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Abstract 

We examined theta activity in the temporal hippocampus of ure-
thane-chloralose-anesthetized pigs by stimulation with two chemical odors, 
beta-phenyl ethyl alcohol (PEA; rose-like odor) and n-amyl acetate (bana-
na-like odor). Neural activity was recorded in the neural cell layer nearby 
fimbria of the temporal hippocampus in three of six animals. Odor stimula-
tion with PEA at a low concentration (10−4 w/w; 100 ppm) significantly in-
creased power of the low-frequency theta band (type-2; 4 - 6 Hz) for the mid-
dle 10 s (w (3, 6, 2.5%) >2.56). The PEA odor at a higher concentration (10−3 
w/w; 1000 ppm), however, showed a tendency for gradual increase in the 
low-frequency theta but the response was insignificant compared with the 
control. On the other hand, odor stimulation with n-amyl acetate (10−4 w/w; 
100 ppm) caused no apparent increase or a tendency for decrease in power of 
the low-frequency theta. Thus, the type-2 theta response in the temporal hip-
pocampus to the PEA odor contrasted strikingly with that to the n-amylacetate in 
the urethane-chloralose-anesthetized pigs. The response of the type-2 theta 
rhythm in the temporal hippocampus may underlie the difference in emo-
tional sensation and cognition of PEA from n-amyl acetate in the pig. 
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1. Introduction 

In the hippocampus, CA1, CA3 and the dentate gyrus can be regarded as sensory 
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regions for olfactory stimulation [1] [2] [3] [4] [5]. Septal and temporal pole of 
the hippocampus may both receive inputs from the olfactory bulb [3] [6]. But 
only the temporal pole of the hippocampus can obtain olfactory input through 
the amygdala [7] [8]. A paper [9] further supports this view, which has described 
a ventral-predominant activation in the mouse hippocampus by odor stimula-
tion.  

Theta is one of the slow wave activity patterns that are recorded in the hippo-
campus. Hippocampal theta rhythm consists of high (type-1; 6 - 12 Hz) and low 
(type-2; 4 - 6 Hz) frequency components. In freely moving rats, the type-1 
(anesthesia-sensitive) theta rhythm is elicited during head movements or loco-
motion [10] [11] and while sniffing as a sensorimotor process in odor discrimi-
nation [12]. In contrast, the type-2 (atropine-sensitive) theta activity is observed 
in immobile conscious rats, as well as in urethane-anesthetized rats [13]. Thus, 
role of the hippocampal theta has been investigated in the rat. But, few studies 
have been performed in pigs, on the relation between the hippocampal theta ac-
tivity and olfaction.  

In this study, we examined if odor stimulation may activate theta rhythms of 
the temporal hippocampus in domestic pigs (Sus scrofa domesticus) under ure-
thane-chloralose anesthesia.  

We recorded neural activity in the neural cell layer of the regio inferior, in-
stead of that in the dentate gyrus. The former could technically be identified by a 
dorsal approach more readily than the latter. 

2. Materials and Methods 
2.1. Animals 

Six male Landrace pigs (S. scrofa domesticus) weighing between 25 and 40 kg (at 
8 - 12 weeks of age) were used. All animals received humane care as described in 
Care and Use of Experimental Animals of the National Institute of Agrobiologi-
cal Sciences and the National Institutes of Health Guide for the Care and Use of 
Laboratory Animals. Each pig was housed in a cage (1.2 m × 0.8 m) in a room at 
23˚C, 60% humidity, light 6:00 - 18:00, dark 18:00 - 6:00 for 3 or 4 days before 
use. All surgical interventions and experiments were performed at Zootron, Na-
tional Institute of Livestock and Grassland Sciences, Tsukuba. 

2.2. Anesthesia and Surgery 

Pigs were fasted overnight but were allowed ad libitum access to water before 
they were used. Just before the surgery, each pig received an intramuscular in-
jection of xylazine (2 mg/kg; Ceractal, Bayer Pharmaceuticals, Osaka, Japan) 
with midazolam (0.5 mg/kg; Dormicum, Astellas Pharmaceuticals, Tokyo, Ja-
pan). Deep anesthesia was then achieved through inhalation of 2% to 3% halo-
thane (Fluothane, Takeda Pharmaceuticals, Osaka, Japan) and 0.5 L/min to 1.0 
L/min nitrous oxide, and maintained with 1% to 2% and 0 to 0.5 L/min nitrous 
oxide. No atropine was injected. 
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Figure 1. Recording neural activity by odor stimulation of the hippocampus in urethane- 
chloralose–anesthetized pigs. 

