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Sensory systems provide the brain with accurate informa-
tion about the external world. In unanesthetized animals, sen-
sory networks are modulated by changes in vigilance states 
that are influenced by various processes including cognitive, 
attentional, arousal, and emotional states and previous expe-
riences.10,12 Anesthesia is induced by drugs that target neuro-
modulating systems of the brain. Many anesthetic drugs are 
used in medicine and research, but even for the most commonly 
used ones, their effects on neural network activity are poorly 
understood. The effects of the most popular noninhalational 
drugs, including chloral hydrate, pentobarbital, urethane, and 
ketamine, on the local field potential (LFP) of the olfactory sen-
sory system have been studied over the past several years.8,11,13,36 
This research has shown that chloral hydrate and pentobarbital 
significantly reduce the power of fast-θ (5 to 12 Hz) oscillations 
without affecting slow-θ (1 to 4 Hz) activity, whereas urethane 
significantly increases slow-θ activity but reduces fast-θ oscil-
lations.36 In addition, chloral hydrate and pentobarbital signifi-
cantly increase whereas urethane and ketamine significantly 
and sharply reduce the power of β-oscillations.8,36 The γ range 
is usually divided into 2 subranges (31 to 64 Hz and 65 to 90 
Hz), which are proposed to have different roles in recognition of 
smells.25,36,47 The power of both subranges fell immediately after 
the administration of chloral hydrate, pentobarbital, and ure-
thane; γ power slowly returned to baseline after the injection of 

chloral hydrate or pentobarbital, but no recovery was observed 
for urethane anesthesia.36 Spontaneous γ activity was greatly 
reduced under urethane anesthesia, and no bursts associated 
with the respiratory rhythm were observed.1,36 Ketamine also 
reduced the power of both γ subbands, but unlike other types of 
anesthesia, ketamine induced a shift in γ frequency from 60 to 90 
Hz to 100 to 130 Hz in mice.8

Tiletamine–zolazepam (TZ) is a commonly used anesthetic 
combination. Like ketamine, tiletamine hydrochloride is an 
antagonist of N-methyl-d-aspartate receptors. TZ has a rapid 
pharmacologic effect, is a proven muscle relaxant, and main-
tains high oxygen saturation of arterial hemoglobin, thus 
making this drug ideal for veterinary clinical research and 
for various minor surgical procedures in domestic and wild 
animals.18,29,37,54 Because of its rapid absorption, TZ achieves 
an effective level of anesthesia with little cardiopulmonary in-
hibition and has a wide margin of safety in terms of tolerance 
in animals.39 The main disadvantages of TZ are a prolonged 
recovery period and lack of strong and specific antagonists 
that reverse the drug-induced inhibition of cardiopulmonary 
functions, adverse effects such as anxiety and spontaneous 
movements,, or prolonged recovery from anesthesia.38 TZ is 
recommended for use in conjunction with xylazine, which is 
an α2 adrenergic agonist.30

This study is the first to evaluate the effects of xylazine–tilet-
amine–zolazepam (XTZ) on the dynamics of bioelectrical activ-
ity of neural networks in the olfactory bulbs (OB) of rats and 
indicates that the effects of XTZ should be considered when 
studying oscillatory processes in rat OB
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Materials and Methods
The experiments involved 8 adult male Norway rats (Rattus 

norvegicus; weight, 350 to 450 g), which were housed in indi-
vidual microisolators (54 cm × 39 cm × 21 cm, with sawdust bed-
ding) under constant temperature (23 ± 1 °C) and humidity and 
a 12:12-h light:dark cycle. Rats had free access to food (Complete 
extruded combo feed for laboratory animals, JSC Gatchinskiy 
compound feed plant) and reverse-osmosis purified water. All 
experimental and animal care procedures were approved in 
advance by the animal ethics committee of Southern Federal 
University (Rostov on Don, Russia).

