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Intrahepatic Injection of Sodium Pentobarbital as
an Alternative to Intraperitoneal Injection for the
Euthanasia of Rats (Rattus norvegicus)

Colin A Laferriere,! Vivian SY Leung,' Frédérik Rousseau-Blass,' Vanessa Lalonde-Robert,> and Daniel SJ Pang'>"

The most commonly accepted method of rat euthanasia in North America is intraperitoneal injection of sodium pentobarbital
(PB). However, misinjection can occur, and intraperitoneal PB may cause pain and distress. The objective of this study was
to test an alternative method of euthanasia: intrahepatic injection of PB. A pilot study was conducted to develop a method
of intrahepatic injections (evaluated using CT scans and test injections), followed by a full study comparing intraperitoneal
(n =14) and intrahepatic PB injections (# = 66) in adult rats. Full study outcomes were: 1) time from injection to loss of right-
ing reflex (LORR), 2) time from injection to cessation of heartbeat (CHB), 3) number of failed euthanasia attempts, and 4)
confirmation of successful intrahepatic injection or misinjection via necropsy. All injections were performed by a veterinary
student. CT revealed that intrahepatic injections were feasible. Times (median [range]) to LORR and CHB were faster after
successful intrahepatic injections (LORR, 3 s [1 to 5 s]; CHB, 8 s [2 to 242 s]) than after intraperitoneal injections (LORR,
89.5 s [73 to 110 s], CHB: 284.5 s [237 to 423 s]). The misinjection rate was higher with intrahepatic injections (59%) than with
intraperitoneal injections (29%), but intrahepatic misinjection still resulted in fast and successful euthanasia (LORR, 29 s [1
to 96 s]; CHB, 216 s [12 to 330 s]), with the injectate distributed between the intraperitoneal and intrahepatic locations. The
number of failed euthanasia attempts with intrahepatic injections was low (n = 2). Intrahepatic injections show potential as
an alternative to intraperitoneal injections for rat euthanasia.

Abbreviations: CCAC, Canadian Council on Animal Care; CHB, cessation of heartbeat; LORR, loss of righting reflex; PB, sodium

pentobarbital
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Large numbers of laboratory rats are killed after the comple-
tion of research projects worldwide. Currently, the only method
that is classified as acceptable by both the AVMA and Canadian
Council on Animal Care (CCAC) is an overdose of sodium
pentobarbital (PB) via either intraperitoneal or intravenous
injection.” Of these, the intraperitoneal route is more com-
monly used in rats as it is easier and faster to perform. However,
intraperitoneal injection has 2 important disadvantages that
interfere with whether ‘euthanasia’ (“a good death”) is always
achieved. The first disadvantage is an inherent misinjection rate
that varies between 6% to 20% for rats.5%111221.22272833 The con-
sequences of a misinjection is a delay or failure to achieve loss of
consciousness or death.8303233 In these cases, the injection may
need to be repeated or an alternative killing method applied.’

The second disadvantage is the potential for pain and dis-
tress. Converging evidence for this drawback includes elevated
plasma corticosterone, tachycardia, hyperthermia, expression
of immediate early response genes, electroencephalographic
changes, visible signs of inflammation and behavioral changes,
which have all been associated with intraperitoneal injection of
PB.410.17,19,23,25,26,29 The source of nociception and potential pain
is mostly due to alkaline pH (typically 10 to 12) of PB solution.?®
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The CCAC and AVMA euthanasia guidelines acknowledge
that intraperitoneal injections may be painful and suggest the
addition of a local anesthetic, such as lidocaine. However,
neuronal and behavioral studies suggest that the addition of
lidocaine does not eliminate nociception and pain.>!8? Fur-
thermore, the amount of lidocaine (or another buffer) that can
be added is limited. As the pH descends below approximately
10, the PB precipitates.®? In addition, when misinjections occur,
the potential for pain increases as a result of potential delay
until loss of consciousness or pain resulting from the site of
misinjection.?®

These concerns indicate an ongoing need to refine the use of
intraperitoneal PB or identify alternative methods to achieve eu-
thanasia. A relatively unexplored injection route is intrahepatic
injection. The current AVMA euthanasia guidelines describe
intrahepatic injections as acceptable only in unconscious or an-
esthetized animals (with the exception of cats).? This method has
successfully been used in conscious cats,'® in which successful
intrahepatic injection resulted in almost immediate recumbency,
but intrahepatic injection of PB for euthanasia remains untested
in rats. By contrast, intrahepatic injection in mice recently was
shown to be unsuccessful 2!

