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Intraperitoneal Administration of Ethanol
as a Means of Euthanasia for Neonatal Mice
(Mus musculus)

Cecilia de Souza Dyer,"? Angela K Brice,"? and James O Marx">"

The humane euthanasia of animals in research is of paramount importance. Neonatal mice frequently respond differently
to euthanasia agents when compared with adults. The AVMA’s Guidelines for the Euthanasia of Animals includes intra-
peritoneal injection of ethanol as “acceptable with conditions,” and recent work confirmed that this method is appropriate
for euthanizing adult mice, but neonatal mice have not been tested. To explore this method in neonatal mice, mouse pups
(C57BL/6 and CD1, 162 total) were injected with 100% ethanol, a pentobarbital-phenytoin combination, or saline at 7, 14, 21,
28, or 35 d of age. Electrocardiograms, respiratory rates, and times to loss of righting reflex and death were recorded. Time
to death (TTD) differed significantly between ethanol and pentobarbital-phenytoin at 7, 14, and 21 d and between ethanol
groups at 7, 14, and 21 d compared with 35 d. The average TTD (£ 1 SD) for ethanol-injected mice were: 7 d, 70.3 = 39.8 min;
14 d, 51.7 £30.5 min; 21 d, 32.3 + 20.8 min, 28 d, 14.0 £ 15.2; and 35 d, 4.9 £ 1.4. Mean TTD in pentobarbital-phenytoin-injected
mice were: 7 d, 2.8 £ 0.4 min; 14 d, 2.9 £ 0.5 min; 21 d, 3.9 £ 1.2 min; 28 d, 3.9 £ 0.7 min; and 35 d, 4.4 £ 0.5. Although TTD did
not differ between ethanol and pentobarbital-phenytoin at 28 d of age, the TTD in 3 of 12 mice was longer than 15 min after
ethanol administration at this age. Therefore, ethanol should not be used as a method of euthanasia for mice younger than

35 d, because the criteria for humane euthanasia were met only in mice 35 d or older.

Abbreviations: GABA, y-aminobutyric acid; LORR, loss of the righting reflex; TTD, time to death

The humane euthanasia of animals in research is of para-
mount importance. However, euthanizing young mammals,
particularly neonatal and preweanling mice (Mus musculus), can
be challenging in the research setting, because the common and
easily accessible euthanasia methods, such as carbon dioxide
and isoflurane overdose, require long exposure times.?#?” The
AVMA Guidelines for the Euthanasia of Animals state, “Altricial
neonatal and preweanling mammals are relatively resistant
to euthanasia methods that rely on hypoxia as their mode of
action. It is also difficult . . . to gain venous access. Therefore
intraperitoneal injection of pentobarbital is the recommended
method of euthanasia in preweanling . . . small mammals.”! The
aforementioned resistance to hypoxia is the result of neonatal
adaptive mechanisms, including a decreased metabolism and
slower progression to anaerobic metabolism, in the face of
hypoxemia.'?? As a result, methods that are both efficacious
and have been sanctioned by the AVMA Guidelines for neo-
natal animals, such as pentobarbital overdose, decapitation,
and hypothermia, require either a controlled substance or are
unpleasant to execute. Therefore, other methods of euthanasia
for neonatal mice that are rapid and minimally distressful and
that do not require the use of a controlled substance need to be
investigated.

Unlike CO, euthanasia and pentobarbital injection, intraperi-
toneal administration of ethanol for euthanasia does not require
specialized equipment or licensure from the Drug Enforcement
Agency and is easily transportable; in addition, ethanol can
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be stored at room temperature and has a long shelf life.3 To
be classified as an acceptable means of euthanasia, the AVMA
Guidelines state that the chosen method must result in a rapid
loss of consciousness, with minimal pain or distress, ultimately
resulting in a rapid and irreversible death.! Intraperitoneal
administration of ethanol for the purpose of euthanasia is
described in the AVMA Guidelines as “acceptable with condi-
tions,”! in light of previous studies.!®? The working group of
the European Commission recommends that the use of ethanol
as a means of euthanasia is acceptable only when a mouse is
anesthetized or sedated, due to concern for irritation to the
peritoneal cavity at concentrations exceeding 10%.'% In an effort
to elaborate on these recommendations, one group conducted
a follow-up study comparing ethanol injection with the more
widely accepted method of pentobarbital administration in
adult mice and rats.? The study reported that 70% ethanol ad-
ministered intraperitoneally in mice led to loss of the righting
reflex (LORR) in 45 s and cardiac arrest in 6 min. The average
time to death (TTD) when using ethanol was not statistically dif-
ferent from that for pentobarbital. In addition, ethanol was not
more distressful or painful than either pentobarbital or saline,
according to objective scoring methods. Ethanol was ineffective
for euthanasia in rats, and its use in neonatal and immature mice
was not tested.? The current study aimed to test the efficacy of
ethanol euthanasia in young mice and, if ineffective, to define
the acceptable age range for euthanasia by this method.
Because of their small size, neonatal and preweanling mice
present challenges regarding oral and intravenous delivery of
drugs and compounds. By default, a common method of deliv-
ery is intraperitoneal injection.!2%33 Intraperitoneal injection in
adult mice has been associated with error rates of 13% to 24%,?!
12%* and 14%,%* but no studies to date have assessed the accu-
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racy of intraperitoneal injections in neonatal and preweanling
mice. This deficiency is particularly relevant because one study®
reported a delay in the loss of consciousness when injections
were not truly intraperitoneal, thus increasing the time period
that mice would be susceptible to pain.