Surgery. Rats were anesthetized by intramuscular injection 
of TZ (30 mg/kg; Zoletil, Virbac Lab, Carros, France) and xyla-
zine (6 mg/kg; Interchemie Werken de Adelaar, Venray, Nether-
lands) and placed in a stereotaxic frame (SR-6M-HT, Narishige, 
London, United Kingdom). After a midline scalp incision, 5 
small holes were drilled in the cranium to insert surgical screws 
for anchoring, and a larger hole was drilled over the left OB (0 
to 1.5 mm mediolateral and 7.0 to 10.0 mm anterioposterior to 
bregma) for implantation of a microelectrode array. After open-
ing of the dura, the array of microelectrodes (2 rows of 8 elec-
trodes, with an interelectrode distance of 500 μm) was inserted 
into the glomerular layer of the OB at a depth of approximately 
100 µm below the surface of the brain. Recording sites were con-
firmed through histologic examination of the brain after eutha-
nasia. The wire implanted in the space between the skin and 
nose bone was used as a ground. Five anchor screws and the 
array of microelectrodes were attached to male pins that were 
shaped in a rectangular 2 × 4 socket array and secured with den-
tal acrylic cement to the skull. All above mentioned surgical 
procedures were performed under sterile conditions.

During the postoperative period, rats received an intramus-
cular carprofen injection (4 mg/kg; Rimadyl, Zoestis Pet Care, 
Parsippany, NJ) daily for 5 d. The wound was washed daily for 
4-5 days by rinsing with chlorhexidine (Tula Pharmaceutical 
Factory LLC, Russia) and then Oflomelide ointment was ap-
plied (Joint-Stock Kurgan Society of Medicines and Products 
Sintez, Russia). After surgery, the rats were assessed daily by 
monitoring their behavior and weight. Rats received at least one 
week to recover from surgery before beginning the experiments.

LFP recording. LFP recording was performed in a rectangular 
chamber (100 cm × 50 cm) inside a Faraday cage. LFP was re-
corded and digitalized by using a 32-channel data acquisition 
system (Multichannel Acquisition Processor, Plexon, Dallas, 
TX) with a sampling frequency of 10 kHz. The information was 
saved in the hard drive of a host computer.

On the day of the experiment, rats were habituated to the re-
cording environment for at least 30 min, after which 60 min of 
baseline activity was recorded. After intramuscular injection of 
xylazine–tiletamine–zolazepam (XTZ; 17 mg/kg Zoletil and 
5 mg/kg xylazine), recording of the OB LFP in anesthetized 
rats was continued for at least 120 min. To avoid circadian ef-
fects, all experiments began at approximately the same time 
(1000), and rats were fully awake during all baseline recording. 
The rationale for choosing this recording duration was to allow 
the capture of the maximal amount of information during the 
anesthesia induced by the given dose of the anesthetic; after ap-
proximately 110 to 120 min, rats began to demonstrate behavior 
indicating the start of recovery from anesthesia.

Statistical analysis. LFP signals were analyzed by using the 
software program NeuroExplorer4 (Nex Technologies, Colo-
rado Springs, CO). The total LFP data were divided into seg-
ments, each containing 10 min of data. During visual inspection 
of the recorded OB LFP, high-amplitude bursts related to animal 

movement, considered to be artifacts, were excluded from fur-
ther analysis. After exclusion of artifacts, power spectral density 
analysis was performed by segment (Hanning window; FFT 
size, 512; frequency resolution, 0.41 Hz), and the spectral power 
was calculated for each frequency resolution. In our study, LFP 
signals were divided into 3 main frequency bands of oscilla-
tions: θ oscillations (1–4, 5–8, and 9–16 Hz), β oscillations (17–30 
Hz), and γ oscillations (31–64, 65–90, and 91–170 Hz). To exam-
ine the effect of the anesthetic combination on oscillations, base-
line power was calculated by using the 10 min of data collected 
just before anesthetic injection.

All statistical analyses were performed by using Sigma Plot 
11 (Systat Software, Santa Clara, CA) and Excel (Microsoft, 
Redmond, WA). Data were assessed for significance by using 
one-way ANOVA followed by the Tukey posthoc multiple-com-
parison test. Values are given as mean ± SEM. A P value of less 
than 0.05 was considered significant.

To obtain the dominant frequencies in the γ band (that is, those 
with the highest spectral powers), the following procedure was 
performed on the OB bioelectrical activity–time series: 1) split 
the series into 1-min bins, 2) apply the Welch method (param-
eters used: Hanning window, window length of 1024, and a 
50% windows overlap)53 to each of the bins for obtaining the 
corresponding power spectra), and 3) determine the frequency 
with the highest power in the γ band for each bin, thereby form-
ing the final time series for dominant γ frequencies. Afterward, 
linear regression analysis was performed on the resulting series 
to calculate corresponding coefficients and R2 scores. The proce-
dures were all performed by using the packages Scipy, Numpy, 
and Scikit-learn for Python programming language.21,23,46,52

Results
General effect of XTZ on the OB of rats Before anesthesia, the 

behavior of rats in their experimental cage was characterized as 
exploratory or quiet waking, and LFP signals recorded from the 
glomerular layer of OB were typical for this state, comprising 
low-amplitude signals that included slow (1–4 Hz) and low-am-
plitude fast (30–170 Hz) waves. By 10 min after the administra-
tion of XTZ, the LFP had changed dramatically, demonstrating 
increased high-frequency (91–170 Hz) oscillations, which were 
observed consistently until 110 to 120 min after anesthesia in-
duction (Figures 1 and 2).

