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Refinements to Euthanasia Methods 
The Animal Welfare Act regulations define euthanasia as “the humane destruction of an animal 
accomplished by a method that produces rapid unconsciousness and subsequent death without 
evidence of pain or distress, or a method that utilizes anesthesia produced by an agent that causes 
painless loss of consciousness and subsequent death”1. Research facilities can use the American 
Veterinary Medical Association’s (AVMA) euthanasia guidelines (2020) as a source for 
euthanasia methods that are compliant with the regulations: Any methods listed as “acceptable” 
or “acceptable with conditions” (when conditions are met) meet the regulatory definition of 
euthanasia2. 

There is a large body of literature that discusses how various euthanasia methods negatively 
impact mouse and rat welfare and cause pain and distress. Scientists have conducted research to 
test alternative methods of euthanasia or alterations to current euthanasia practices that may 
minimize suffering. These methods would be considered refinements in accordance with the 3Rs 
(replacement, reduction, and refinement of animal use) because they minimize pain and distress 
and improve animal welfare.  

The Animal Welfare Information Center (AWIC) is providing this bibliography for 
informational purposes only. AWIC does not endorse the use or disuse of any method mentioned 
in this document. A veterinarian should be consulted before making any decisions regarding 
euthanasia methods.  

Bibliography 
We have included citations that discuss alternative methods of laboratory rodent euthanasia, 
refinements to common rodent euthanasia practices, and how various euthanasia methods impact 
rat and mouse welfare. The bibliography has separate sections for rats and mice and then is 
further broken down into sections based on euthanasia method (general citations, physical 
methods, injected agents, inhaled agents, and fetuses and neonates). Publication years 2000 to 
2026 were searched for all euthanasia methods except inhaled agents. Due to the amount of 

1 Definitions, 9 C.F.R. § 1.1 (1989). https://www.ecfr.gov/current/title-9/chapter-I/subchapter-A/part-1/section-1.1 
2 United States Department of Agriculture, Animal and Plant Health Inspection Service. (March 2024). Animal 
Welfare Inspection Guide. https://www.aphis.usda.gov/sites/default/files/animal-care-inspection-guide.pdf  
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literature, only citations published on inhaled agents from 2010 to 2026 are included. If you need 
literature prior to these periods, please contact the Animal Welfare Information Center at 
awic@usda.gov. 

The following databases were searched: 

• PubMed

• Embase

• Web of Science (Web of Science Core Collection and Biological Abstracts, BIOSIS
Science Citation Index, Current Contents Concept, KCI-Korean Journal Database,
Russian Science Citation Index, SciELO Citation Index, and Zoological Record)

• EBSCO (Agricola, Biological Abstracts, CAB Abstracts, eBook Collection
(EBSCOhost), Global Health, Zoological Record)

The citations are arranged in alphabetical order by the last name of the first author. We have 
omitted abstracts due to publisher copyright considerations. The search strategies that we used in 
these searches are provided following the citations.  

Finding Abstracts and Full-Text of Articles 
We have omitted abstracts due to publisher copyright considerations. However, you can locate 
abstracts easily by clicking on the DOI (digital object identifier) in the citation. The DOI is a 
permanent identifier that links to the journal article's page on the journal's website.  

There are multiple ways of locating full-text of articles and books in the bibliography. You can 
check the National Agricultural Library’s (NAL) online catalog, SEARCH, to see which books 
and periodicals the library has in its holdings. Some online periodicals in NAL’s holdings are 
only available to USDA employees through the Digitop portal. Other articles are open access and 
may be downloaded for free. If you are not a USDA employee, check with your local or 
institutional library to see whether your library subscribes to these periodicals or can order them 
on interlibrary loan. 

Information on how to request materials that are included in NAL’s collections can be found on 
the Request Library Materials page.  
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Strategy:  
 
PubMed 
 

1. ((mice[MeSH Major Topic]) OR (mice[Title] OR mouse[Title] OR mus[Title] OR 
rodent*[Title])) AND ((euthanasia, animal[MeSH Terms]) OR (euthan*[Title] OR "killing 
method*"[Title])) 

2. (((mice[MeSH]) OR (mice[Title] OR mouse[Title] OR mus[Title] OR rodent*[Title])) 
AND ((euthanasia, animal[MeSH Terms]) OR (euthan*[Title/Abstract] OR "mice 
kill"[Title/Abstract:~3] OR "mice killed"[Title/Abstract:~3] OR "mice 
killing"[Title/Abstract:~3] OR "rodents kill"[Title/Abstract:~3] OR "rodents 
killed"[Title/Abstract:~3] OR "rodents killing"[Title/Abstract:~3]))) AND (((animal use 
alternatives[MeSH Terms]) OR (animal welfare[MeSH Terms])) OR (3Rs[Title/Abstract] 
OR "three rs"[Title/Abstract] OR "animal use alternative*"[Title/Abstract] OR 
alternative*[Title/Abstract] OR refine*[Title/Abstract] OR welfare[Title/Abstract] OR 
"well-being"[Title/Abstract] OR humane[Title/Abstract] OR pain*[Title/Abstract] OR 
distress*[Title/Abstract] OR anxiety[Title/Abstract] OR discomfort[Title/Abstract] OR 
"non-aversive"[Title/Abstract] OR "less aversive"[Title/Abstract] OR "minimally 
invasive"[Title/Abstract] OR "less invasive"[Title/Abstract] OR "non-
invasive"[Title/Abstract] OR noninvasive[Title/Abstract] OR "best 
method*"[Title/Abstract] OR "best practice*"[Title/Abstract] OR "preferred 
method*"[Title/Abstract] OR recommend*[Title/Abstract] OR 
guideline*[Title/Abstract])) 
 

