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Abstract
Well-controlled anesthesia is critical to reducing potential surgical complications and ensuring safe and 
successful procedures. Respiratory depression, inducing hypoxia, and hypercapnia are adverse effects 
of injectable anesthesia in laboratory rats. This study aimed to determine the effect of oxygen supply in 
laboratory rats anesthetized with the combination of ketamine (K) and xylazine (X) plus acepromazine (A) or 
methadone (Me). The results showed that oxygenation allowed adequate levels of SO2 and paO2, avoiding 
hypoxemia. However, all anesthetized rats showed respiratory acidosis with low pH and high paCO2 levels, 
which was not reversed after oxygen administration. The acidosis could be related to hypoventilation due 
to respiratory depression induced by the XKMe association, as well as absorption atelectasis with the CO2 
accumulation during anesthesia. Despite respiratory acidosis, oxygen administration was beneficial for 
anesthetized rats preventing hypoxemia. This makes it possible to prevent all the metabolic alterations 
that cause cell death by hypoxia, improving the well-being of anesthetized rats, as well as the quality of 
the results obtained.
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INTRODUCTION
Experimental procedures on laboratory rats often require anesthesia. Although inhalation 

anesthesia have many advantages over injectable anesthesia such as easy control of the depth of 
anesthesia, minimal drug metabolism, and minimal recovery time; the lack of equipment, adequate 
facilities, or expertise may limit its use1,2. Therefore, injectable anesthesia (usually by intraperitoneal 
route) is the method of choice in small rodents. Some studies demonstrated the effects of injectable 
anesthetics on metabolic, hemodynamic, and cardiovascular parameters in laboratory rats3-5. One of 
the primary adverse effects of injectable anesthesia is respiratory rate depression, inducing hypoxia 
and hypercapnia, leading to a severe reduction of the blood oxygen saturation and alterations in 
the acid-base balance6. Hypoxia occurs due to inadequate supply or low concentration of oxygen 
in body tissues that may compromise cellular aerobic metabolism and lead to organ dysfunction. 
Hypercapnia is a condition of abnormally elevated blood CO2 levels and might occur by lung disease, 
hypoventilation, or exposure to external sources of high concentrations of CO2

7,8.
One of the most common injectable anesthesia protocol in rodents is the combination of ketamine 

and xylazine9. Other drugs such as acepromazine or opioid analgesics can be added to this protocol in 
order to offer the animal a balanced anesthesia that may allow better muscle relaxation or analgesia10. 
However, these drugs can decrease the oxygen supply to organs and tissues. Ketamine antagonizes 
glutamatergic N-methyl-D-aspartate receptors and hyperpolarization-activated cyclic nucleotide-
gated channel 1 chloride ion channels, which both have a role in breathing control11. Xylazine activates 
noradrenergic 2-receptors, which inhibit respiratory neurons in the rostral ventrolateral medulla12. 
Opioids also causes respiratory depression attributed to opioid-mediated interaction with µ and δ 
receptors13. Thus, the combination of ketamine and xylazine affects the respiratory rate, especially 
when administered with opioids like methadone. This respiratory depression leads to hypoxia, 
hypercapnia, and acidosis, acting mainly in the central nervous system.

According to a previous study carried out in our laboratory in which we used the same protocols 
chosen for this study; it was evidenced that both methods generated a respiratory depression with low 
levels of oxygen saturations when animals were not oxygenated. Some authors concluded that the 
administration of oxygen is critical to rodents under injectable anesthesia3,14,15 due to the high death 
rate possibly associated with overwhelming hypoventilation adverse effects of the anesthesia on some 
individuals6. For this reason, the present study aimed to determine the effect of the administration 
of oxygen on blood gasometry of rats that were anesthetized using the combination of ketamine 
and xylazine with acepromazine or methadone.

MATERIALS AND METHODS

Animals

Twenty-four SPF Wistar-Han rats (Rattus norvegicus), 12 females and 12 males aged from 8 to 
12 weeks (250-350g) were used. Animals were obtained from the animal facility of the Institute of 
Biomedical Science of the University of São Paulo and free of Mycoplasma pulmonis, Pasteurella 
pneumotropica, Bordetella bronchiseptica, Helicobacter spp., Klebsiella oxytoca, Klebsiella pneumoniae, 
Pasteurella multocida, Pseudomonas aeruginosa, Staphylococcus aureus, Streptococcus β-hemolytic 
spp., Streptococcus pneumoniae, Salmonella spp, Kilham Rat Virus, Rat Pneumonia Virus, Reovirus, 
as well ecto and endo parasites. A maximum of four animals was housed per cage on corn cob 
bedding in polypropylene open cages (41x34x16cm) changed once a week. Paper rolls were added 
as environmental enrichment. All the animals were maintained under climate-controlled conditions 
of 12/12h light/dark cycle, temperature range from 22°C to 24°C, relative humidity of 45% to 65%, 
ad libitum access to drinking water, and a standard food-pellet diet (Nuvital-Quimtia, PR, Brazil).