Effect of XTZ on the spectral characteristics of rat OB LFP. To 
quantitatively analyze the effects of the XTZ on the oscillations 
of OB, we used the relative energy power of the oscillations as 
an index for further analysis. We first focused on θ oscillations 
(1–8 Hz), which we further divided into 2 subbands: 1–4 Hz, 
corresponding to the respiratory rhythm during the anesthe-
tized or awake stationary state, and 5–8 Hz, corresponding to 
the exploratory state.6

After administration of the XTZ mixture, the power of the 
1–4-Hz subband increased slowly and was significantly differ-
ent from baseline during the 50 to 80 min interval, after which it 
returned to the baseline level (ANOVA; F12,101 = 4.824; multiple-
comparison; P < 0.05 for 50, 60, 70, and 80 min; n = 8; Figure 2). 
No significant changes were seen in the spectral power of the 
5–8-Hz subband (ANOVA; F12,101 = 2.616; multiple-comparison; 
all P > 0.05; n = 8; Figure 2). After drug administration, the dif-
ference in the power of the 9–16-Hz band compared with base-
line reached significance between 20 and 50 min (ANOVA; F12,101 
= 7.940; multiple-comparison; P < 0.05 for 20, 40, and 50 min; n 
= 8; Figure 2) and thereafter returned to the baseline level. XTZ 
anesthesia had no significant effect on the spectral power at 17 
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to 30 Hz (ANOVA, F[12, 101] = 1.509; paired comparison, all P > 
0.05; n = 8; Figure 2), which had high interindividual variability.

The γ oscillations of rodent OB play several roles in olfactory 
function.26 We divided γ oscillations into 3 subbands: 31 to 64 

Hz, 65 to 90 Hz, and 91 to 170 Hz. After XTZ injection, the power 
of the LFP in the 31–64-Hz band fell to 62% ± 12% of that of the 
preanesthesia period; these changes were significant for the en-
tire time period (ANOVA; F12,101 = 3.391; multiple-comparison; 

Figure 1. General effects of xylazine–tiletamine–zolazepam on the raw data of the LFP signal from rat OB. Pre, LFP data obtained before the 
application of anesthetics; post, 10 to 120 min after the application of anesthetic.

Figure 2. Effects of xylazine–tiletamine–zolazepam on the spectral power of the LFP signal from rat OB. Pre, LFP power data before the applica-
tion of anesthetics; post, 10 to 120 min after the application of anesthetic. Left panel (top to bottom): 1 to 4 Hz, 5 to 8 Hz, 9 to 16 Hz, and 17 to 30 
Hz; right panel (top to bottom), 31 to 64 Hz, 65 to 90 Hz, and 91 to 170 Hz; ⁎, P < 0.05; †, P < 0.01.
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all P < 0.01; n = 8; Figure 2). Similar changes were observed for 
the power of the subband of 65 to 90 Hz, which fell immediately 
after XTZ injection (Figure 2) and did not appear to recover until 
110 min after XTZ administration (ANOVA; F12,101 = 4.432; mul-
tiple-comparison, all P < 0.01 [except for 10 min, P < 0.05]; n = 8; 
Figure 2). After 110 min, the LFP power returned to the baseline 
level. The biggest changes in the LFP after the administration 
of the XTZ mixture occurred in the subband 91 to 170 Hz. The 
power of the γ oscillations in this band increased significantly 
during first 10 min to about 4-fold greater than that during the 
preanesthetic period (ANOVA, F12,101 = 3.118; multiple-compari-
son, P = 0.015; n = 8; Figure 2) and remained higher throughout 
the observation period (ANOVA; F12, 101 = 3.118; multiple-com-
parison; P < 0.01 for 20, 30, 40, 50, 60, 70, and 80 min and P < 
0.05 for 90 and 100 min; n = 8; Figure 2). The LFP power in the 
91–170-Hz band remained elevated even at 150 min after XTZ 
administration, when rats had started to move slightly.