The purpose of the current study was to evaluate whether
100% ethanol administered intraperitoneally resulted in
rapid, minimally distressful euthanasia in awake neonatal
and preweanling mice, compared with the approved method
of intraperitoneal pentobarbital. In addition, we wanted to
evaluate the accuracy of intraperitoneal injection in neonatal
and preweanling mice.

Materials and Methods

Mice. Inbred (C57BL/6NCrl) and outbred (Crl:CD1[ICR])
mice (Mus musculus) were included in the study. These mice
differed significantly in regard to the euthanasia of neonatal
mice using COZ.24 In addition to breeding performed inhouse,
pregnant dams and sires were purchased from Charles River
Laboratories International (Wilmington, MA). All pups were
born at the University of Pennsylvania so that the actual date of
birth could be recorded; the day of litter discovery was recorded
as day 1. Descriptive data of the mice used are presented in Table
1. All procedures involving mice were approved by the IACUC
of the University of Pennsylvania.

Mice were held in a conventional facility in accordance with
the Guide for the Care and Use of Laboratory Animals'* and were
housed in polycarbonate static isolation cages (Max 75, Alterna-
tive Design, Siloam Springs, AR) containing corncob bedding
(0.12-in. Bed-O-Cobs, The Andersons, Maumee, OH). Mice had
unlimited access to standard rodent chow (LabDiet 5001, St.
Louis, MO) and water bottles filled with water from a municipal
source. Cotton squares (Ancare) were placed in all cages as a
form of enrichment and for nest building. Room lights were on
a timed 12:12-h light:dark cycle.

Sentinel mice exposed to dirty bedding from mice housed
on the same rack were tested each quarter for fur mites and
pinworms (Syphacia spp. and Aspiculuris spp.) in addition to
antibodies to mouse hepatitis virus, mouse parvovirus, minute
virus of mice, rotavirus, and Theiler murine encephalomyelitis
virus by inhouse serology. Sentinels were shipped to Charles

River Laboratories International once each quarter to be tested
for all pathogens outlined in the comprehensive panel (HM
Plus panel, Charles River Laboratories). All sentinels tested
negative for ectoparasites and murine viruses throughout the
course of the study.

Intraperitoneal injection of mice. Mouse pups were weighed
by using a gram scale (model 21762, US Balance, Vincennes,
IN) and then were placed on the device platform for baseline
recording of heart rate (ECGenie, Mouse Specifics, Quincy, MA;
Table 1). All intraperitoneal injections were performed by the
same person (CDD). Ethanol (100%, Decon Labs, King of Prus-
sia, PA), a pentobarbital-phenytoin solution (Euthasol, 390 mg
pentobarbital sodium and 50 mg phenytoin sodium per mL,
Virbac Animal Health, Fort Worth, TX), or saline (0.9%) was
drawn into a U40 insulin syringe carrying a 27-gauge, 0.5-in.
needle. The volume of administration for all mice was 0.1 mL per
5 g of body weight, which resulted in an ethanol dose of 15.8 g/
kg and a pentobarbital dose of 7.8 g /kg. We used 100% ethanol
instead of 70% ethanol because a small pilot study suggested
a prolonged time to death in young mice even at the higher
concentration of ethanol. Ultimately, 88 mice received ethanol,
47 received pentobarbital-phenytoin, and 27 received saline.
The outside of the needle was wiped with nonsterile gauze to
avoid irritation at the site of skin penetration. The person who
administered the injections was blinded to the contents of the
syringe for ethanol or saline injections so that assessments of
reactions to the injections would be unbiased. However, the
pink color of the pentobarbital-phenytoin solution prevented
blinding when administering this drug.

