply attributed to the absence of olfaction. However, when the effects of peripheral olfactory damage are compared
to those of bulbectomy certain general modulatory functions of the OB are strongly suggested. There is a vast amount
of data regarding the effects of bulbectomy which cannot be attributed to anosmia per se [36,37]. It is therefore, of the
outmost importance to distinguish between bulbectomy and peripheral olfactory deprivation. The latter occurs in
several experimental conditions: 1) suppression of nasal airflow (closure of the nostrils, tracheal breathing); 2) decrease
in the number of olfactory receptors by elimination of the OM; 3) exposure to odor-free environments. Several papers
were published describing changes in morphology, neurochemistry and metabolism of the olfactory system after those
procedures (review in Maruniak [38]). However, studies regarding the effects on the electrical activity of the olfactory
system and other brain structures are scanty. Regarding sleep, those studies are missing. To provide data on this
problem was one of the aims of the present paper.

Last but not least, I do not know if the findings presented here can be transferred to microsmatic animals like humans.
The human olfactory system also appears similarly depressed during SWS [39]. In this sense, I think that research
concerning the latter point is badly needed because in humans there are pathological conditions in which serious
olfactory deficits and lesions in olfactory structures are observed. Olfactory deficits are associated with a variety of
disorders including, but not limited to Alzheimer’s Disease [40,41], Parkinson’s disease [42,43], Huntington’s disease
[44], schizophrenia [45], major depression [46], including malfunctions of the olfactory epithelium due to infections,
such as in COVID-19 [47].

Does this affect the quality of sleep? Of course, this might have far-reaching consequences for studies on brain
development and brain health. All the above mentioned disorders are also associated with sleep disturbances such as
insomnia and sleep fragmentation [48]. Thus, I speculate that a contributing factor to the widespread occurrence of
sleep disorders, across diverse pathologies may be related to underlying olfactory disorders. Perhaps, the most
important lesson of this research on armadillos is that it is advantageous to be patient enough as to wait for the onset
and maintenance of sleep.
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5. Conclusion

The HC, together with some olfactory structures, participates in an outstanding phenomenon produced by the
suppression of olfactory receptors. The appearance of continuous bursts of gamma activity is in sharp contrast to other
published studies because it is entirely independent from olfactory input. The relevance of this phenomenon can be
associated with the so-called non-olfactory functions of the OB and the participation of the HC in emotion, learning and
memory. It is concluded that it is important to study the effects of peripheral olfactory deafferentation during sleep in
view of possible derivations of interest for the interpretation of some neuropathological conditions in humans.

Compliance with ethical standards

Acknowledgments

[ want to thank Dr. Jorge M. Affanni for his guidance and dedication and Dr. Vet. Omar lodice for technical assistance. To
Mss. Cecilia Rotondaro for making the histological preparations. To Ms Sulma and Mr. Alberto for the care of the animals
in the bioterio.

Disclosure of conflict of interest

The author declares to have no conflict of interest.

Statement of ethical approval

Ethical approval was obtained from ethical committee. The animals were treated following the code of ethics outlined
by the Canadian Council on Animal Care and also according to the Argentine law. All efforts were made to minimize
animal suffering and to reduce the number of animals used.

References

[1]  Kosel, KC, Van Hoesen, GW, West JR. Olfactory bulb projections to the parahippocampal area of the rat. J. Comp.
Neurol, 1981; 198(3): 467-82.

[2]  Kratskin [, Belluzzi O. Anatomy and Neurochemistry of the Olfactory Bulb. In Doty R, ed. Handbook of Olfaction
and Gustation. 2nd ed. New York: Marcel Dekker Inc.; 2003. p. 139-64.

[3] Liu P, Bilkey DK. Parallel involvement of perirhinal and lateral entorhinal cortex in the polysynaptic activation of
hippocampus by olfactory inputs. Hippocampus, 1997; 7(3): 296-306.

[4] Buzsaki G, Draguhn A. Neuronal oscillations in cortical networks. Science, 2004; 304(5679): 1926-9.

[5] Martin C, Gervais R, Messaoudi B, Ravel N. Learning-induced oscillatory activities correlated to odour
recognition: a network activity. Eur. ]. Neurosci., 2006; 23: 1801-10.

[6] Martin C, Beshel ], Kay LM. An olfacto-hippocampal network is dynamically involved in odor-discrimination
learning. ]. Neurophysiol., 2007; 98(4): 2196-205.

[7] Cohen Y, Reuveni I, Barkai E, Maroun M. Olfactory learning-induced long-lasting enhancement of descending and
ascending synaptic transmission to the piriform cortex. ]. Neurosci., 2008; 28(26): 6664-9.

[8] Vanderwolf CH., Hippocampal activity, olfaction, and sniffing: an olfactory input to the dentate gyrus. Brain Res,,
1992; 593(2): 197-208.