Before beginning the experiments, the animals were housed in the animal facilities of the 
Department of Pathology of the School of Veterinary Medicine and Animal Science, University of 
São Paulo, where they stayed for at least one week to adapt. The experiment was always performed 
from 1:00 PM to 3:00 PM to avoid any interference with circadian rhythm.
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All animal procedures followed the guidelines of the Ethics Committee of the School of Veterinary 
Medicine and Animal Science of the University of São Paulo, Brazil (Authorization no.9635260116).

Sample size calculation

A power calculation was determined by a total power of 0.84 and a two-sided significance 
of 0.05. The variability of the oxygen saturation was estimated based on the results obtained in a 
previous study16which presented the same treatments16; thus, 9% was determined as the maximum 
standard deviation. The minimum size effect was based on this parameter with a difference of 11%. 
Thereby, we justified a sample size of 12 animals based on a calculated n of 10.49. The previous study 
demonstrated no significant differences between sexes, so we decided to use six females and six 
males in each treatment. We confirmed again that there were no differences in the results between 
sexes in this study.

Anesthetic procedure

Animals were randomly assigned to two different groups composed by six animals of each sex and 
were submitted to the following protocols: 1) XKA: Xylazine 7.5 mg/kg (Anasedan-Ceva, 20 mg/ml, 
SP, Brazil) + Ketamine 60 mg/kg (Dopalen-Ceva, 100 mg/ml, SP, Brazil), + Acepromazine 2 mg/kg 
(Acepran-Vetnil, 2 mg/kg, SP, Brazil), 2) XKMe: Xylazine 5 mg/kg + Ketamine 60 mg/kg + Methadone 
5 mg/kg (Mytedom-Cristália, 10 mg/ml, SP, Brazil). The anesthetic protocol was administered by the 
intraperitoneal route and the doses were based on a previous study16. After losing the righting reflex, 
the rats were laid on dorsal recumbency on a preheated thermal blanket to minimize the decrease in 
body temperature (between 35°C-37°C). Sterile ocular lubricant (Vidisic Gel-Bauch+Lomb, 2 mg/kg, 
SP, Brazil) was administered to both eyes.

Arterial blood gas analysis

Immediately after each rat had lost the pedal reflex, an incision was made in the abdomen 
to place a 24G catheter into the abdominal aorta to collect blood (Figure 1). The first sample was 
collected with the animal breathing room air. After, a cap was placed on the catheter, and the arterial 
lumen was occluded with a clamp to block the blood outflow. Then, 70% oxygen was administered 
using a nose cone for one minute with a flow rate of 0.5 L/min. Promptly, a second blood sample 
was collected. Both samples were collected with 1ml heparin syringes (BD A-LineTM, PL, UK) and 
placed in a cooler at 4 °C (samples did not contact the ice). Then, they were immediately transported 
to be analyzed by an automated arterial blood gas system (Cobas b 121 System, Roche Diagnostics 
Limited, MA, IN). SO2, paO2, paCO2, pH, and cHCO3 were measured.

Clinical signs and characteristics of the samples collected

During blood sample collection color of blood and the presence of sings of cyanosis were reported.

A-a gradient

The following equation calculated A-a gradient:

A-a gradient= [FiO2 (Patm – PH2O)] – (paCO2/0.8) – paO2 (1)

Where FiO2 was 0.21 (to non-oxygenated animals) and 0.7 (to oxygenated animals), Patm was 
700 mmHg (atmospheric pressure of São Paulo, Brazil with an elevation of 700 meters over the sea 
14 and PH2O was 47.

paO2/FiO2 ratio

This value was calculated by dividing the paO2 of each animal by 0.21 (non-oxygenated animals) 
or 0.7 (oxygenated animals).
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Histopathology

After blood sampling, animals were euthanized by decapitation. Lungs were collected and 
placed in 10% formalin for histopathological analysis. Tissues were embedded in paraffin blocks and 
sliced in 5μm sections using a microtome. Sections were floated in a water bath, adhered to standard 
glass slides, and allowed to dry at room temperature. Slides were then stained with hematoxylin and 
eosin for further analysis and examined under the microscope to document pathological changes.