The operator restrained each conscious mouse pup by gently
gathering the skin over the neck and back, by using the thumb
and forefinger of the nondominant hand. The pup’s head was
tilted downward to displace abdominal organs cranially, and
the needle was slowly advanced no more than 0.25 in. into the
peritoneal cavity through the skin and body wall in the lower
right quadrant of the abdomen. The plunger was withdrawn,
and after confirmation of negative pressure and the lack of in-
gesta, urine, or blood in the hub of the needle, the mouse was
injected with either ethanol or saline over 2 to 3 s; given the
viscosity of the solution, injections of pentobarbital-phenytoin
took as long as 5 s. After several intraperitoneal injections had

Table 1. Body weight (g) and baseline heart rate (beats per minute) of C57BL/6 and CDI mice prior to injection

C57BL/6 CD1
Age (d) Weight Heart rate Weight Heart rate
7 3.8+0.32 406.7 £36.9° 53+0.12 491.7 + 64.32
3.4-43(n=06) 377-395 (n=3) 3.7-7.8 (n = 36) 432-567 (n = 6)
14 6.3+1.2%0 607.9 £ 134.4° 7.4+1.8° 707.9 £ 63.8>"
4878 (n=11) 410-761 (n = 8) 5.0-11.8 (11 = 39) 513-766 (1 = 17)
21 7.7 £2.5P 718.2 £59.4¢ 10.9 £0.2¢7 808.8 + 82.7¢"

42-12.0 (n = 11) 613-758 (11 = 9)

28 1.2 +£3.7¢ 753.2 + 33.4¢
7.6-17.5 (n =9) 715-768 (1 = 9)
35 16.0 +2.34 752.9 + 48¢

11.0-21.0 (n = 17) 648-824 (1 = 14)

8.7-12.5 (n = 12) 222-859 (n = 11)

821.4 +30.4%"
778-840 (n = 8)

18.4 +0.54"
14.3-25.0 (n = 14)

766.8 +55.2 b<
678-830 (1 = 13)

24.7 +3.5¢"
20-35 (n = 17)

Data are given as mean + 1 SD followed by range (no. evaluated). For each parameter, different lowercase letters indicate significant (P < 0.05)
differences within strain, whereas an asterisk (*) indicates a significant (P < 0.05) difference between strains at the same age.
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been performed, the authors noted that ethanol frequently
leaked at the site of the injection if the needle was removed from
the peritoneal cavity immediately. Thereafter, the needle was
held in place for at least 10 s in all mice, in an effort to reduce
this leaking. Once the needle was removed from the abdomen,
the mouse was replaced on the ECGenie platform for additional
recordings. Mice that received saline did not become sedated
and were returned to their home cages.

Assessment of pain and distress. Pain and distress were meas-
ured as reaction to the injection, such as squirming and kicking
at the needle. In a previous study, the Mouse Grimace Scoring
system!” and other behavioral indications of discomfort, such
as abdominal press, were applied during the time period after
injection but before the loss of consciousness. However, given
the immature facial features of mice 14 d and younger, this
scoring system could not be consistently applied to many of the
mice in the current study, making it an inadequate measure of
pain or distress across all groups. As a result, pain and distress
were assessed only at the time of injection.

Assessment of LORR and TTD. To determine loss of conscious-
ness, mice were turned on their backs every 15 to 30 seconds
until they were no longer able to right themselves; this event
was defined as the LORR and was used as an estimate for the
loss of consciousness.

TTD was defined as 2 min beyond the cessation of respira-
tion. Using cessation of respiration was the most reliable way
to measure TTD because, in several cases, ECG recordings were
lost due to weak signals prior to cardiac arrest in very small
mice. After death, mice were either set aside to observe for
recovery or, in a few mice, the thorax was opened immediately
to examine myocardial activity. Then an abdominal incision
was made in all mice, to note gross changes to the abdominal
viscera and evidence of misinjection. An injection was classified
as a misinjection when evidence of ethanol or pentobarbital—-
phenytoin was present within an abdominal organ or when the
majority of the solution injected was visible as a swelling within
the subcutaneous tissue. An accurate injection was classified
as one that did not appear to involve any abdominal organs or
subcutaneous tissues.

ECG recording. The ECGenie recording device was used to
obtain an ECG from all mice. Pups were placed on the platform
after weighing and were allowed to acclimate to the space.
When the pup was still and at least 2 paws were in contact with
the electrodes, short clips of interpretable ECG were recorded.
Because young mice (7 or 14 d old) were at risk of hypothermia
if left for too long on the recording platform prior to injection,
they were allowed to acclimate to the platform for a maximum
of 2 min before injection. In addition, a small amount of ultra-
sound gel (Aquasonic 100 Ultrasound Transmission Gel, Parker
Laboratories, Hannover, Germany) was applied to the bottom
of all 4 paws of 7- or 14-d-old mice to facilitate detection of
the cardiac electrical signal by the electrode footplates. Once
a baseline recording was achieved, the mouse was removed
from the platform, given its intraperitoneal injection, and then
returned to the ECG platform. Heart rate was calculated from
the ECG by using ECG analysis software (eMouse 12.3, Mouse
Specifics, Quincy, MA) at 5-min intervals. Occasionally the ECG
signal was weak or lost in the young mice within minutes of
respiratory arrest; in other mice, the electrical activity of the
heart continued for as long as 10 min beyond respiratory arrest.
In mice with prolonged ECG activity, thoracotomy (after no
response to a firm toe pinch) confirmed that the myocardium
lacked organized, productive contractions.