We first performed a pilot study, with the objectives of: 1)
identifying the appropriate injection site and angle and 2) test-
ing the feasibility of the intrahepatic injection methods in rats.
These results were applied in the main study, with the objective
of investigating whether the intrahepatic injection technique
could be an alternative to intraperitoneal injection for euthanasia
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inrats. We hypothesized that intrahepatic injection would result
in a shorter time to loss of consciousness and death as compared
with intraperitoneal injection, and would have fewer instances
of failure to achieve death.

Materials and Methods

Ethical statement. All experiments were approved by the
Université de Montréal (18 RECH-1892) and the Charles River
Laboratories Montreal ULC IACUC. The study of a novel eu-
thanasia procedure that differed from the CCAC guidelines was
approved by the animal care and use committees. All rats used
in the experiments had been scheduled for euthanasia for other
reasons. Rats had not previously undergone other procedures.

Animals. Animals in both the pilot and main study were
housed in a conventional facility with environmentally
controlled conditions of 12:12-h light:dark cycle (lights
on, 0700), 22 £3 °C, and humidity between 30% and 70%.
Animals were group-housed in polycarbonate flat-bottom
cages with corncob bedding, nesting material, and a hid-
ing tube. Feed (Certified Rodent Chow No. 5CR4, PM]I,
St Louis, MO) and municipal tap water that had been
softened, purified by reverse osmosis, and exposed to
UV light were freely available. Sentinel rats in the hous-
ing room tested negative for rat parvoviruses, Toolan H1
virus, Kilham rat virus, rat minute virus, protoparvovi-
rus NS1, rat sialodacryoadenitis virus, rat theilovirus,
Pneumocystis carnii, Sendai virus, reovirus, Mycoplasma
pulmonis, lymphocytic choriomeningitis virus, adenovi-
rus, hantavirus, Encephalitozoon cuniculi, cilia-associated
respritaory bacillus, rat rotavirus, Bordetella bornchisep-
tica, Corynebacterium kutscheri, Klebsiella oxytoca, Klebsiella
pneumoniae, Rodentibacter pneumotropicus, Pseudomonas aer-
uginosa, Staphylococcus aureus, p hemolytic Streptococcus
spp., Streptococcus pneumoniae, Proteus mirabilis, Salmonella
and other bacteria and endo- and ectoparasites.

Pilot study methods. A 2-part pilot study was performed to
develop a method of intrahepatic injection by identifying a
technique for intrahepatic injection (part 1) and testing injection
feasibility (part 2).

Part 1: Injection approach. In a terminal procedure, 4 adult
Sprague-Dawley rats (3 male, 1 female; 260 to 390 g) were an-
esthetized with dexmedetomidine (30 pg/kg IP) and ketamine
(100 mg/kg IP), followed by isoflurane (nose cone) for CT scan-
ning. The scanned area included the thoracic and abdominal
cavities, from the base of the neck to the base of the tail. Slice
thickness was 1 mm, with each rat scanned in both vertical
(head up) and dorsal recumbency positions; these positions were
selected because they are common positions for performing in-
traperitoneal injection. Organ location and measurements were
taken from reconstructed images. A potential needle insertion
site and trajectory were determined based on these measure-
ments, with the goal of minimizing the risk of misinjection into
other organs or the thorax.

The xiphoid process was identified as a needle insertion site.
The stomach and right kidney were near this site, such that these
2 organs and the thoracic cavity were identified as potential sites
for misinjection. The relationships of these sites to the liver was
measured (Figure 1, distance a—c, and Figure 2). To determine
a potential angle of insertion and needle trajectory, distances
from the xiphoid process to the cranial margin of the liver were
estimated (Figure 1, distance a-b). In addition, the thickness
of the liver at the injection insertion site (xiphoid process) was
measured by using digital Vernier calipers at necropsy.

To determine the optimal body position (vertical or dorsal
recumbency), distances between the xiphoid process and closest
border of the right kidney, stomach and diaphragm (Figure 2,
distance d-e, illustrating distance to right kidney) were meas-
ured. All measurements were taken in triplicate and median
and range reported.

Part 2: Injection protocol. Intrahepatic injection of PB (Eutha-
nyl 240 mg/mL, Bimeda-MTC, Cambridge, Ontario, Canada)
into male (n = 8) and female (n = 11) Sprague-Dawley rats
(weight: median, 515 g; range, 343 to 980 g) was performed by
using the insertion site and needle angle described earlier. For
all injections, the dose of PB was 800 mg/kg. Blue food dye (0.05
mL, Club House, Burlington, Ontario, Canada) was added to the
PB to facilitate necropsy evaluation of injectate distribution. The
order of injections was randomized by using a list randomizer
(random.org). All solutions used for euthanasia were placed in
3-mL syringes, and a new hypodermic needle (25 gauge, 5/8-in.,
16 mm) was used for each injection.