Inclusion and exclusion criteria

Only healthy SPF Wistar-Han rats were included. Animals that had an error in all parameters of 
the arterial blood gas analyses would be excluded. However, no animals were excluded.

Endpoints

Dyspnea or severe hypothermia (temperature under 35°C) during anesthesia were considered 
as endpoints. However, no animals presented these clinical signs.

Statistical analysis

The analysis was blinded to avoid investigator’s bias. Unpaired t-test with Welch’s correction was 
used to analyze statistical differences between gender in all arterial blood gases parameters for each 
treatment. Effect of oxygen supply in arterial blood gases was analyzed with a two-way analysis of variance 
(ANOVA) followed by Sidak’s multiple comparison test. Results were considered significant at p < 0.05.

Histopathological findings were presented as the frequency in each protocol group. We 
used McNemar’s chi-squared test to analyze the association of the anesthetic protocols with the 
histopathological findings. Statistical analysis was performed with GraphPad Prism 8.2.1 software 
(GraphPad Software, Inc., 7825 Fay Avenue, Suite 230 La Jolla, CA 92037 USA).

Figure 1. Blood sampling from the abdominal aorta of anesthetized rats and clinical signs before and after oxygenation. 
A) After the rat lost the pedal reflex, an incision in the middle line was made to expose abdominal organs. B) Organs 
were removed from the abdominal cavity to expose the abdominal aorta. C) A 24G catheter was introduced in the 
abdominal aorta, and an elbow head surgical tweezer, placed around the artery. D) When the catheter was already in 
place, the tweezer was closed, and the cap was removed. E) The first blood sample was collected with rat breathing 
room air (FiO2: 21%) with a 1 ml heparinized syringe. F) Rats received a 70% oxygen supply for 1 minute; meanwhile, 
the cap was placed in the catheter and the tweezer was closed to avoid hemorrhage. G) Second blood sampling was 
collected. Blood is brighter than the first sample after oxygenation. H) Comparison of skin coloration of two rats, one 
non-oxygenated (left) showing cyanosis (bluish color to the paw skin) and other oxygenated (right) not presenting 
signs of cyanosis.
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RESULTS

Differences between sexes

No significant differences were evident between the sexes. For this reason, data from females 
and males of each treatment were combined.

Arterial blood gas analysis

The rats submitted to the XKMe protocol had a low pH (<7.35) before oxygenation (p=0.0275) 
when compared with the XKA protocol. Oxygen supply caused a reduction of pH levels (p<0.0001) 
in both protocols (Figure 2A).

Rats anesthetized with XKA and XKMe showed increased levels of SO2 and paO2 (p<0.0001) 
after oxygen supply (Figure 2B and 2C). Before receiving oxygen, SO2 levels were lower than 90% in 
most animals. The lower values (< 80%) were observed in XKMe anesthetized rats without oxygen 
(p<0.0001) (Figure 2B). Non-oxygenated animals of both protocols had low paO2 levels - below 
80 mmHg (p<0.0001) - compared with oxygenated ones. Animals anesthetized with XKMe presented 
the lowest values of paO2 (<60 mmHg). Non-oxygenated animals showed high paCO2 values 
(>40 mmHg). These values increased after oxygenation in rats anesthetized with XKA (p=0.0015) 
and XKMe (p=0.0003) (Figure 2D). Animals submitted to XKMe protocol presented higher paCO2 
levels than those submitted to XKA protocol before (p=0.0035) and after (p=0.0005) oxygenation 
(Figure 2D). In the cHCO3, no effect was observed at the time of oxygen administration. However, 
it was significantly lower in the XKA before oxygenation (p=0.0119) compared with the XKMe 
protocol. (Figure 2E).

paO2/FiO2 ratio

The rats submitted to the XKA protocol did not present hypoxemia before or after the oxygenation 
(paO2/FiO2 >300 mmHg). In contrast, rats submitted to the XKMe protocol showed a reduction in 
this relation before oxygenation (p=0.00326) compared with the XKA protocol, which improved with 
oxygen administration (Figure 2F). paO2/FiO2 was higher in animals submitted to the XKA (p=0.0062) 
and XKMe (p=0.0024) protocols after oxygen supply (Figure 2F).

A-a gradient

All rats from both protocols presented values lower than 10 mmHg before oxygenation. After 
the administration of 70% oxygen, its level increased significantly in the animals submitted to the 
XKMe protocol (p=0.0116) (Figure 2G).