Ethanol euthanasia of neonatal and preweanling mice

Preparation and examination of histologic slides. After con-
firmation of euthanasia, a gross postmortem examination was
performed to confirm the site of injection and observe any ef-
fects of ethanol or pentobarbital-phenytoin on the peritoneum
and abdominal organs. From a subset of mice (4 each from
the pentobarbital and ethanol groups, one mouse at each time
point), samples of stomach, intestines, cecum, spleen, liver,
and peritoneal lining were collected and fixed in 10% neutral
buffered formalin (Thermo Fisher Scientific, Waltham, MA),
processed, and stained with hematoxylin and eosin (Histology
Laboratory, Veterinary Hospital of the University of Penn-
sylvania, Philadelphia, PA). The slides were examined by a
board-certified veterinary pathologist (AKB), who was blinded
to the euthanasia method and age of the mouse. Inflammation
and congestion were examined and scored as no change, mild,
moderate, or severe.

Effect of supplemental heat on TTD. In an additional ex-
periment, 14-d-old CD1 mice (n = 9) were placed in sternal
recumbancy on a recirculating warm-water blanket (Gaymar
Industries, Orchard Park, NY) set to 42 °C and covered by
a c-fold paper towel, immediately after loss of the righting
reflex. Of the 9 heated pups, 4 underwent continuous digital
rectal thermometry (19-mm probe [model RET3], connected to
a model TW2-193, MicroTherma thermometer, Thermoworks,
Lindon, UT) for serial temperature measurements. The other 5
heated pups did not have continuous digital rectal thermom-
etry. In addition, 3 pups with the same signalment but without
heat support underwent continuous rectal thermometry as
described. Because the mice that were warmed could not be
returned to the ECG platform, ECG paddles (ECGenie, Mouse
Specifics) were secured with conduction putty to the forepaws of
both the heated and nonheated mice to obtain ECG recordings.
All recordings and postmortem processing were conducted as
described previously.

Accuracy of Intraperitoneal Injection in 7 and 14 Day-Old
Mice. A sterile, synthetic dye used for human endoscopic
tattooing (GI Spot, GI Supply, Camp Hill, PA) was injected
intraperitoneally at the same volume as ethanol, pentobarbital—-
phenytoin, or saline (that is, 0.1 mL per 5 g body weight) into
7- (n=30) or 14- (n = 15) d-old pups. After the pup was weighed,
the appropriate volume of endoscopic dye was drawn into an
insulin syringe, the needle was wiped with nonsterile gauze to
remove excess dye, and the dye was injected intraperitoneally as
described earlier. After 5 min, each pup was anesthetized either
with CO, in a slow-flow chamber with a total exposure time of
10 min and a displacement rate of 10% to 30% of the chamber
volume per minute, or with 2% to 4% isoflurane (by vaporizer).
After a negative toe-pinch response was confirmed, the pup
was euthanized via decapitation, a ventral midline incision was
made, and the abdominal cavity was rinsed to remove any dye
successfully injected into the peritoneal cavity. The presence of
dye within any abdominal organ, muscle, or subcutaneous tis-
sue or along the path of the needle was recorded; misinjection
was defined as described earlier.

Statistical analysis. We used 3-way ANOVA to compare the
average time to LORR and average TTD, with main effects of
age, strain, and method of euthanasia; a posthoc Tukey test was
run on all significant results to determine significant differences
between groups. A t test was used to compare average TTD of
14-d-old CD1 pups that received supplemental heat with the
age-matched, nonheated cohort. A %2 test was used to analyze
the proportion of mice that exhibited an adverse response to the
injection. Two-way ANOVA was used to compare body weight
and baseline heart rates of the mice, with age and background
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Table 2. Time to LORR (s; mean + 1 SD [range]) in mice (C57BL/6 and
CD1 mice are pooled) injected intraperitoneally with ethanol (15.8 g/
kg) or pentobarbital (7.8 g/kg) at 7, 14, 21, 28, and 35 d of age.

