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Oscillations of the electrical activity in the brain, which are 
reflected by the local field potentials (LFP) recorded by extracel-
lular electrodes, have been studied extensively to explore brain 
functions since the early days of neurophysiology.12 In the brain, 
neural oscillations often reflect the behavior of neurocircuits 
and offer a unique opportunity to explore the temporal evolu-
tion of interconnected neuronal groups accomplishing various 
tasks.11,12

Electrical oscillations in the olfactory bulb (OB), an important 
information processing center of the central olfactory system, 
have been studied since they were first observed in 1950.1 
The oscillations are classified into different types according to 
frequency. In OB, the 3 typical types of oscillations are: θ band 
(about 1 to 4 Hz and 5 to 12 Hz), β band (about 13 to 30 Hz), and 
γ band (about 31 to 64 Hz and 65 to 90 Hz).17,19,28 All of these 
oscillations play important roles in basic olfactory information 
processing and olfactory cognition and may have additional 
functions such as olfactory associated-rewarding behavior.10,19

Oscillations in OB are largely brain-state–dependent. The 
awake and anesthetized states, 2 different brain conditions, are 
used often in electrophysiologic studies of OB.8,11,12 To obtain 
reliable responses to external stimulation, some experiments 
must be performed in anesthetized animals.8,11,12 Furthermore, 
brain activity levels can be manipulated readily by depth of 
anesthesia and choice of anesthetic.8,21

General anesthetics exert their effects by increasing the in-
hibitory or decreasing the excitatory neural activities across the 
brain, including OB.7,13 Although different anesthetics can have 
distinct mechanisms and effects,9,15,26 no systematic comparison 

of the effects of various anesthetics on the oscillations in OB had 
been performed previously. Chloral hydrate, pentobarbital, and 
urethane are used often in electrophysiologic studies in rats.2,5,21-

23,31 Chloral hydrate reportedly targets both glycine and GABAA 
receptors; pentobarbital targets only the GABAA receptor; 
and urethane targets GABAA, glycine, and glutamate recep-
tors.2,5,21-23,31 Here we explored the effects of chloral hydrate, 
pentobarbital, and urethane on different types of oscillations in 
rat OB. These results are relevant to the selection of appropriate 
anesthetics for studies of oscillations in rat OB.

Materials and Methods
Experiments were performed on adult male Sprague–Dawley 

rats (200 to 300 g) that were housed in individual cages under a 
constant temperature of 23 ± 1 °C, stable relative humidity, and a 
12:12-h light:dark cycle. They had free access to food and water. 
All experimental and animal care procedures were approved in 
advance by the Chinese Academy of Science.

Surgery. Rats were anesthetized with intraperitoneal pento-
barbital (80 mg/kg body weight, dissolved in 0.9% sodium 
chloride) and mounted in a stereotaxic frame (Stoelting, Kiel, 
WI). After a midline scalp incision, one small hole was drilled 
into the cranium to accommodate a surgical screw to serve as a 
ground, and 2 other holes were drilled over both OB (1.5 mm lat-
eral and 7.5 mm anterior to bregma) for recording. After opening 
the dura, a tungsten wire coated with polytetrafluoroethylene 
(diameter, 0.2 mm) was inserted into the granule cell layer of 
OB, to a depth of about 3 mm relative to the surface. Further 
confirmation of recording sites was performed by histologic 
staining. The 2 tungsten-wire electrodes and ground screw 
were attached to male pins that were secured in a rectangular  
3 × 1 socket array and secured with dental acrylic. Subjects were 
allowed at least 1 wk to recover from surgery.

LFP recording. LFP recording was performed in a rectangular 
chamber (40 cm × 30 cm) in a Faraday cage. LFP signals were sent 
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an index for further analysis. We first focused on θ oscillations 
(1 to 12 Hz), which we further divided into 2 subbands: 1 to 4 
Hz, corresponding to the respiratory rhythm in the anesthetized 
or awake stationary state, and 5 to 12 Hz, corresponding to the 
exploring state.3,18 The power spectrum of 1 to 4 Hz changed 
slightly after application of pentobarbital or chloral hydrate. 
Power seemed to increase and then to decrease at about 90 min 
later, although nearly all of these fluxuations were not signifi-
cant (ANOVA, F[14, 209] = 3.911; paired comparison, P > 0.05 
except for the last segment; n = 15; Figure 2 A). Pentobarbital 
only slightly decreased the power spectrum (ANOVA, F[17, 
269] = 0.579; P = 0.88; n = 18; Figure 2 B).

For the 5- to 12-Hz oscillations, both chloral hydrate and 
pentobarbital significantly suppressed the power spectrum 
within 20 to 30 min (chloral hydrate; ANOVA, F[14, 209] = 
0.924; paired comparison, P < 0.01 for 20 min and P < 0.05 for 30 
min; n = 15; Figure 2 A; pentobarbital: F[17, 269] = 2.003; paired 
comparison, P < 0.05 for 20 min and P < 0.01 for 30 min; n = 18; 
Figure 2B). About 30 min later, the difference was no longer 
significant, except at a few isolated time points (Figure 2 A).