Clinical signs and characteristics of the samples collected

During the blood sampling, 100% of the samples showed a color difference before and after 
oxygenation. They were dark red before oxygenation and bright red after it. Likewise, it was evident 
that all animals presented cyanosis, before being oxygenated (Figure 1).

Histopathology

No macroscopic changes were observed in the lungs. Atelectasis, alveolar hemorrhage, congestion, 
and edema were the microscopic findings of both anesthetic protocols (Table 1). No significant results 
were observed in the statistical analysis.

DISCUSSION
In the search for new techniques for refining anesthetic procedures in laboratory animals, 

oxygen support during injectable anesthesia is recommended to minimize potential intraoperative 
complications and ensure success in surgical interventions. In the present study, independently of 
the anesthetic protocol used, the animals developed respiratory acidosis despite oxygenation. That 
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Table 1. Histopathological findings in rats submitted to different anesthetic protocols (X: Xylazine, K: Ketamine, A: 
Acepromazine, Me: Methadone) McNemar’s chi-squared test showed no statistical differences between protocols (p>0.05)

Histopathological findings XKA XKMe
Atelectasis Mild 3/12 3/12

Moderate 6/12 3/12
Severe 1/12 1/12

Congestion Mild 4/12 4/12
Moderate 4/12 6/12

Severe 1/12 0/12
Alveolar hemorrhage Mild 1/12 1/12

Moderate 2/12 1/12
Severe 1/12 3/12

Edema Mild 5/12 4/12
Moderate 1/12 1/12

Severe 0/12 0/12

Figure 2. Effects of oxygen on blood-gas values in rats submitted to two anesthetic protocols (X: Xylazine, K: Ketamine, 
A: Acepromazine, Me: Methadone). A) pH, B) paCO2, C) SO2, D) paO2, E) cHCO3, F) paCO2/FiO2 ratio, G) A-a gradient. 
*p<0.05, **p<0.01, ***p<0.001, ****p<0.0001, comparisons: XKA without O2 (FiO2: 21%) × with O2 (FiO2: 70%); XKMe 
without O2 (FiO2: 21%) × with O2 (FiO2: 70%). #p<0.05, # #p<0.01, # # #p<0.001, # # # #p<0.0001, comparisons: XKA × 
XKMe without O2; XKA × XKMe with O2.
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may be related to respiratory depression (hinders adequate ventilation) and to absorption atelectasis 
(leads to CO2 retention). However, the immediate improvement observed in SO2, paO2, and clinical 
signs (such as the resolution of cyanosis) in all the anesthetic protocols used in this study reinforces 
the importance of oxygenating the rats during injectable anesthetic procedures.

Respiratory acidosis was a complication observed in all cases, occurring when blood pH falls 
to values below 7.35; and CO2 levels increase to values above 60 mmHg (hypercapnia). That was 
observed in most animals before oxygenation and worsened after it1. Hypoventilation can lead to 
respiratory acidosis as a result of low gas exchange in the alveoli: obstructions in the respiratory tract, 
pneumonia, pneumothorax, emphysema, neuromuscular disorders, respiratory diseases, central 
nervous system depressants (respiratory center), or excessive CO2 inhalation. Acidosis can also be 
related to hyperoxia because of the administration of high oxygen concentrations (over 70% in our 
study)17. Acidosis occurred in this condition because of the absorption atelectasis, considering that 
oxygen is highly soluble in blood and for this reason, oxygen diffuses quickly across the alveoli into 
the bloodstream, accelerating the rate of alveolar collapse17. Oxygen in lower concentrations is less 
soluble because it is mixed with other gases, such as nitrogen, that help the alveoli to preserve their 
patency and reduces the speed of their collapse17,18.

The A-a gradient is the difference between the alveolar partial oxygen pressure and the arterial 
partial oxygen pressure19. This parameter should be calculated when a ventilation-perfusion mismatch 
is suspected17. In room air, the usual A-a gradient is lower than 10 mmHg; values over 20 mmHg are 
considered an oxygenation deficiency. The A-a gradient increases 5 to 7 mmHg when FiO2 increments 
10%20. Most animals presented mild to moderate atelectasis in the histopathology analysis. However, 
we observed normal A-a gradient values for animals that breathed room air (FiO2 = 21%), which 
suggests that atelectasis occurred after oxygenation. Considering that 70% FiO2 is attained when 
the A-a gradient is about 50-70 mmHg, only the rats under the XKMe protocol had an altered oxygen 
exchange. However, hypercapnia and a decrease in blood pH occurred mainly before oxygenation. 
That indicates that the depressant effect of opioids and xylazine in the central nervous system reduced 
CO2 elimination, particularly in the XKMe protocol. In other species, like humans, low FiO2 (30%-35%) 
prevents hypoxia and hypercapnia21. In our study, we did not measure different percentages of FiO2, 
so it would be interesting to test if lower FiO2 reduces CO2 accumulation.