Injections were performed by using a 2-person technique. The
holder restrained the rat using the ‘backpack hold,” with one
hand supporting the hindlimbs and the other hand cradling the
thorax, with the index and middle finger on either side of head
and the thumb and remaining fingers beneath the forelimbs).
Rats were held vertically (head up; Figure 3). A single person
performed all injections (veterinary student [CL]) and another
individual held all the rats. The injector identified the xyphoid
process by gentle digital palpation and inserted the needle
immediately caudal to this point, at an angle of insertion of
approximately 45° to the body wall and the needle directed
toward the head. The needle was fully inserted in all cases, and
the injection was given over 2 to 3 s.

Immediately after injection, loss of righting reflex (LORR) was
determined by placing the rat on its back. LORR was considered
to have occurred when the rat remained on its back for at least
15 s. If LORR did not occur, the rat was observed continuously
until ataxia or sedation (head lowered toward floor) occurred, at
which time LORR was reassessed. LORR was reassessed every
30 s until 3 min had elapsed. After LORR occurred, no further
testing was performed, and the holder continuously ausculted
the thorax to identify cessation of heartbeat (CHB, used as con-
firmation of death). Both experimenters continuously observed
rats for apnea. Two outcomes were required to designate an
injection as a failure: 1) the LORR did not occur within 3 min
after injection and 2) the heartbeat continued beyond 5 min after
injection. After these 2 conditions were met, a secondary killing

Figure 1. Sagittal CT image of the abdomen of a rat in dorsal recum-
bency (cranial is to the right, caudal is to the left and ventral toward
the top). Shown are measurements used to determine intrahepatic in-
jection protocol and misinjection risks. Distance a-b is an example of
thickness of the liver between the injection location and diaphragm.
Distance a—c is the distance between the injection location and closest
border of the stomach.
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Figure 2. Frontal CT image of a rat thorax and abdomen (cranial is toward the top). The rat was in the vertical position to simulate injection
position. Line d—e indicates the distance between the diaphragm and the closest border of the right kidney. This distance was greater in rats held

vertically than in dorsal recumbency.

Figure 3. Illustration of the intrahepatic injection technique, showing
needle insertion at midline, caudal to the xiphoid process and at 45° to
perpendicular. The animal is positioned vertically (head up).

method was used (general anesthesia with isoflurane, followed
by overdose with inhaled carbon dioxide).

Necropsy examination. After confirmation of death, a single
observer performed a necropsy using standard procedure.
With each rat in dorsal recumbency, the abdomen was incised
at midline, and the interior was examined to establish injectate
distribution. The liver and intestines were removed, incised, and

examined for evidence of injectate (blue coloration), followed
by examination of the interior abdominal wall and subcutane-
ous tissue. Lastly, the thorax was opened to confirm absence of
injectate in the thoracic cavity.

Injectate location of intended intrahepatic injections was clas-
sified as either ‘confirmed intrahepatic’ (presence of injectate
restricted to the liver, no sign of dye elsewhere in the abdomen)
or intrahepatic misinjection (injectate was identified at any site
outside the liver, e.g., in the abdominal cavity, subcutaneously,
intramuscularly, inside an abdominal organ other than the liver,
within the thoracic cavity). Misinjections were further classified
as ‘incomplete intrahepatic” when injectate was present intra-
peritoneally, with the possibility of some intrahepatic injectate
(confirming the presence of dye within hepatic tissue with
absolute confidence was difficult) but with no evidence of dye
outside the abdominal cavity or within other abdominal organs.

Main study methods. The main study used 80 (66 intrahepatic
and 14 intraperitoneal injections) adult male and female Sprague—-
Dawley rats (Rattus norvegicus; weight: median, 455 g; range, 160 to
894 g). Rats that weighed less than 500 g were block-randomized
to receive either an intrahepatic or intraperitoneal injection. Rats
weighing more than 500 g were all assigned to the intrahepatic
group, with a modification of the injection technique (described
later). All rats had been identified for euthanasia at a private re-
search facility, and all originated from Charles River Laboratories.
All rats had been habituated to handling, with at least once daily
handling over a period of 5 to 7 d.