Effect of XTZ anesthesia on spectral characteristics of the γ 
oscillations of the LFP of rat OB. After XTZ administration, 
the dominant frequency of γ oscillations shifted from higher 
to lower frequencies (Figure 3). At 10 min afterwards, γ oscilla-
tions in LFP signal began to appear, with a dominant frequency 
of about 135 Hz. Over the time of the XTZ anesthesia, the domi-
nant frequency was shifting to lower values. On an average of 
100 min after XTZ administration, the shifting stopped, and the 
dominant frequency remained stable until 150 min after XTZ 
administration. In some cases, the dominant frequency of γ-
oscillations shifted to lower frequency values in 120 min.

We observed different patterns of decrease and recovery of 
the dominant γ-frequency among our 8 subjects. For 6 rats, the 
pattern at the top of Figure 4 emerged and can be described as 
steep linear decrease followed by a shallow linear decrease, and 
then recovery. However, the remaining 2 rats demonstrated a 
strictly linear decrease until the end of the recording period (Fig-
ure 4, bottom).

The results of linear regression and initial linearity duration 
analysis are summarized in Table 1. Based on the value of the 
determination coefficient (R2), most of the initial decreases in 

Figure 3. Effects of xylazine–tiletamine–zolazepam on the spectral characteristics of the LFP in rat OB. Pre, spectrogram calculated before the 
application of anesthetic; times from 10 to 150 min refer to the period after anesthetic application. The black arrow indicates the shift in the lead-
ing γ frequency during the time course.

Figure 4. Time-associated effects of xylazine–tiletamine–zolazepam 
on γ oscillations of rat OB. The upper and lower panels of the figure 
contain examples of 2 different types of changes in the leading fre-
quency γ activity. Each panel of the figure displays individual changes 
in the γ-band leading frequency of the olfactory bulb LFP.
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dominant γ frequencies (6 of 8) were sufficiently linear to indi-
cate dependence of dominant γ frequency on time. The linear 
regression coefficient (slope) did not change much, but the vari-
ation that was observed is possibly explained by inter-subject 
differences.

Discussion
The principles of the generation and the functional role of 

the rhythms in the LFP of the OB have recently been studied 
extensively,16,26,44,47 especially those related to external olfactory 
stimuli and certain types of brain activity, like anesthesia.14-17,27,28 
The γ oscillations of the 31–64- and 65–90-Hz frequency bands 
are generated in the local neural circuits of OB, which consist of 
mitral (or tufted) and granule cells.3,26,32,45,47,49 Those cells receive 
the modulating influence from sensory stimulations, including 
inhalation, and descending signals from different brain struc-
tures, particularly from nuclei raphes,24 the piriform cortex,42 
and entorhinal cortex.7

Comparative analysis has revealed that the effects related to 
olfactory stimulation are expressed more clearly in LFP of the 
OB of anesthetized animals.33 Moreover, OB LFP are highly ef-
ficient for qualitative and quantitative description of the stages 
of anesthesia, which is important for developing automated 
control of the anesthesia level during surgery in humans.2 These 
findings demonstrate the relevance of studying OB LFP under 
anesthesia.

Zoletil combines 2 substances: tiletamine and zolazepam.31 
Like ketamine, tiletamine is an antagonist of N-methyl-d-as-
partate receptors, whereas zolazepam modulates the activity 
of GABAa receptors, thus attenuating neuronal excitability.19 
The way in which TZ influences neurochemical structures has 
pronounced similarity with that of such anesthetics as chloral 
hydrate, pentobarbital, urethane, and ketamine.5,8,9,30,34,35,41,45 The 
application of those anesthetics has been shown to increase 
spectral power in the 1–4-Hz frequency band and decrease 
power in the 30–90 Hz band in the OB.36 A decrease of γ power 
in the 30–90-Hz range is considered as evidence of reduced 
neuronal excitability in OB and attenuated synaptic transmis-
sion.43,50,51 KX anesthesia is known to efficiently suppress the 
spontaneous activity of mitral cells; however, in mice under the 
same conditions, high-frequency (exceeding 100 Hz) activity 
was enhanced.8

Our current study of rats showed that an XTZ mixture in-
duced a significant increase of the OB γ activity in the 91–170-
Hz frequency range, with maximal effect during the first 10 
min after application. Compared with wakefulness, the power 
of those frequencies in OB LFP increased 4 times or more and 

were persistently higher throughout anesthesia, sometimes for 
as long as 150 min after a single injection. As anesthesia pro-
gressed, the modal value of the power distribution of this activ-
ity typically shifted toward the low-frequency spectrum, but 
even after 150 min, the modal value was not less than 90 Hz.