Age (d) Ethanol Pentobarbital-phenytoin
7 100 +£34.6 33.8+£14.42
6-120 (1 =3) 1545 (n = 4)
14 71.6£35.3 29.0£10.8%
30-180 (1 = 19) 15-45 (n = 5)
21 80.0£63.2 39.5+18.8%
10-240 (1 = 11) 30-90 (n = 10)
28 66.3 £53.4 429+135
30-240 (n = 12) 30-60 (n=7)
35 55.6+22.8 57.0+19.7
30-90 (n=17) 30-90 (n = 10)

The table includes mice that were provided with an external heat source.
2Time to LORR differed significantly (P < 0.05) between the methods
of euthanasia.

strain as main effects. Results were considered statistically
significant when P values were less than or equal to 0.05. All
statistical analysis was performed using SigmaPlot 12.3 (Systat
Software, San Jose, CA.)

Results

LORR, TTD, and response to injection. The average time
to loss of consciousness, measured as the time to LORR, was
calculated for a total of 98 mice across all age groups, methods
of euthanasia, and strains (Table 2). Because none of the mice
that received saline lost consciousness or progressed to death,
they were not included in the statistical analysis. No significant
differences were detected between inbred and outbred mice in
any of the analyses. The time to LORR was significantly greater
in those mice that received ethanol compared with those that
received pentobarbital-phenytoin at 7 (P = 0.023), 14 (P = 0.009),
or 21 (P =0.015) days of age, but the time to LORR did not differ
between any ages within each method of euthanasia. Among the
mice that were misinjected with ethanol (1 = 9), 88% retained a
righting reflex for 2 min or longer.

TTD differed significantly between ethanol and pentobar-
bital-phenytoin at 7, 14, and 21 d of age (P < 0.001), as well as
between mice euthanized with ethanol at 7, 14, or 21 d of age
compared with 35 d (P < 0.001). Although the mean TTD did
not significantly differ between accurately injected ethanol and
pentobarbital-phenytoin mice at the 28-d time point, the TTD
was greater than 15 min in 3 of 12 mice and longer than 30 min
in 2 of these 3 mice. TTD did not differ between pentobarbital—
phenytoin and ethanol in mice that were accurately injected at
35 d of age.

Mice that were identified as receiving a misinjection (n = 11,9
ethanol and 2 pentobarbital-phenytoin; all 21 d or older) were
removed from the primary data set for analysis. Misinjections
were difficult to identify in 7- and 14-d-old mice due to their
small size and prolonged time to death. Among the 11 mice that
were identified as misinjected, 7 received intracecal injections,
2 mice received subcutaneous injections, 1 mouse received an
intrauterine injection, and 1 mouse received a small intestinal
injection. In the subset of mice misinjected with ethanol and

that were tested for LORR (2 = 8), the average time to LORR
was 206.7 +162.6sat21d (n=3),150.0 £ 42.4sat28d (n =2),
and 220.0 £ 69.2 s at 35 d (n = 3). In addition, in 6 of the 8 mice,
the time to LORR was 2 SD or greater from the mean for the
accurately injected mice in each age group.

The TTD in mice misinjected with ethanol (1 = 9) was 83.3 +
39.8 minat21d (n=3),525+19.1 minat28d (n=2),and 57.0 +
51.1 min at 35 d (n = 4). In 6 of the 9 mice that were misinjected
with ethanol, TTD was 2 SD or more from the mean of the ac-
curately injected mice in each age group. The LORR in those
mice that were misinjected with pentobarbital-phenytoin was
52.5+10.6 s (n =2), and the TTD was 4.0 £ 1.4 min (n = 2) at 28
d of age; these times are similar to the time to LORR and TTD in
the mice that were accurately injected with pentobarbital-phe-
nytoin. Overall, misinjections were associated with prolonged
times to LORR and death only in the ethanol-injected mice.

The responses to injection did not differ between ethanol,
saline, or pentobarbital-phenytoin.
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Figure 1. (A) A normal ECG recording in a mouse. Note that every P
wave (solid arrow) is followed by a QRS complex (star) and T wave
(bolded arrow). (B) AV block in a mouse just prior to respiratory arrest.
5616 (C) Ventricular arrhythmia (ventricular tachycardia) in a mouse
just prior to respiratory arrest. Arrthythmias were common in mice at
all ages just before or after respiratory arrest.
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Figure 2. Change in heart rate (beats per minute) compared with time
(min) prior to death in 7-d-old pups. Each line represents 1 of 5 mice;
minute 0 is the time of death. The heart rate declined rapidly during
the first few minutes of anesthesia and then remained steady, between
200 and 300 beats per minute, prior to respiratory arrest. Around the
time of respiratory arrest, the heart rate rapidly declined again, ulti-
mately resulting in cardiac arrest.