Sample size estimate. A sample size estimate was calculated to
determine differences in failed euthanasia rate in groups defined
by body mass less or greater than 500 g. The estimated sample
size per group, including a potential 20% misinjection rate, was
28 for detection of a 40% difference in failure rates with a power
of 0.9 and o of 0.01.1 Our estimated sample size was greater
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than that needed to detect a difference in CHB of 100 s between
intraperitoneal and intrahepatic injections (calculated at ap-
proximately 9 rats per treatment group, including a potential 20%
misinjection rate, with power of 0.9 and a of 0.05)®. Therefore,
the estimated necessary number of rats given intraperitoneal
injections was 9, whereas the estimated number of intrahepatic
injections was 56 (28 over 500 g, and 28 under 500 g). During
the study, 15 additional rats scheduled for euthanasia became
available and were randomly allocated to the intrahepatic and
intraperitoneal groups. The number of rats assigned to each
injection group was: intrahepatic over 500 g, n = 36; intrahepatic
under 500 g, nn = 30; and intraperitoneal (all under 500 g), n = 14.

Injection protocol and necropsy examination. For intrahepatic
injection, the same protocols were used as described in the pilot
study, except that for rats heavier than 500 g, the angle of needle
insertion was approximately perpendicular (0°) to the body
wall. This modification was based on observations during the
pilot study of an increased risk of intrafat injections in animals
weighing more than 500 g.

For intraperitoneal injection, each rat was restrained as de-
scribed earlier, except that body position was dorsal recumbency
with the head angled slightly downward (approximately 20 to
25°). The injector performed both restraint of the right pelvic
limb of the rat and administration of an intraperitoneal injection
in the right caudal quadrant. The needle was inserted at the level
of the coxofemoral joint, approximately 5 mm to the right of
midline, with the needle tip directed cranially and at a 45° angle
to the body wall.3! At completion of injection, the same steps
as described earlier were performed to assess LORR, time to
apnea, and CHB. A necropsy was performed to identify injectate
location (dye added to the injectate as described earlier), with
outcomes classified as ‘confirmed intraperitoneal” (presence of
injectate in the abdomen) or ‘misinjection’ (injectate was identi-
fied in any unintended location, e.g., within an abdominal organ,
intramuscularly, subcutaneously). The person performing the
necropsies was blind to treatment group.

Statistical methods. Statistical analyses were performed by
using a commercial statistical software package (Prism ver-
sion 8.2.0, GraphPad Software, La Jolla, CA). Normality was
assessed according to the Shapiro-Wilks test. Data did not
approximate normal distribution. The Wilcoxon signed-rank
test was used to compare the distance between the injection
site (xiphoid process) to the right kidney or stomach when rats
were held in the vertical or dorsal recumbency position. The
Mann-Whitney test was used to compare differences between
intrahepatic and intraperitoneal treatment groups for time to
LORR, time to CHB, and the effect of rat weight (less than 500
g compared with greater than 500 g). The effects of injectate
location (confirmed intrahepatic compared with incomplete
intrahepatic compared with intraperitoneal) on time to LORR
and CHB were assessed by using the Kruskal-Wallis and Dunn
posthoc tests (groups compared with one another). P values
less than 0.05 were considered statistically significant for all
comparisons. Data are presented in the text as median (range)
and in figures as median (10th-90th percentiles).The 95% CI for
median differences between comparison are presented where
available. Data are available in an electronic repository: https:/ /
doi.org/10.7910/DVN/XFG7YH

Results
Pilot study. The optimal intrahepatic injection site and ap-
proach was identified as midline, immediately caudal to the
xiphoid process, with an angle of insertion of approximately
45° (relative to the sternum), and the needle directed cranially
(Figure 3). With this approach, the thicknesses of the adjacent

liver lobes were: left lateral lobe, 4.24 mm (range, 3.98 to 5.49
mm); and right medial lobe, 5.95 mm (5.53 to 7.64 mm).

The distance from the needle insertion site to the diaphragm
ranged from 16 to 28 mm, with the shortest distance to the
ventral border of the diaphragm. Therefore, an injection angle
of less than 45° increases the risk of entering the thoracic cavity.

The distances from the needle insertion site (xiphoid
process) to the right kidney and stomach were consistently
greater when rats were suspended vertically than in dorsal re-
cumbency: kidney vertical, 32.6 mm (19.3 to 34.2 mm); kidney
dorsal, 18.7 mm (11.3 to 21.1 mm); P = 0.03, Mann—-Whitney
test); stomach vertical, 21.4 mm (13.3 to 26.2 mm); stomach
dorsal, 5.9 mm (3.4 to 10.8 mm); P = 0.03, Mann—-Whitney
test). Therefore, vertical positioning was selected to reduce
the risk of misinjection.