Embase 
 

1. ('mouse'/exp OR mice:ti,ab,kw OR mouse:ti,ab,kw OR murine:ti,ab,kw OR mus:ti,ab,kw 
OR rodent*:ti,ab,kw) AND ((euthan*:ti OR kill:ti OR killed:ti OR killing:ti) OR (('carbon 
dioxide':ti OR co2:ti OR 'carbon monoxide':ti OR co:ti OR barbiturate*:ti OR 
pentobarbital:ti OR halothane:ti OR isoflurane:ti OR sevoflurane:ti OR desflurane:ti OR 
xenon:ti OR nitrogen:ti OR 'nitrous oxide':ti OR ethanol:ti OR decapitat*:ti OR 'cervical 
dislocation':ti OR 'focused beam microwave irradiation':ti OR hypothermia:ti OR 'rapid 
freezing':ti) AND (euthan*:ab OR kill:ab OR killed:ab OR killing:ab))) AND ('animal 
welfare' OR 'animal well-being' OR 'animal testing refinement' OR 3rs:ti,ab,kw OR 'three 
rs':ti,ab,kw OR 'animal use alternative*':ti,ab,kw OR alternative*:ti,ab,kw OR 
refine*:ti,ab,kw OR welfare:ti,ab,kw OR 'well-being':ti,ab,kw OR humane:ti,ab,kw OR 
pain*:ti,ab,kw OR distress*:ti,ab,kw OR anxiety:ti,ab,kw OR discomfort:ti,ab,kw OR 
'non-aversive':ti,ab,kw OR 'less aversive':ti,ab,kw OR 'minimally invasive':ti,ab,kw OR 
'less invasive':ti,ab,kw OR 'non-invasive':ti,ab,kw OR noninvasive:ti,ab,kw OR 'best 
method*':ti,ab,kw OR 'best practice*':ti,ab,kw OR 'preferred method*':ti,ab,kw OR 
recommend*:ti,ab,kw OR guideline*:ti,ab,kw) 
 

Web of Science  
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1. (TI=(mice OR mouse OR murine OR mus OR rodent*)) AND ((TI=(euthan* OR "killing 
method*"))) 

2. ((TI=(mice OR mouse OR murine OR mus OR rodent*))) AND (((TI=(euthan* OR kill 
OR killed OR killing))) OR (((TI=("carbon dioxide" OR CO2 OR "carbon monoxide" OR 
CO OR barbiturate* OR pentobarbital OR halothane OR isoflurane OR sevoflurane OR 
desflurane OR xenon OR nitrogen OR "nitrous oxide" OR ethanol OR decapitat* OR 
"cervical dislocation" OR "focused beam microwave irradiation" OR hypothermia OR 
"rapid freezing" )) AND AB=(euthan* OR kill OR killed OR killing)))) AND (((TI=(3Rs 
OR "three rs" OR "animal use alternative*" OR alternative* OR refine* OR welfare OR 
"well-being" OR humane OR pain* OR distress* OR anxiety OR discomfort OR "non-
aversive" OR "less aversive" OR "minimally invasive" OR "less invasive" OR "non-
invasive" OR noninvasive OR "best method*" OR "best practice*" OR "preferred 
method*" OR recommend* OR guideline* )) OR AB=(3Rs OR "three rs" OR "animal use 
alternative*" OR alternative* OR refine* OR welfare OR "well-being" OR humane OR 
pain* OR distress* OR anxiety OR discomfort OR "non-aversive" OR "less aversive" OR 
"minimally invasive" OR "less invasive" OR "non-invasive" OR noninvasive OR "best 
method*" OR "best practice*" OR "preferred method*" OR recommend* OR guideline* 
))) 
 

EBSCO (Agricola, Biological Abstracts, CAB Abstracts, eBook Collection (EBSCOhost), 
Global Health, Zoological Record) 
 

1. AB (mice OR mouse OR murine OR mus OR rodent*) AND (TI (euthan* OR kill OR 
killed OR killing) OR AB ( euthan* OR kill OR killed OR killing ) AND TI ( "carbon 
dioxide" OR CO2 OR "carbon monoxide" OR CO OR barbiturate* OR pentobarbital OR 
halothane OR isoflurane OR sevoflurane OR desflurane OR xenon OR nitrogen OR 
"nitrous oxide" OR ethanol OR decapitat* OR "cervical dislocation" OR "focused beam 
microwave irradiation" OR hypothermia OR "rapid freezing" )) AND AB (3Rs OR "three 
rs" OR "animal use alternative*" OR alternative* OR refine* OR welfare OR "well-being" 
OR humane OR pain* OR distress* OR anxiety OR discomfort OR "non-aversive" OR 
"less aversive" OR "minimally invasive" OR "less invasive" OR "non-invasive" OR 
noninvasive OR "best method*" OR "best practice*" OR "preferred method*" OR 
recommend* OR guideline*)  
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