ECG. The average baseline heart rate for each age group
prior to injection can be found in Table 1. In several instances,
notable changes in ECG recordings occurred just before or af-
ter respiratory arrest in mouse pups. These changes included
ventricular arrhythmias (n = 19), and atrioventricular block of
various grades (n = 12; Figure 1). In C57BL/6 mice 21 d of age
or younger, the heart rate rapidly declined within the first few
minutes after the injection and then remained steady, at 200 to
300 beats per minute, prior to respiratory arrest (Figure 2). Shortly
before respiratory arrest, the heart rate rapidly declined again,
ultimately resulting in cardiac arrest. In CD1 mice, this pat-
tern occurred in the 7-d-old mice only. Weak signals combined
with prolonged pulseless electrical activity made determining
the exact time to functional cardiac arrest challenging in very
young mice.

Gross pathology and histology. Grossly, in mice that received
an accurate intraperitoneal injection with ethanol, the visceral
and parietal peritoneum and serosal surface of the gastroin-
testinal tract were noticeably hyperemic (Figure 3) at all ages,
particularly in mice 21 d of age or younger, in which TTD was
prolonged. Whether the gross appearance of the peritoneal
cavity correlated with any sensation of pain prior to uncon-
sciousness is unknown, but evidence of inflammation was
present histologically. In addition, the gross hyperemia might
have been secondary to the vasodilatory properties of ethanol,
given the histologic evidence of congestion. Mice that were mis-
injected had hyperemia of the punctured organ and erythema
at the needle-puncture site.

Tissues from a representative mouse that received either
ethanol or pentobarbital-phenytoin at each of 4 time points (7,
14, 21, and 28 d) were processed for microscopic examination.

Ethanol euthanasia of neonatal and preweanling mice

Histologically, mice that received ethanol (n = 4, 1 mouse each
at 7, 14, 21, and 28 d of age) exhibited moderate to marked
submucosal and serosal lymphohistiocytic inflammation and
submucosal and serosal congestion, compared with mice that
received pentobarbital-phenytoin. Due to the small sample
sizes, histologic results were not compared statistically between
euthanasia methods.

Role of supplemental heat in TTD after ethanol injection.
After observing a prolonged TTD in the 7- and 14 d-old pups
that received ethanol, we wanted to determine the role of hy-
pothermia in resistance to ethanol toxicity,” because the pups
on the recording platform were cool to the touch after injection.
TTD was 29.9 +17.7 min in 14-d-old pups that were maintained
on a heating pad, significantly (P = 0.015) faster than those
mice that remained on the bench top (63.3 £ 32 min ). Mice that
were placed on the heating pad had an initial decrease in body
temperature immediately after ethanol injection, but the body
temperature eventually increased and stabilized at an average
of 32.3 + 1.0 °C until death. Mice that were not maintained on
an external heat source exhibited a similar, gradual decline in
temperature, which eventually stabilized; the average core tem-
perature was 21.6°+0.25 °C at the time of death. No differences
were noted in the heart rates of mice that received supplemental
heat compared with those placed on the bench top.

Accuracy of intraperitoneal injection in 7- and 14-d-old mice.
After intraperitoneal injections had been performed in several
young mice, we noted that ethanol often leaked from the site of
injection onto the mouse’s ventrum. In addition, determining the
accuracy of injection in the 7- and 14-d-old mice that received
ethanol or pentobarbital-phenytoin was challenging due to the
small injection volumes and, in the case of ethanol, prolonged
time to death. Therefore, the purpose of this experiment was
to determine the accuracy of intraperitoneal injection in young
mice. Most of the injected solution entered the peritoneal cavity
in 41 of 45 (91.1%) 7- and 14 d-old mice injected with the dye
product, with no evidence of puncture of any abdominal organs
(Figure 4 A). All mice had evidence of leakage of a small amount
of dye (at least 10% of the volume) from the injection site onto
the ventral abdomen, and almost half of the mice (18 of 45 [40%])
had evidence of staining in the subcutaneous space along the
needle path (Figure 4 B). However, despite the subcutaneous
staining, the dye was primarily found within the peritoneal
cavity. In mice that were misinjected, more than 60% of the dye
was located in the subcutaneous tissue on the ventral abdomen.