Of the 19 intrahepatic trials, 16 resulted in successful eutha-
nasia. The 3 unsuccessful injections entered the falciform fat
pad in larger rats (558 g, 910 g, and 980 g). For the 16 successful
injections, the time to LORR was 5s (1 to 114 s), and time to CHB
was 135.5 s (8 to 360 s). Necropsy revealed 3 (16%) intrahepatic
injections and 16 (84%) misinjections. Among the misinjections,
13 were incomplete intrahepatic (68%), and 3 were in the falci-
form fat pad (16%).

Time to LORR, grouped according to necropsy results, was:
confirmed intrahepatic, 3.5 s (2 to 5 s); incomplete intrahepatic,
55 (2 to 114 s). Time to CHB was: confirmed intrahepatic, 12's (8
to 120 s); incomplete intrahepatic, 178 s (86 to 360 s).

Given these preliminary data, intrahepatic injection of PB
into rats was determined to be feasible. Because the 3 failed
euthanasia attempts occurred in larger rats, body mass may
limit use of the intrahepatic route as described. Therefore, we
hypothesized that increasing the angle of insertion (closer to 0°
and thus perpendicular to the skin) would reduce the failure
rate in larger rats.

Main study. Misinjections. In the intrahepatic group, 64 of the
66 injections performed resulted in death (misinjection rate, 3%).
The 2 misinjections resulted from injection into the falciform
fat pad (rat weight, 570 g and 660 g). Both of these animals
achieved LORR within 3 min (43 and 73 s); however, CHB did
not occur within 5 min in either case, and a secondary killing
method was applied. Data from these rats were removed from
further analysis (i.e., comparisons between treatment groups of
time to LORR and time to CHB). In the intraperitoneal group, 10
of the 14 injections performed were confirmed intraperitoneal
injections. Three of the misinjections were subcutaneous, and
the remaining one was intraintestinal (misinjection rate, 29%).
The body weights of these 4 rats were 311, 312, 375, and 402 g.
Among the misinjections, one rat died within 5-min, 2 rats
achieved LORR within 3 min, and one rat did achieve LORR.
None of these last 3 rats achieved CHB within 5 min, and the
secondary killing method was used. Data from these 4 rats were
not included in the analysis.

Intrahepatic and intraperitoneal injections. The body weights
of the intrahepatic injection groups were: intrahepatic <500 g,
n = 30, median 337.5 g (160 to 490 g); intrahepatic >500 g, n =
34, median 644 g (510 to 894 g). Times to LORR and CHB for all
intrahepatic attempts were 4 s (1 to 96 s) and 142.5s (2t0 330s),
respectively (Figure 4). There were 27 (41%) confirmed intrahe-
patic injections and 39 (59%) misinjections. Of the misinjections,
37 (56%) were incomplete intrahepatic, and the remaining 2 (3%)
were into the falciform fat pad. For confirmed intraperitoneal
injections (n = 10; median, 292.5 g [275 to 445 g]), the times to
LORR and CHB were 89.5s (73 to 110 s) and 284.5 s (237 to 423 s),
respectively (Figure 4).
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The difference in time to LORR between all intrahepatic injec-
tions (confirmed intrahepatic and incomplete intrahepatic) and
confirmed intraperitoneal injections was significant (P <0.0001;
95% CI, 68 to 88 s, Figure 4 A). In addition, time to CHB was
significantly longer for confirmed intraperitoneal injections
(P <0.0001; 95% CI, 82 to 234 s, Figure 4 B).

Time to LORR was significantly shorter (P = 0.0004; 95% CI,
18 to 38 s) for confirmed intrahepatic (3 s [1 to 5 s]) as com-
pared with incomplete intrahepatic (29 s [1 to 96 s]) injections
(Figure 5). Similarly, time to CHB was significantly shorter
(P < 0.0001; 95% CI, 97 to 206 s) for confirmed intrahepatic
(8s[2t0242 s]) as compared with incomplete intrahepatic (216
s [12 to 330 s]) injections. As compared with the intraperitoneal
treatment group (LORR, 89.5 s [73 to 110 s]; CHB, 284.5 s [237
to 423 s]), the time to LORR was shorter for both incomplete
intrahepatic (P = 0.002; 95% CI, 43 to 78 s) and confirmed intra-
hepatic (P <0.0001; 95% CI, 80 to 97 s) injections (Figure 5A).
For time to CHB, confirmed intrahepatic injections were faster
than intraperitoneal injections (P < 0.0001; 95% CI, 1712 to
287 s), with no significant difference between incomplete
intrahepatic and intraperitoneal injections (P = 0.10; 95% CI,
17 to 138 s; Figure 5B).