 
The head of the anesthetized pig was secured in a stereotaxic frame and the 

standard planes were set as described previously (Figure 1) [14]. The sagittal 
and coronal sutures of the skull were exposed through a midline incision and the 
periosteum was retracted by a dorsal approach. Bregma was noted and set as the 
point of origin for coordinates. The coordinates for the recording electrodes 
(AP-2, L13.5 in mm) were marked on the left side, and a hole was manually 
drilled completely through the skull at the marked location, with care taken not 
to penetrate the dura matter. Bone wax was applied to the skull to prevent it 
from drying out and bleeding. The surface of the skull was covered with gauze 
dipped in saline solution, until the recording electrodes were inserted under 
anesthesia. 

We modified the method for general anesthesia in pigs with a mixture of ure-
thane and alpha-chloralose; this technique has been reported in pigs [15]. The 
mixture of urethane (500 mg/kg) and alpha-chloralose (60 mg/kg) was dripped 
into the right external jugular vein via cannula. Fifteen to twenty minutes after 
the start of the drip injection, the halothane concentration in the inhalation gas 
was decreased stepwise by 0.5% each 10 min. The first drip injection of urethane 
and alpha-chloralose was given over a 20- to 40-min period. If necessary, a half 
dose of urethane and alpha-chloralose was further administered to maintain sta-
ble anesthesia. A surgical level of anesthesia (absence of eyelid reflex, and of 
heart rate response to painful stimuli) was made sure before inserting recording 
electrodes. No halothane was inhaled when the electrodes were inserted. Rectal 
temperature was continuously monitored and kept at 38.7˚C ± 0.4˚C. Heart rate 
ranged from 118 to 140 beats per min. Respiration rate ranged from 24 to 32 
breaths per min. Spontaneous breathing was maintained during the experiment. 

2.3. Measurement of Neural Activity in the Temporal Hippocampus 

After a small incision had been made on the surface of the dura matter, a 
comb-like electrode, which consisted of four tungsten electrodes (5755, AC im-

https://doi.org/10.4236/ojas.2017.74028


T. Saito et al. 
 

 

DOI: 10.4236/ojas.2017.74028 368 Open Journal of Animal Sciences 
 

pedance 5 Mohm, A-M Systems, Carlsborg, WA, USA) were inserted into the 
left temporal hippocampus. Neural activity was continuously displayed on an 
oscilloscope and audibly outputted through a speaker. An electrode was chosen 
in which active neuronal firing was detected at the coordinates of (AP-2, H40- 
43, L13.5 in mm). The electrode was fixed in this location. Thereafter, neural ac-
tivity was recorded monopolarly (Figure 1), before (30 s), during (30 s), and af-
ter (30 s) odor stimulation in each session (Figure 2). A reference electrode was 
connected to the left ear-bar of the stereotaxic instrument, which was grounded 
with a body earth. The neural activity was then sampled and digitized at a rate of 
20 kHz after magnification (10-fold) with a conventional amplifier (AB610J, 
Nihon Koden, Tokyo, Japan; low-cut filter of 0.08 Hz), and were stored in a 
computer for subsequent off-line analysis. 

2.4. Odor Stimulation 

A hand-made device was used for odor stimulation. The device consisted of an 
air pump, charcoal filters, Teflon reservoirs, tubes and funnels, and was set as 
shown in Figure 1 just before the measurement started.  

Olfactory stimuli included two odorants. The first odorant was n-amyl acetate 
(banana-like odor), which has been called “trigeminal odorant” to elicit trige-
minal responses as well as olfactory one at higher concentrations than used here 
by orthonasally presentation [16]. The second was beta-phenyl ethyl alcohol 
(rose-like odor, PEA), called “pure” odorant, which do not stimulate the trige-
minal nerve.  