Discussion

The purpose of this study was to determine the age at which
100% ethanol, administered intraperitoneally, becomes a rapid,
reliable, method of euthanasia in mice and to evaluate whether
susceptibility to ethanol euthanasia differed between inbred
and outbred mice. In addition, we were interested in examin-
ing the accuracy of intraperitoneal injection in neonatal and
preweanling mice. TTD was significantly prolonged in 7-, 14-,
and 21-d-old mice after intraperitoneal administration of 100%
ethanol compared with pentobarbital-phenytoin injection at
those ages. In addition, TTD at 7, 14, or 21 d of age was signifi-
cantly longer than at 35 d of age in mice that received ethanol.
Furthermore, the time to LORR was prolonged in pups that
received 100% ethanol at 7, 14 and 21 d compared with pento-
barbital-phenytoin at the same ages. Although the TTD and
LORR in the ethanol group at 28 d was not significantly longer
than those of any of the pentobarbital-phenytoin groups or of
the 35-d ethanol group, the TTD for 2 of 12 mice in the 28-d
group exceeded 30 min. Our results demonstrate that, due to a
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Figure 3. (A) Representative mouse pup that was euthanized with intraperitoneal 100% ethanol at 21 d of age. Marked erythema of the visceral

i

and parietal peritoneum and the serosal surface of the abdominal organs and serosanguinous peritoneal effusion are present. The red discolora-
tion of the musculature of the hind legs is secondary to this effusion. (B) Representative mouse pup that was euthanized with intraperitoneal
pentobarbital-phenytoin at 21 d of age. There is only mild, diffuse erythema of the serosal surface of the gastrointestinal tract, with no evidence

of peritoneal effusion.

prolonged TTD, 100% ethanol administered intraperitoneally
is not an acceptable or practical means of euthanasia for mice
younger than 35 d. Finally, the percentage of mice that were
misinjected was similar to previously reported percentages in
adult mice; therefore intraperitoneal injection was determined
to be an adequate means of compound or drug delivery in
neonatal and preweanling mice. However, given the frequency
of leakage at the injection site at the current volumes, we rec-
ommend using a different route for compounds or drugs that
might cause skin irritation.

There are several possible physiologic explanations for
the prolonged TTD after ethanol administration in neonates
compared with adults. First and foremost, previous studies
have shown that the mechanism of action, as well as the loca-
tion and type of receptors that are affected by ethanol, differ
between adult and neonatal mammals.!#22232 Ethanol exerts
its affects primarily through y-aminobutyric acid (GABA) and
N-methyl-p-aspartate receptors;***> and whereas the GABA
receptor is typically inhibitory in adult neural circuits, it is
excitatory in young animals with developing synapses.” 1822
In the perinatal brain, Na*-K*-Cl~ cotransporters favor the
accumulation of intracellular chloride, permitting depolariza-
tion of the cell after binding of GABA agonists to receptors and
ultimately resulting in an excitatory rather than an inhibitory
cellular response.'®#2® Although its action at various receptors
has been classified, the exact mechanism by which ethanol

Table 3. TTD (min; mean + 1 SD [range]) in mice (C57BL/6 and CD1
mice are pooled) injected intraperitoneally with ethanol (15.8 g/kg) or
pentobarbital-phenytoin (7.8 g/kg).

Age (d) Ethanol Pentobarbital-phenytoin
7 70.3 +39.82 2.8+0.4*
2-120 (n = 6) 2-3 (n = 6)
14 51.7 £ 30.5%P 29+0.5%
15-108 (n = 15) 2-4 (n=11)
21 32.3+20.8 3.9+1.2*
7-80 (n =11) 3-6 (n=11)
28 14.0+£15.2¢ 39+0.7
4-55 (n=12) 3-5n=7)
35 49+1.4° 44+05
3-8 (n = 20) 4-5 (n =10)

The table includes only accurately injected mice and 14-d-old pups that
were not provided a form of heat support. Significant (P < 0.05) differ-
ences in TTD within a method of euthanasia are denoted by different
lowercase letters; an asterisk (*) indicates a significant difference in TTD
between methods of euthanasia.
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Figure 4. (A) A 14-d-old CDl mouse that received a dye product to assess the accuracy of intraper

Ethanol euthanasia of neonatal and preweanling mice

T

iy R
itoneal injection. The endoscopic dye fills the

abdomen, indicating successful intraperitoneal injection. (B) A 14-d-old CD1 mouse that received dye product. This mouse was injected pre-
cisely (endoscopic dye was present within the peritoneal cavity on necropsy), but after the peritoneal cavity was rinsed, it became apparent that
the dye had stained the subcutaneous tissue along the path of the needle, as seen on the underside of the reflected skin.

causes death has yet to be determined.?! The prolonged TTD
in neonates compared with adults might be a result of opposite
(excitatory compared with inhibitory) responses to ethanol at
the GABA , receptor.