Within the intrahepatic group, time to LORR (P = 0.82; 95%
CI, -2 to 2 s) and time to CHB (P = 0.30; 95% CI, =31 to 83s) was
not different between rats weighing less than 500 g (n = 30) and
those heavier than 500 g (1 = 34).

Discussion

This study describes a novel intrahepatic injection technique
and shows that 1) intrahepatic injections resulted in a shorter
time to LORR than did intraperitoneal injections, 2) the rela-
tively high proportion of incomplete intrahepatic misinjections
in the intrahepatic group still resulted in death more rapidly
than the intraperitoneal route, and 3) fewer failures to achieve
death occurred after intrahepatic than intraperitoneal injection.
Overall, the intrahepatic injection technique is efficient, simple
to perform, and has a low risk of failure to result in death of
rats. These findings support intrahepatic injections as a viable
and potentially preferable option to intraperitoneal injection as
a euthanasia method in rats.

The pilot study showed the feasibility of the intrahepatic
injection technique. Performing a pilot study was a necessary
step to evaluate the feasibility of intrahepatic injections before
embarking on a full study. This strategy minimized
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animal use had the method been impractical or unsuccessful
(e.g., inadvertent intrathoracic injection). Once feasibility was
confirmed, the full study enabled a formal assessment of the
intrahepatic technique. During the pilot study, we noted that
inadvertent injection into the falciform fat pad could occur in
larger animals. The risk of intrathoracic injection is important
to consider, because it is associated with pain and distress in
awake animals and has been reported to occur after attempted
intrahepatic injection in mice.>?! This risk was minimized by
avoiding angles of needle insertion that were less than 45° rela-
tive to the sternum.

The optimal rat body position was vertical, because it created
more distance between the liver and stomach and right kidney.
This position differs from that for intraperitoneal injections, in
which dorsal recumbency is often preferred.?*

Intrahepatic injection was more efficient than intraperitoneal
injections because of the rapid LORR. Although the misinjection
rate was high, the majority of misinjections were incomplete
intrahepatic injections, and the time to LORR for incomplete
intrahepatic injection was still approximately 3 times faster
than for intraperitoneal injections.® This outcome suggests that
incomplete intrahepatic injection actually deposited some PB
into the liver, resulting in a rapid effect. A potential complication
of the intrahepatic technique in larger rats is the presence of a
prominent falciform fat pad, which may impede the injection.
Using alonger needle and maintaining an insertion angle that is
approximately perpendicular to the skin may increase the likeli-
hood of a successful intrahepatic injection without an increase
in the risk of an intrathoracic injection. Further work is needed
to determine whether this risk can be reduced or eliminated.

To our knowledge, reports of intrahepatic injections for killing
are limited to cats and mice.!%?! In the cat study, intrahepatic
injections produced a significantly shorter time to recumbency,
time to loss of pedal reflex, and time to cardiac standstill
(measured by inserting a 3-mL syringe in the heart through
the 5th intercostal space and monitoring syringe movement)
than intraperitoneal injections.! Similar to our study, necropsy
evaluations (macroscopic evaluation of dye distribution) helped
to determine accuracy of the technique in cats: of all intrahe-
patic injections, 24% were categorized as intrahepatic, 27% as
intrahepatic and intraperitoneal (signs of hepatic and peritoneal
absorption), 32% were intraperitoneal only, and the remaining
17% were intrathoracic or intramuscular.’® These proportions
differed from our study in 2 ways: 1) our rate of confirmed
intrahepatic injection was much higher (41%) and 2) misinjec-
tion into the thorax or intramuscularly did not occur. The other
notable difference is the designation of 2 distinct groups (‘'IH
and IP” and ‘IP only’) in the cat study,'® whereas we combined
both groups (incomplete intrahepatic). This combination was
due to our lack of ability to confirm the presence or absence of
hepatic absorption when injectate was present in the intraperi-
toneal space. Regardless of these differences, the proportion of
necropsy assignments was similar between our current study
and the previous study in cats:'® 59% for ‘IH and IP” and ‘IP
only’ combined, and 56% for incomplete intrahepatic. In both
the current study and the one in cats,'® the outcome of these
misinjections was successful LORR and death. By contrast, the
intrahepatic technique in mice has been associated with a risk
of intrathoracic drug delivery.?!