[9] Biella G, de Curtis M. Olfactory inputs activate the medial entorhinal cortex via the hippocampus. J. Neurophysiol,,
2000; 83(4): 1924-31.

[10] Vanderwolf CH. Whatis the significance of gamma wave activity in the pyriform cortex? Brain Res., 2000; 877(2):
125-33.

[11] Beteleva TG, Novikova LA. Electrical activity in various cortical regions and in the reticular formation after
elimination of the olfactory analyser. Pavlov ]. of Higher Nervous Activity, 1961; 11: 547-55.

[12] GaultFP, Coustan DR. Nasal air flow and rhinencephalic activity., Electroenceph. clin. Neurophysiol., 1965; 18(6):
617-24.

35



[17]

[18]

World Journal of Biology Pharmacy and Health Sciences, 2022, 11(01), 025-037

Fontanini A, Spano P, Bower JM. Ketamine-xylazine-induced slow (<1.5 Hz) oscillations in the rat piriform
(olfactory) cortex are functionally correlated with respiration. J. Neurosci., 2003; 23 (22): 7993-8001.

Pefialoza-Rojas JH, Alcocer-Cuardén C. The electrical activity of the olfactory bulb in cats with nasal and tracheal
breathing., Electroenceph. clin. Neurophysiol., 1967; 22(5): 468-72.

Affanni JM, Garcia Samartino L. Comparative study of electrophysiological phenomena in the olfactory bulb of
some South American marsupials and edentates. In Bolis L, Keynes RD, Maddrell SHP, eds. Comparative
Physiology of Sensory Systems. Cambridge: Cambridge University Press; 1984. p. 315-33.

Cervino CO. “Estudio cuantitativo de dos nuevos ritmos bioeléctricos de los bulbos olfatorios registrados en el
armadillo sudamericano Chaetophractus villosus (Mammalia, Dasypodidae)” [Doctoral thesis]. Buenos Aires:
University of Buenos Aires; 1997. Available from
https://bibliotecadigital.exactas.uba.ar/download/tesis/tesis_n2949_Cervino.pdf)

Affanni JM, Cervino CO. Interactions between sleep, wakefulness and the olfactory system. In Parmeggiani P,
Velluti R, eds. The Physiological Nature of Sleep. London: Imperial College Press; 2005. p. 571-99.

Iodice OH, Cervino CO. Los Animales de Laboratorio No Tradicionales (ALNT) y su importancia en la
Investigacion Biomédica. El Armadillo Chaetophactus villosus como modelo bioldgico no tradicional. Parte II
[Internet].  Valdivia:  Bioterios.com; © 2020 [cited 2021 Dec 23]. Available from
https://www.bioterios.com/post.php?s=2020-03-01-los-animales-de-laboratorio-no-tradicionales-alnt-y-su-
importancia-en-la-investigacion-biomedica-parte-ii

Barnes DC, Wilson DA. Sleep and olfactory cortical plasticity. Front Behav Neurosci, 2014; 8: 134.

Iodice OH, Cervino CO. Los Animales de Laboratorio No Tradicionales (ALNT) y su importancia en la
Investigacion Biomédica. El Armadillo Chaetophactus villosus como modelo biolégico no tradicional. Parte I
[Internet].  Valdivia:  Bioterios.com; © 2019 [cited 2021 Dec 23]. Available from
https://www.bioterios.com/post.php?s=2019-09-24-los-animales-de-laboratorio-no-tradicionales-alnt-y-su-
importancia-en-la-investigacion-
biomedica&utm_campaign=BioterioscomN133&utm_medium=email&utm_source=Bioterioscom

Canadian Council on Animal Care. Guidelines Animal welfare assessment [Internet]. Ottawa: Canadian Council
on Animal Care; 2006 [April 30th 2016]. Available from: https://www.ccac.ca/en/standards/guidelines/

Leary S, Underwood W, Anthony R, Cartner S, Corey D, Grandin T, et al. AVMA Guidelines for the Euthanasia of
Animals [Internet]. Schaumburg (USA): American Veterinary Medical Association; 2013 [April 30th 2016].
Available from: https://www.purdue.edu/research/oevprp/regulatory-affairs/animal-
research/docs/2013_AVMA_Guidelines.pdf

Gotman J]. The use of computers in analysis and display of EEG and evoked potentials. In Daly D and Pedley T,
eds. Current Practice of Clinical Electroencephalography, 2nd ed. New York: Raven Press; 1990. p. 51-83.

Gervais R, Buonviso N, Martin C, Ravel N. What do electrophysiological studies tell us about processing at the
olfactory bulb level? ]J. Physiol. Paris, 2007; 101(1-3): 40-5. doi: 10.1016/j.jphysparis.2007.10.006

Shipley MT, McLean | H, Ennis M. Olfactory System. In Paxinos G, ed. The Rat Nervous System, 2nd ed. Sydney:
Academic Press; 1995. P. 899-926.