Once neonatal mice succumb to CNS depression and respira-
tory suppression ensues, fetal adaptive mechanisms to reduce
the metabolic rate offer protection from the consequences of
hypoxia. These adaptations include reducing efforts to regulate
body temperature, decrease in heart rate, and upregulation of
anaerobic metabolism.!?8? These mechanisms are a residual
adaption from the relative hypoxia experienced in utero. Gen-
erally hypoxia is associated with compensatory tachycardia in
adult mammals. However, fetal adaptive mechanisms work
to preserve cardiac function by inducing bradycardia dur-
ing periods of hypoxia, subsequently lowering the metabolic
requirements of the myocardium.!® In addition, bradycardia
reduces the blood supply to peripheral organs, and this response
is ultimately protective of core functions. In the current study,
we noted a reduction in the heart rate to a range of 200 to 300
beats per minute for a prolonged period of time in 7-d-old mouse
pups, and this rate remained steady until death—an excellent
illustration of the fetal adaptive mechanism of bradycardia.

Notably, when perfusion to peripheral tissues decreases
and efforts to maintain body temperature are reduced, hypo-
thermia sets in, perhaps conferring resistance to euthanasia by
intraperitoneal ethanol.? Previous studies have shown that
hypothermia is protective against ethanol toxicity.®” The exact
mechanism of this protective affect is not fully understood but
is suspected to involve changes in the relative fluidity of the cell
membrane.’ The lethal dose of ethanol was decreased in adult
mice when an external heat source was provided and the body
temperature was raised above physiologic normal.’ Interested
in exploring this effect ourselves, we compared TTD in 14-d-old
mice that were warmed with mice maintained on the bench top
at room temperature after injection. We were able to demon-
strate similar results as those from the previous study,’ because
TTD was significantly prolonged in the mice that were placed

on the bench top compared with those provided external heat
support. Therefore, taking into account neonatal resistance to
CNS depression at the GABA receptor, one of the main sites of
action for ethanol, resistance to hypoxia (perinatal mechanisms
of survival), as well as the protective effects of hypothermia,
the prolonged TTD in very young mice after administration of
ethanol is not surprising.

Other authors?* noted a significant difference in susceptibility
to CO, euthanasia when comparing inbred and outbred neonatal
mice, with inbred mice being more resistant to the toxic effects
of CO, than outbred mice at the same age. We did not find this
pattern to be true in regard to ethanol toxicity, given the lack of
differences between the C57BL/6 and CD1 mice.

As previously mentioned, determining the accuracy of
injection when ethanol or pentobarbital-phenytoin was
administered intraperitoneally to 7- and 14-d-old mice was
challenging, due to the long TTD and small injection volumes.
Therefore, we determined the accuracy of injection by using
dye injection in mice at these ages. At 7 and 14 d of age, 4 of 45
mice (8.9%) showed no evidence of the dye within the peritoneal
cavity and were classified as misinjected. At 21, 28, and 35 d of
age, 11 of 82 (13.4%) mice were misinjected. These error rates
were within the range of previously reported data regarding
the accuracy of intraperitoneal injection (12% to 24%) in adult
mice.*?130 Noticeable leakage occurred at the site of injection
when either ethanol or the dye product was injected, but leak-
ing did not occur with saline or pentobarbital-phenytoin. We
speculate that the physical properties of the injected substance,
such as density and viscosity, may affect the propensity of
the substance to leak, because the dye product had a similar
viscosity to the ethanol. The likelihood of leakage should be
considered when performing intraperitoneal injections in very
young mice, because this effect might result in underdosage of
the drug or cause skin irritation on contact.

At necropsy, the visceral and parietal peritoneum and
serosal surfaces of the gastrointestinal tract were grossly hy-
peremic in all mice accurately injected with ethanol compared

305

5/8/2017 12:34:52 PM‘ ‘



‘ ‘ jaalas16000132.indd 306 @

Vol 56, No 3
Journal of the American Association for Laboratory Animal Science
May 2017

with mice that received the pentobarbital-phenytoin solution.
We were concerned that intraperitoneal injection of ethanol
might result in pain, given the erythematous appearance of
the peritoneal cavity in mice of all ages, yet when ethanol
was compared with saline and pentobarbital-phenytoin, the
immediate reaction to injection did not differ significantly.
In addition, older mice that received an accurate injection
were rendered unconscious rapidly, as indicated by the
average time to LORR, and any discomfort that might have
resulted when ethanol contacted the peritoneum was likely
brief. However we remain concerned that younger mice and
misinjected mice, all of whom had a lengthy time to LORR,
might have experienced discomfort due to prolonged con-
sciousness after the ethanol injection.

In conclusion, intraperitoneal administration of ethanol is
not an acceptable means of euthanasia in mice younger than
35 d, because of the prolonged time to unconsciousness and
death and the potential for discomfort after injection. Further-
more, unlike pentobarbital-phenytoin, misinjection of ethanol
can further prolong the time to unconsciousness and death in
neonatal mice. Although an effective means of euthanasia in
adult mice, intraperitoneal ethanol does not consistently result
in rapid euthanasia of mice younger than 35 d and therefore is
not recommended for neonatal and preweanling mice.
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