The intraperitoneal injections had similar times to LORR and
CHB as reported by a group, previously using the same pro-
tocol in rats (PB dose and volume, injection technique, LORR
and CHB assessment methods).3® The higher misinjection rate
in our study (29%; 16% in the previous study)3® and 6% to 20%

elsewhere®111221.2227.2833 may be due to the inexperience of

the injector (CL). Indeed, these were the first intraperitoneal
and intrahepatic injection attempts performed by the injector.
Assuming that a learning curve exists for performing intraperi-
toneal and intrahepatic injections, as has been documented for
other technical skills,>!2 the intrahepatic technique was success-
ful (97% of intrahepatic injections resulted in death) even when
performed by an inexperienced individual. However, training
and experience could nonetheless further improve outcomes.
A further potential contribution to the rate of injectate deposi-
tion outside the liver in planned intrahepatic injections could
be the injectate volume. For example, the injectate volume for
a 300-g rat would be 1 mL (240 mg/mL solution), and this
volume might exceed the absorptive capacity of the liver for
the speed of injection.

Comparing intraperitoneal and intrahepatic misinjections re-
veals an important contrast: an intrahepatic misinjection is likely
to still lead to a rapid LORR and death, whereas an intraperito-
neal misinjection often leads to a failed killing attempt.830-32:33
One of the principal sites of intraperitoneal misinjections is the
cecum.82122 Although intraperitoneal injections traditionally
are given in the right caudal abdominal quadrant to avoid the
predicted position of the cecum in the left caudal quadrant, 2
studies!!?! reported that cecum position is highly variable: it
can be located in the right caudal quadrant or in the middle of
the abdomen in approximately 20% to 30% of rats. In contrast,
intrahepatic misinjections often lead to incomplete intrahe-
patic deposition, resulting in rapid LORR and CHB. However,
an important caveat to this generalization is the potential for
injection into the falciform fat pad in larger rats. The change in
needle angle in rats heavier than 500 g did not eliminate this
problem, and other technique refinements should be explored.
The difference in the ultimate outcome of misinjection is an
important advantage of the intrahepatic injection route over
intraperitoneal delivery.

The rapid LORR after intrahepatic injection is advantageous
when considering the duration of potential distress and pain, in
that the shorter time to LORR, which is a proxy index of uncon-
sciousness,’® would minimize these adverse effects. In contrast
to low variability in the time to LORR data, times to CHB varied
considerably. A likely contribution to this greater variability is
the ease of measuring these 2 outcomes. Measurement of LORR
uses a clear and rapid visual indicator, whereas CHB measure-
ment includes the inherent difficulty in hearing increasingly
faint heart sounds as the heart slows in order to identify the
last audible beat. Although the extent of pain associated with
PB in the abdomen has not yet been fully elucidated, current
evidence suggests that some degree of pain is possible.!217.18:2529
Therefore any novel PB delivery technique should be assessed
against this possibility. The rapidity and consistency of effect
with intrahepatic delivery makes it an appealing alternative
to intraperitoneal injection. The failure rates reported for both
intraperitoneal and intrahepatic methods should be considered
when selecting a euthanasia method.

Alimitation of this study was the lack of pain assessment, an
important outcome measure when evaluating killing methods.
Therefore, we do not know whether intrahepatic injection of
PB is more or less painful than intraperitoneal injection of PB.
In an intrahepatic injection study involving cats,!® behavioral
responses associated with pain (vocalization and turning the
head toward the injection at the time of injection) were slightly
more frequent after intrahepatic injection (8 of 85 animals [9%])
than intraperitoneal injection (4 of 77 animals [4%]). Assessing
pain in the presence of drugs that induce muscle relaxation,
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sedation, or general anesthesia is challenging, because standard
measures of pain require a motor response as part of a behav-
ioral expression. One approach is to use an appropriate control
injection, although doing so assumes that the control contains
the constituent that may cause pain.?

Another limitation of the study was that quantification of the
injectate volume in either the liver or intraperitoneal space was
not possible. That information would help to clarify the dispo-
sition of injectate after misinjection and indicate the extent to
which intrahepatic injection occurred. Furthermore, we did not
perform aspiration before either intraperitoneal or intrahepatic
injection. Although limited evidence indicates that aspirating
before intraperitoneal injection is useful,?’ the aspiration of
blood could confirm accurate needle placement during intra-
hepatic injection. Finally, the method described for intrahepatic
injection of rats required 2 people. We recognize that this may
be a limiting factor in some settings, and we speculate that the
technique is amenable to being performed by a single person.
Further work is required to confirm this possibility.

In summary, intrahepatic injections of PB are an effective and
consistent euthanasia method that should be considered as an
alternative to intraperitoneal injections for the euthanasia of
rats. When performed according to the protocol outlined in the
current study, intrahepatic injections yield a rapid LORR and
time to CHB and present little risk of failed euthanasia attempts.