Because frequencies higher than 100 Hz have not been de-
scribed in the LFP of rat OB, their formation conditions, genera-
tion mechanisms, and functional significance are unknown. The 
most probable suggestion is that this type of activity is related 
to the neuronal circuits of OB, which include mitral and gran-
ule cells, and is generated during wakefulness in the 60–90-Hz 
range; a shift in the 91–170-Hz range occurs when XTZ anesthe-
sia blocks the descending (predominantly inhibiting) afferents. 
In this case, the mechanism for generating the high-frequency γ 
activity that we registered in our study might be related mostly 
to dendrodendritic synapses between mitral and granule cells, 
which are known to be the main source of γ activity.47 Another, 
independent mechanism could also generate γ oscillations with 
frequency in 91–170-Hz in relation to GABA receptors. This po-
tential mechanism may be suppressed during wakefulness or 
various types of anesthesia via descending inhibitory afferents 
but could be disinhibited under XTZ anesthesia, given that the 
γ-frequency power, as previously demonstrated for KX anesthe-
sia, increases in OB LFP.8 In addition, inhibition of GABA recep-
tors in isolated hippocampal sections induced high-frequency 
(100 to 150 Hz) γ activity.22

The mechanism of action of TZ anesthesia is similar to that of 
ketamine4 and produces functional disorganization of the limbic 
and thalamocortical systems.20 Limbic and nonspecific thala-
mocortical structures play substantial roles in the promotion 
and maintenance of vigilance states in the sleep–wake cycle.48 
Anesthesia-associated disorganization of the activity of those 
structures can induce generalized sedative effects, including 
decreases in muscle tone and heart rate and variability of respi-
ratory rhythm. Those changes occur during the first 30 to 60 s 
after intramuscular injection of the drug. At the same time, the 
excitability of OB, especially the mitral cells, does not decrease 
during anesthesia, but, on the contrary, increases;43 as evidence, 
the presentation of odorants exerts a more pronounced effect 
during anesthesia than in wakefulness. This effect might be re-
lated to a weakened descending afferent signaling to the mitral 
and granule cells that is produced predominantly by inhibitory 
interneurons of OB.

The functional significance of high-frequency (>100 Hz) is 
unknown. The OB γ activity at 65 to 90 Hz and 91 to 170 Hz can 
contribute to the scanning mechanism for forming temporal 
windows for efficient processing of olfactory signals.

Table 1. Results of linear regression and initial linearity duration analysis

Subject Slope Determination coefficient (R2) Linearity duration (min)

1 −0.32 0.96 110
2 −0.15 0.99 160
3 −0.25 0.98 65
4 −0.42 0.99 110
5 −0.38 0.76 70
6 −0.19 0.93 110
7 −0.27 0.97 95
8 −0.16 0.90 140

Mean −0.27 0.94 107.50
SEM 0.10 0.08 32.07

Determination coefficients exceeding 0.9, that is, corresponding to nearly functional linear dependences, are marked bold.
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The purpose of our study was to examine the effect of XTZ 
anesthesia on OB LFP in rats. The most prominent effect was the 
appearance of high-frequency γ activity in OB LFP, as compared 
with that described earlier (including for other types of anes-
thesia), namely the γ activity of 91 to 170 Hz, in which spectral 
power substantially exceeded that of slow γ oscillations.36 The 
activity at 91 to 170 Hz was clearly apparent during the first 
10 min of anesthesia, whereas the modal value in the spectral 
power of this activity decreased almost linearly throughout an-
esthesia until 150 min, at which time its value was equal to that 
of the upper level of 65–90-Hz band. Considering the mecha-
nism of action of XTZ anesthesia, we propose that such rhythm 
is typical for the local neuronal circuits of OB, win which mainly 
inhibitory descending afferents are attenuated. Given the previ-
ously demonstrated relationship between rhythmic activity in 
the OB with phases of anesthesia and sleep,33,40 the mechanisms 
of synchronized activity generation in OB at the 91–170-Hz 
range and the role of this activity in the processing of olfactory 
information require further investigation.
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