Twenty milliliters of PEA (10−4 w/w or 10−3 w/w; Daiichi Pharmaceutical In-
dustry, Tokyo, Japan), n-amyl acetate (10−4 w/w or 10−3 w/w; Wako Pharma-
ceuticals, Osaka, Japan) or glycerin (Daiichi Pharmaceutical Industry, Tokyo, 
Japan) as a control was put into each Teflon reservoir (100 mL). Room air 
(about 23˚C) was sent into the charcoal filter with aid of the air pump (4 L/min). 
The deodorized air was then led to each reservoir through each Teflon tube. 
Odorized air with PEA, n-amyl acetate or the control (glycerin) then blew  

 

 
Figure 2. Schedule for odor stimulation and measurement of hippocampal neural activi-
ty. (a) Odor stimuli were provided repetitively at intervals (3 min or longer). (b) In each 
session, neural activity was measured for 90 s: before (30 s), during (30 s), and after (30 s) 
odor stimulation of the anesthetized pigs. 

https://doi.org/10.4236/ojas.2017.74028


T. Saito et al. 
 

 

DOI: 10.4236/ojas.2017.74028 369 Open Journal of Animal Sciences 
 

through each tube and out of each Teflon funnel (33ø outer diameter) placed 
about 3 cm in front of the pig’s nose. The dead volume in the reservoir and tube 
to the funnel was less than 0.15 L. 

The odor was delivered for the middle 30 s by turning on the air pump in each 
recording period of 90 s (Figure 2). The odor stimulation was randomly per-
formed among control, low concentration of the odorants (10−4 w/w; 100 ppm) 
and high concentration of the odorants (10−3 w/w; 1000 ppm). Inter-recording 
periods were set to ensure that the pre-stimulatory neural activity recovered to 
the resting level. Odor delivery onset was not synchronized with respiration; the 
delay in onset of odor delivery was calculated from the respiratory rate and was 
estimated to be a maximum of 2.5 s. After odor stimulation, the device was re-
moved. The funnels and tubes were rinsed in ethyl alcohol (70%), and then dried 
and stored for next use. The room air was ventilated to clear the odors or the 
control with aid of the built-in ventilator (ACP-7, Yamaha-motor, Hamamatsu, 
Japan; airflow rate: about 35,000 L/min).  

2.5. Lesions at Recording Sites 

After each experiment, a negative electrical current (300 µA, 20 s) was applied to 
the recording electrode under general anesthesia with halothane inhalation. The 
head was perfused through cannulae into bilateral internal carotid arteries with a 
saline solution containing heparin, followed by a 10% phosphate-buffered for-
malin solution (pH 7.4) [14]. The brain was then removed from the skull and 
immersed in the 10% formalin solution (pH 7.4). After the brain had been stored 
in a 30% sucrose solution for several days, serial coronal sections of 150 µm were 
prepared via a freezing microtome stage and Nissl-stained [14]. The location of 
the electrically induced lesions was then identified on the mounted sections. 

2.6. Data Analysis 

The data were re-sampled at a rate of 200 Hz. Power spectra for high-frequency 
theta (type-1; 6 - 12 Hz) and low-frequency theta (type-2; 4 - 6 Hz) were ob-
tained every 10 s by fast Fourier Transform analysis by using a custom-made 
software program (Labview for windows, v. 7.0, National Instruments Japan, 
Tokyo, Japan). The total power of each frequency band was obtained with a 
computer-based digitizer. The value of power of the type-1 and -2 theta for the 
first 10 s was regarded as 1 in each test session, respectively. Subsequently, value 
of the theta power following each 10 s was divided by that in the first 10 s and 
was expressed as a ratio (relative theta power). 

2.7. Statistics 

Statistical significance was examined by Williams’s test for multiple comparisons 
[17] of relative theta power.  

2.8. Nomenclature 

The hippocampus proper of the pig is divided into two major subfields, a regio 
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inferior and a regio superior [18] [19]. The former is adjacent to the dentate area 
and corresponds mostly to the CA3 region. The latter is adjacent to the subicu-
lum and corresponds to the CA1 region [3] [18] [19] [20]. 

3. Results 
3.1. Recordings Sites 

Recording sites were identified from electrically induced lesions made at the tips 
of the recording electrodes after each experiment. The sites were verified as be-
ing located in the cell layer nearby fimbria of the temporal hippocampus in three 
of six pigs (1-3, Figure 3). In one animal, the lesion was located more laterally, 
in the neural cell layer near the regio superior. In the remaining two animal, the 
lesion was outside the hippocampus. The results mentioned below were based 
on the data obtained from the former three animals (recording sites 1 - 3). 