In this study, the non-oxygenated animals showed moderate hypoxemia demonstrated by 
unsatisfactory levels of SO2 and paO2.

22 The lack of oxygen in the blood cells causes hypoxemia which 
can be related to respiratory depression, more intense in the first 10 minutes after administering 
anesthesia16. Nevertheless, oxygenation reverted it and was reflected by the better clinical condition 
of the animals. On the other hand, low values of the paO2/FiO2 ratio (an indicator of gas exchange) in 
non-oxygenated rats of the XKMe protocol revealed that this anesthetic protocol requires oxygenation23. 
It can cause mild to severe hypoxemia, which can affect the results or lead to death. Oxygen supply 
increased the paO2/FiO2 ratio in all cases, showing that it is crucial for hypoxemia correction.

Some authors had reported the benefits of oxygenating rats during anesthesia. Mechelinck et al. 
(2019)15 and Fornari et al. (2012)7 demonstrated that supplying oxygen increased the survival rate of 
rats anesthetized with injectable anesthesia. Duggan et al. (2005)18 showed that, despite absorption 
atelectasis, oxygenation increased FiO2. Oxygen support combined with a FiO2 from 24% to 100% in 
rats anesthetized with KX reduced mortality to zero, improved systemic oxygen tension and cardiac 
function and decreased pulmonary prostaglandin F2 concentrations.

The changes in the color of blood samples, skin, and mucosa before and after oxygenation were 
clinical signs of the benefits of oxygen supply. When hemoglobin loses its oxygen, blood turns to 
dark bluish-red color24. Cyanosis occurs when poorly oxygenated blood circulates in the superficial 
capillaries and venules, granting the skin and mucous membranes a blue coloration. Cyanosis can 
develop when SO2 is lower than 85%. When it happens, the paO2 should be lower than 60 mmHg 
(minimum value corresponding to the reference range), possibly resulting in a substantial drop in 
paO2 that can lead to hypoxemia25. Thus, visually controlling the color of the mucosa and monitoring 
the oxygen saturation with a pulse oximeter are critical parameters to monitor during anesthesia. 
Pulse oximeters are relatively accurate devices to measure normal oxygen levels but become more 
inaccurate when saturation falls below 80%. Nevertheless, it is valuable for clinical evaluation since 
a reduction in oxygen saturation during anesthesia can be immediately detected and corrected1.
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Xylazine could affect lung histopathological findings. The alpha2 adrenoreceptor agonist can 
cause an acute pulmonary venous spasm, followed by severe pulmonary congestion26. Consequently, 
the microvascular pressure rises considerably, rupturing alveolar-capillary walls and resulting in 
extensive diapedesis of red cells into the alveolar lumen26. Xylazine can also increase permeability 
in the pulmonary vascular endothelium resulting from an endothelium injury and consequent lung 
edema27. All these alterations can cause respiratory distress in the animal, which can lead to hypoxemia.

Based on our results, we recommend providing oxygen supply to rats when using injectable 
anesthesia, especially when combined with opioids. Also, animals should be healthy and not present 
any respiratory system compromise (preferably using SPF animals). Nose cones are the best choice 
to ventilate rats because tracheal intubation or tracheostomy is more invasive and can damage or 
destroy the anatomic laryngeal structure, leading to complications - mortality, a more complex 
intubation process, and increased post-operatory recovery period28. Continuous monitoring of the 
animal’s parameters is necessary, primarily measuring SO2 and CO2. Monitoring these parameters 
could be by pulse oximetry and capnography, when gasometry is not possible.

In conclusion, the present study demonstrated that oxygen supply restored hypoxemia produced 
by respiratory depression during anesthesia. Administering oxygen has an immediate effect that 
increases its saturation and paO2, keeping the animal stable during anesthetic procedures and, 
consequently, improving recovery and reducing mortality risk. However, respiratory acidosis can 
occur in high concentrations of FiO2. Moreover, additional studies are required using lower FiO2 
concentrations to establish the best choice for rats.
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