Benitez I, Aldana Marcos H, Affanni J. The encephalon of Chaetophractus villosus. A general view of its most salient
features. Comunicaciones Biolégicas, 1994; 12(1): 57-73.

Vanderwolf CH. The hippocampus as an olfacto-motor mechanism: were the classical anatomists right after all?
Behav. Brain. Res., 2001; 127(1-2): 25-47.

Neville KR, Haberly LB. Olfactory cortex. In Shepherd GM, ed. The Synaptic Organization of the Brain, 4th ed. New
York: Oxford University Press; 2004. p. 415-54.

Gray CM, Skinner JE. Centrifugal regulation of neuronal activity in the olfactory bulb of the waking rabbit as
revealed by reversible cryogenic blockade. Exp. Brain Res., 1988; 69: 378-86.

Kay LM. Two species of gamma oscillations in the olfactory bulb: dependence on behavioral state and synaptic
interactions. ]. Integr. Neurosci., 2003; 2(1): 31-44.

Behan M, Haberly LB. Intrinsic and efferent connections of the endopiriform nucleus in rat. J. Comp. Neurol,,
1999; 408(4): 532-48.

36



World Journal of Biology Pharmacy and Health Sciences, 2022, 11(01), 025-037

Adrian ED. Olfactory reactions in the brain of the hedgehog. J. Physiol., 1942; 100: 459-73.

Gault F, Leaton R. Electrical activity of the olfactory system. Electroenceph. clin. Neurophysiol., 1963; 15(2): 299-
304.

Pagano RR. The effects of central stimulation and nasal air flow on induced activity of olfactory structures.
Electroenceph. clin. Neurophysiol., 1966; 21(3): 269-277.

Yanovsky Y, Ciatipis M, Draguhn A, Tort AB, Brankack J. Slow oscillations in the mouse hippocampus entrained
by nasal respiration.. ]. Neurosci., 2014; 34(17): 5949-64.

Cain DP. 1974. The role of the olfactory bulb in limbic mechanisms. Psychol. Bull,, 1974; 81(10): 654-71.

Shepherd GM, Nowycky MC, Greer CA, Mori K. Multiple overlapping circuits within olfactory and basal forebrain
systems. Adv. Physiol. Sci., 1981; 30: 263-78.

Maruniak J. Plasticity within the Olfactory Pathways: Influences of Trauma, Deprivation, Stem Cells, and Other
Factors. In Doty R, ed. Handbook of Olfaction and Gustation. 2nd ed. New York: Marcel Dekker Inc, 2003; p. 615-
27.

Carskadon MA, Herz RS. Minimal olfactory perception during sleep: why odor alarms will not work for humans.
Sleep, 2004; 27(3): 402-5.

Ferreyra-Moyano H, Barragan E. Environmental factors in the etiology of Alzheimer’s dementia and other
neurodegenerative diseases. In Isaacson R, Jensen K, eds. The vulnerable brain and environmental risks, Volume
3: Toxins in air and water. New York: Plenum Press, 1994; p. 43-63.

Murphy C. Loss of olfactory function in dementing disease. Physiol. Behav., 1999; 66(2): 177-82.

Mesholam RI, Moberg PJ, Mahr RN, Doty RL. Olfaction in neurodegenerative disease: a meta-analysis of olfactory
functioning in Alzheimer's and Parkinson's diseases. Arch. Neurol., 1998; 55(1): 84-90.

Doty RL. Olfactory dysfunction in Parkinson disease. Nat. Rev. Neurol., 2012; 8: 329-39.

Bylsma FW, Moberg PJ], Doty RL, Brandt ]. Odor identification in Huntington's disease patients and asymptomatic
gene carriers. J. Neuropsychiatry clin. Neurosci., 1997; 9(4): 598-600.

Malaspina D, Goetz R, Keller A, Messinger JW, Bruder G, Goetz D, et al. Olfactory processing, sex effects and
heterogeneity in schizophrenia. Schizophr. Res., 2012; 135(1-3): 144-51.

van Mill JG, Hoogendijk W], Vogelzangs N, van Dyck R, Penninx BW. Insomnia and sleep duration in a large cohort
of patients with major depressive disorder and anxiety disorders. J. Clin. Psychiatry, 2010; 71(3): 239-46.

Mofleh R, Kocsis B. Delta-range coupling between prefrontal cortex and hippocampus supported by respiratory
rhythmic input from the olfactory bulb in freely behaving rats. Sci. Rep., 2021; 11(1): 8100.

Spiegelhalder K, Regen W, Nanovska S, Baglioni C, Riemann D. Comorbid sleep disorders in neuropsychiatric
disorders across the life cycle. Curr. Psychiatry. Rep., 2013; 15: 364

37