Compared with chloral hydrate and pentobarbital, the effect 
of urethane on the θ oscillations of OB was simple and clear: the 
1- to 4-Hz oscillations increased significantly (ANOVA, F[16, 
254] = 0.825; paired comparison, all P < 0.05; n = 17; Figure 2 C) 
and the 5- to 12-Hz oscillations decreased significantly (ANOVA, 
F[16, 254] = 2.311; paired comparison, all P < 0.01; n = 17; Figure 
2 C), and the power of the oscillations remained stable over the 
period we tested.

Effects of anesthetics on β oscillations. About 40 min after 
the application of chloral hydrate or pentobarbital, the power 
of β oscillations increased significantly to about 1.5-fold of 
the baseline activities (chloral hydrate: ANOVA, F[14, 209] = 
0.924; paired comparison, P < 0.01 for 40 to 110 min and P < 
0.05 for 140 min; n = 15; Figure 3 A; pentobarbital: ANOVA, 
F[17, 269] = 2.003; paired comparison, P < 0.05 for all periods 
after 40 min; n =18; Figure 3 B). The effects of urethane were 
different in 2 respects: it significantly reduced the power of β 
oscillations (ANOVA, F[16, 254] = 5.090; paired comparison, 
all P < 0.001; n = 17; Figure 3 C) and exerted its effects rapidly 
(within 10 min).

Effects of anesthetics on γ oscillations. The γ oscillations of 
rodent OB range from about 30 to 90 Hz.17,19,28 As in other pre-
vious studies,21 we divided γ oscillations into 2 subbands—31 
to 64 Hz and 65 to 90 Hz—which have been suggested to play 
different roles in olfactory functions.17,28 The power of both 
subbands decreased immediately, and the largest suppression 
occurred about 10 to 20 min after the application of anesthetic 
(Figure 4). Then the power of the γ oscillations recovered slowly 
after chloral hydrate or pentobarbital (Figure 4 A and B), but no 
recovery was noted for urethane (Figure 4 C). Linear regression 
analysis showed that the recovery in power was correlated with 
time for chloral hydrate (P < 0.0001 for all of the 15 OB evalu-
ated) and pentobarbital (P < 0.0001 for 16 of the OB evaluated 
and P < 0.001 for the remaining 2 OB) but not for urethane (P < 
0.01 for 7 OB and P > 0.05 for 10 OB).

The differentiated effects of anesthetics on subbands of γ 
oscillations were analyzed quantitatively based on the largest 
suppression, that is, 10 or 20 min after application of the an-
esthetic (Figure 4). Compared with the 31- to 64-Hz subband, 
the 65- to 90-Hz subband always had a larger suppression for 
all anesthetics (paired t test, P < 0.01 for all pairs; Figure 5 A). 
The recovery rate, which was reflected by the slope of the 
regression lines, was always slower for the 65- to 90-Hz subband 
with chloral hydrate or pentobarbital (paired t test, P < 0.01 for 

to an amplifier (Dagan, Minneapolis, MN), and amplified 2000 
times, and filtered (band-pass, 0.1 to 300 Hz). The amplified LFP 
signals were digitalized by using an analog-to-digital converter 
(Micro-1401, Cambridge Electronic Design, Cambridge, UK) at 
the sample rate of 2000 Hz and then saved onto the hard drive 
of a computer.

After habituating the rats to the recording conditions for 
about 30 min, baseline recording (40 min) was acquired, fol-
lowed by injection of pentobarbital (80 mg/kg body weight), 
chloral hydrate (350 mg/kg body weight), or urethane (1.4 
g/kg body weight). Data during the anesthetized state were 
acquired for 140 min. The durations of these recordings were 
long enough to include the time period in which each of the 3 
anesthetics treatments was most effective.9 At these dosages, the 
rats showed signs of slight movement about 80 to 90 min after 
the administration of pentobarbital or chloral hydrate, whereas 
rats given urethane did not show any signs of emerging from 
anesthesia. To minimize the number of rats used, some animals 
underwent anesthesia and recording with a second anesthetic 
if chloral hydrate or pentobarbital was used during the first 
session. To avoid the interactions of the drugs, the intervals 
between 2 drug applications were at least 1 wk. Rats were 
euthanized after urethane was used, because of its detrimental 
effect on the health of the animals.6

Statistical analysis. LFP signals (Figure 1) were analyzed by us-
ing the software program Spike2 (Cambridge Electronic Design), 
similar to our previous studies.21,22 After excluding artifacts (less 
than 1% of the total data), the total LFP data were divided into 
18 segments, each containing 10 min of data. Time–frequency 
transformation was performed based on the segment (Hanning 
window; FFT size, 2048; frequency resolution, 0.977 Hz), and 
the spectral power was calculated for each frequency resolution. 
As in our pervious and other studies,17,21,22 LFP signals were 
divided into 3 main frequency bands of oscillations: θ oscilla-
tions (1 to 4 Hz and 5 to 12 Hz), β oscillation (13 to 30 Hz), and 
γ oscillations (31 to 64 Hz and 65 to 90Hz). For each frequency 
band, the power from all frequencies included was averaged. To 
observe the effect of the anesthetic on the oscillations, the base-
line power (40 min of data before application of anesthetics) for 
each frequency band was normalized as 1, as in other studies.9

First, the one-sample Kolmogorov–Smirnov test was per-
formed by using SPSS 13.0 (IBM, New York, NY) to determine 
whether the data were normally distributed. All data followed 
a normal distribution (P > 0.05). Then ANOVA with least sig-
nificant differences for paired comparisons (Figures 2 through 4) or 
paired t tests (Figure 5) were used to assess differences between 
groups. Results were expressed as mean ± SEM. A P value of 
less than 0.05 was considered significant.