3.2. Theta Activity in Response to Odor Stimulation 

Figure 4(a) gives examples (animal 1) of neural activity band-pass-filtered with 
4 - 80 Hz, 6 - 12 Hz (type-1 theta) and 4 - 6 Hz (type-2 theta) during the delivery 
of odorized air containing glycerin or PEA. Figure 4(b) shows the power spectra 
of the theta bands calculated from the corresponding recordings in Figure 4(a). 
In the control (Figure 4(a) and Figure 4(b), left column), there was rhythmic 
activities in which a small peak was observed at 4.3 Hz in the power spectrum; 
power of the type-1 theta activity was about one-tenth that of the type-2 theta. 

During delivery of odorized air with PEA (10−4 w/w; 100 ppm), analysis of the 
type-2 theta activity (Figure 4(a); bottom of middle column) clearly showed the 
large, sharp peak at 4.3 Hz in the power spectrum for the middle of 10 s (40 - 50 
s) (Figure 4(b); bottom of middle column). On the other hand, analysis of the 
type-1 theta activity showed several peaks in the power spectrum in one pig 
during stimulation with PEA (10−4 w/w) (Figure 4(b), upper panel of middle 
column). But the remaining two pigs showed no visible changes in the power  

 

 
Figure 3. Illustration of electrical lesions found in the temporal hippocampus of the three 
pigs. One black point represents each pig’s lesion. DA, dentate area; F, fimbria; RI, regio 
inferior; RS, regio superior; S, septal pole; Sub, subiculum; T, temporal pole. 
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Figure 4. Examples of (a) changes in neural activity recorded for 10 s (40 - 50 s) in the 
temporal hippocampus and (b) power spectra, during olfactory stimulation with control 
or PEA (10–4 w/w or 10–3 w/w). In (a), neural activities bandpass-filtered between 4 and 
80 Hz (upper panel), between 6 and 12 Hz (type-1 theta; middle) and between 4 and 6 Hz 
(type-2 theta; bottom) are shown. In (b), power spectra for the type-1 theta (top) and for 
the type-2 theta (bottom) were calculated from each recording in (A). Horizontal and 
vertical bars show 1 s and 1 mV, respectively. 

 
spectra of the type-1 theta (data not shown).  

During delivery of odorized air with higher concentration (10−3 w/w; 1000 
ppm) of PEA, the type-2 theta showed no visible large peak in the power spec-
trum for the middle 10 s (40 - 50 s) (Figure 4(b); bottom of right column). The 
type-1 theta activity showed a sign for momentary increase in power for the 
middle 10 s (40 - 50 s). There were several peaks in the power spectrum ranging 
from 8 to 9 Hz (Figure 4(b), upper panel of right column).  

Figure 5 shows the mean temporal changes in relative power of the theta ac-
tivities recorded in the regio inferior nearby fimbria (animals 1 - 3) before, dur-
ing, and after the delivery of control (a) or of odorized air with PEA (b and c). 
The relative power of the type-2 theta activity (right column b) was significantly 
elevated to 1.4 ± 0.14 (all values are means ± SD; n = 3) for the middle 10 s (40 - 
50 s) of PEA (10−4 w/w) odor delivery (w (3, 6, 2.5%) >2.56), when compared 
with that in the control (0.85 ± 0.06; n = 3) (right column a) and with that in the 
PEA (10−3 w/w) exposure (0.91 ± 0.22; n = 3) (right column c) over the same 
time. In contrast, the relative power of the type-1 theta activity was 1.09 ± 0.04 
(n = 3) for the corresponding period of the same stimulation (Figure 5, left 
column b and c). This value was not significantly greater than in the control 
(0.88 ± 0.13; n = 3) (left column a) and in the PEA (10−3 w/w) (1.10 ± 0.21; n = 
3) (left column c). Thus, type-2 theta activity was enhanced separately from  
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Figure 5. Change in relative power of type-1 theta (6 - 12 Hz; left column) and type-2 
theta (4 - 6 Hz; right column) activities before, during, and after odor stimulation with 
control (a), or PEA (b), 10–4 w/w; (c) 10–3 w/w). Data are expressed in means ± SD. Aste-
risk shows statistically difference (w (3, 6, 2.5%) > 2.56). 

 
type-1 when PEA odor at a low concentration (10−4 w/w) was delivered. 

Stimulation with PEA at a higher concentration (10−3 w/w) produced a ten-
dency for enhancements of type-1 and type-2 theta power, especially in the late 
phase, i.e. the third 10 s (50 - 60 s). But these increases in power were not signif-
icant in either the type-1 (1.19 ± 0.20; n = 3) or type-2 (1.14 ± 0.22; n = 3) theta 
(left and right columns c) in comparison with the control (type 1, 1.05 ± 0.20; n 
= 3; type 2, 1.14 ± 0.24; n = 3) (left and right columns a) with the PEA (10−4 w/w) 
(type 1, 1.10 ± 0.07; n = 3; type 2, 1.20 ± 0.46; n = 3) for the corresponding pe-
riod of the stimulation.  

In contrast, odor stimulation with n-amyl acetate (10−4 w/w; 100 ppm) caused 
no apparent increase or a tendency for decrease in power of the low-frequency 
theta recorded in the hippocampus (data not shown). 

4. Discussion 

In this study, we newly demonstrated in the anesthetized pigs that type-2 theta 
activity in the regio inferior of the temporal hippocampus was separately en-
hanced from type-1 theta activity by odor stimulation with PEA. 

Theta Activity in Response to Odor Stimulation with PEA 
Low-Frequency (type-2) Theta 
The type-2 theta-power became highest with shorter latency by odor stimulation 
with PEA at the low concentration (10−4 w/w; 100 ppm), compared with that at 
the higher concentration (10−3 w/w; 1000 ppm) (Figure 5 right column b and c). 
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Although neural mechanisms for activation of the type-2 theta remain unclear in 
this study, neurons originating in the RPO and in the medial-diagonal band of 
Broca [13] [21] [22] may possibly be activated by exposure of PEA odor. Longer 
latency for increasing relative theta-2 power activity at the higher PEA concen-
tration (10−3 w/w) may be caused by more activation of inhibitory mechanisms 
than excitatory in the hippocampus immediately after exposure of the PEA odor. 
However, in the same animal as used in this experiment, we have observed the 
highest power of type-2 theta activity in the first 10 s of delivery of odorized air 
with isoamylacetate (10−3%, a very similar concentration to that of PEA used 
here) (Saito et al. unpublished observation). Longer or shorter latency for the 
type-2 theta activation might be related to odor’s strength or acceptability in pig. 

Another possibility is there may be spatial variations in the temporal hippo-
campus receiving olfactory inputs. In case of recording in the regio superior, 
relative power of type-2 theta was in the middle 10 s (40 - 50 s; value is 1.18) 
during odor stimulation with PEA (10−4 w/w), and further increased to 2.88 in 
the last 10 s (50 - 60 s). More surprisingly, relative power of type-1 theta was 
clearly elevated to 1.86 and 1.92 at the same location for the first and the last 
10 s during stimulation with PEA (10−4 w/w), and to 3.50 in the last 10 s (50 - 
60 s) during stimulation with PEA (10−3 w/w) (Saito et al., unpublished obser-
vation).  

High-Frequency (Type-1) Theta 
In the urethane-chloralose-anesthetized pigs, power of the type-1 is much less 
(one-tenth) than that of the type-2 in the regio inferior (Figure 4(b)). During 
exposure to PEA (10−4 w/w and 10−3 w/w), no significant increase was obtained 
in power of the type-1 theta rhythm (Figure 5 left column b and c) unlike in that 
of type-2 theta. Neural activity including the odor-specific theta [5 - 12 Hz] cells 
[23] may be probably suppressed under urethane-chloralose anesthesia, which 
produces type-1 theta rhythm in the porcine brain. Indeed, there was no appar-
ent sniffing- or locomotion-like movement in the anesthetized pig, even if odor 
stimulation with high concentration of PEA is applied to the animal. To examine 
the correlation between the type-1 theta activity of the hippocampus and sniffing 
or locomotion, further study is required in conscious pigs, since the type-1 theta 
rhythm is correlated with sniffing- or locomotion-like movement in the con-
scious rat [10] [11] [12]. 

5. Conclusion 

Power of type-2 theta activity could be enhanced in the regio inferior of the 
temporal hippocampus of the urethane-chloralose-anesthetized pigs, when odor 
stimulation was performed with PEA. Activation of the type-2 theta in the tem-
poral hippocampus may underlie emotional sensation and cognition of PEA 
odor in the pig. However, further investigation needs to reveal roles of the theta 
activity in the hippocampus for cognition of PEA odor and behavioral correlates 
using conscious pigs. 
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