Results
General effects of the 3 anesthetics. Before anesthesia, the 

freely moving rats either explored the surrounding environment 
or stayed still in the experimental cage. In both behavioral states, 
LFP signals recorded from the granule cell layer of OB showed 
high-frequency oscillations, which were decreased dramatically 
during anesthesia. At 5 min after the application of anesthetic, 
only low-frequency oscillations were apparent (Figure 1). With 
chloral hydrate and pentobarbital, high-frequency oscillations 
gradually began to return after about 30 min. There were no 
obvious recovery of the oscillations even 90 to 100 min after 
the injection of urethane (Figure 1).

Effects of anesthetics on θ oscillations. To quantitatively com-
pare the different effects of the 3 anesthetics on the oscillations 
of OB, we used the relative energy power of the oscillations as 
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all pairs; Figure 5 B). This analysis was not done for urethane 
because it showed no significant recovery of high-frequency 
oscillations during the periods analyzed.

Figure 1. General effects of chloral hydrate, pentobarbital, and urethane on the raw data of the LFP signal from rat OB. Pre, LFP data obtained 
before the application of anesthetics; 5 to 120 min, time after the application of anesthetics.

Figure 2. The effects of (A) chloral hydrate, (B) pentobarbital, and (C) urethane on θ oscillations of rat OB. Top row, 1 to 4 Hz; bottom row, 5 to 
12 Hz; *, P < 0.05; †, P < 0.01.

Discussion
Our data showed that chloral hydrate, pentobarbital, and 

urethane can affect the oscillations of OB profoundly. The ef-
fects of chloral hydrate and pentobarbital were similar: they 
had minimal effects on θ oscillations, increased β oscillations, 
decreased the 2 subbands of γ oscillations, and showed similar 
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brain areas.9 Single- or multiple-unit recording in same mitral 
cell has shown that the ketamine–xylazine, another commonly 
used anesthetic in olfactory studies, effectively decreases the 
spontaneous firing rate.27 Because the spike firing rate greatly 
influences γ oscillations,16 ketamine–xylazine and the 3 anesthet-
ics we used in present study all may have similar effects on γ 
oscillation. The decreased γ oscillation that we observed might 
reflect a decreased firing rate and weak synaptic transmission, 
as reported in many other studies.24,29,30

Previously reported general effects of pentobarbital and chlo-
ral hydrate on different bands of oscillations in OB are similar 
in those reported in the present study,9,21,22 although some 
minor differences have been noted. Different anesthetics exert 
differential effects via distinct mechanisms.21,26 In OB, a large 
body of evidence suggests that the dendrodendritic synapses 
between mitral and granule cells are the main anatomic basis 
for these oscillations.28 The inhibitory transmitter released from 
these synapses is GABA, whose receptor is the common target 

recovery of high-frequency oscillations. However, urethane 
behaved differently. It increased 1- to 4-Hz but decreased 5- to 
12-Hz θ oscillations, decreased all β and γ oscillations, and 
demonstrated no recovery of high-frequency oscillations. These 
results clearly indicate the various effects of these anesthetics on 
oscillations in OB, providing helpful information for selecting 
anesthetics for specific research of OB oscillations.

Since the discovery of OB oscillations in hedgehogs,1 their 
functions and origins have been studied extensively.12,19,25,28 
From these studies, it is clear that different types of oscillations 
are important for different OB functions and are modulated by 
internal and external brain states.10-12 Anesthetics exert their 
effects by increasing inhibitory or decreasing excitatory neural 
activities across almost the entire brain, thereby affecting brain 
states prominently. It is therefore unsurprising that anesthetics 
modulate OB oscillations, as we have shown in the present 
study: chloral hydrate, pentobarbital, and urethane all decreased 
γ oscillations, in agreement with results obtained from other 

Figure 3. The effects of (A) chloral hydrate, (B) pentobarbital, and (C) urethane on β oscillations of rat OB. *, P < 0.05; †, P < 0.01.

Figure 4. The effects of (A) chloral hydrate, (B) pentobarbital, and (C) urethane on γ oscillations of rat OB. Top row, 31 to 64 Hz; bottom row, 65 
to 90 Hz.
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Anesthetics are necessary in many electrophysiologic studies. 
The present study described the detailed effects of 3 common 
anesthetics on the oscillations of rat OB. The results show that 
chloral hydrate and pentobarbital had similar effects, which 
were quite different from those of urethane, thereby providing 
evidence for the need to select an appropriate anesthetic to 
explore OB oscillations effectively.
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