References

1. Allen-Worthington KH, Brice A, Marx J, Hankenson F. 2015.
Intraperitoneal injection of ethanol for the euthanasia of laboratory
mice (Mus musculus) and rats (Rattus norvegicus). ] Am Assoc Lab
Anim Sci 54:769-778.

2. Ambrose N. 1988. Refinement of routine procedures on laboratory
rodents, p 251. Birmingham, UK: University of Birmingham.

3. American Veterinary Medical Association. 2020. AVMA guide-
lines for the euthanasia of animals. Schaumberg (IL). Version
2020.0.1 ISBN 978-1-882691-54-8.

4. Baek JM, Kwak SC, Kim J, Ahn J, Jun HY, Yoon K, Lee MS, Oh J.
2015. Evaluation of a novel technique for intraperitoneal injections in
mice. Lab Anim (NY) 44:440-444. https:/ /doi.org/10.1038/laban.880.

5. Ballard T. 2009. Intraperitoneal route of administration - how
accurate is this technique? Anim Technol Welf 8:17-18.

6. Campbell RD, Hecker KG, Biau DJ, Pang DSJ. 2014. Student
attainment of proficiency in a clinical skill: the assessment of
individual learning curves. PLoS One 9:88526. https://doi.
org/10.1371/journal.pone.0088526.

7. Canadian Council on Animal Care. 2010. CCAC guidelines on:
euthanasia of animals used in science. Ottawa (ONT), Canada:
Canadian Council on Animal Care.

8. Castro Alves H, Maia da Silva A, Olsson I, Gonzalo Orden
J, Antunes L. 2010. Anesthesia with Intraperitoneal Propofol,
Medetomindine, and Fentanyl in Rats. ] Am Assoc Lab Anim Sci
49:454-459.

9. Claassen V. Neglected factors in pharmacology and neuroscience
research, p 46-58. In: Huston J, editor. Techniques in the behav-
ioural and Neural Sciences. Amsterdam, Netherlands: Elsevier.

10. Clement JG, Mills PA, Brockway BP. 1989. Use of telemetry to
record body temperature and activity in mice. ] Pharmacol Meth-
ods 21:129-140. https:/ /doi.org/10.1016/0160-5402(89)90031-4.

11. Coria-Avila G, Gavrila A, Menard S, Ismail N, Pfaus J. 2007. Cecum
location in rats and the implications for intraperitoneal injections.
Lab Anim (NY) 36:25-30. https://doi.org/10.1038 /laban0707-25.

12. Das R, North D. 2007. Implications of experimental technique
for analysis and interpretation of data from animal experiments:
outliers and increased variability resulting from failure of intra-
peritoneal injection procedures. Lab Anim41:312-320. https:/ /doi.
org/10.1258/002367707781282802.

13. de Oliveira Filho GR. 2002. The construction of learning curves
for basic skills in anesthetic procedures: an application for the
cumulative sum method. Anesth Analg 95:411-416. https://doi.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

Intrahepatic euthanasia of rats

Faul F, Erdfelder E, Lang A-G, Buchner A. 2007. G*Power 3: A flex-
ible statistical power analysis program for the social, behavioral,
and biomedical sciences. Behav Res Methods 39:175-191. https://
doi.org/10.3758/BF03193146.

Franks NP. 2008. General anaesthesia: from molecular targets
to neuronal pathways of sleep and arousal.Nat Rev Neurosci
9:370-386. https:/ /doi.org/10.1038 /nrn2372.

Grier RL. 1990. Evaluation of intraperitoneal and intrahepatic
administration of a euthanasia agent in animal shelter cats. ] Am
Vet Med Assoc 197:1611-1615.

Kells N, Beausoleil N, Sutherland M, Johnson C. 2018. Electroen-
cephalographic responses of anaesthetised pigs to intraperitoneal
injection of sodium pentobarbital. Anim Welf 27:205-214. https://
doi.org/10.7120/09627286.27.3.205.

Khoo SY, Lay BPP, Joya J, McNally GP. 2017. Local anaesthetic
refinement of pentobarbital euthanasia reduces abdominal writh-
ing without affecting immunohistochemical endpoints in rats. Lab
Anim 52:152-162. https:/ /doi.org/10.1177/0023677217721260.
Kramer K, Van Acker SABE, Voss HP, Grimbergen JA, Van der Vi-
jgh WJF, Bast A. 1993. Use of telemetry to record electrocardiogram
and heart rate in freely moving mice. ] Pharmacol Toxicol Methods
30:209-215. https://doi.org/10.1016/1056-8719(93)90019-B.
Laferriere CA, Pang DS. 2020. Review of intraperitoneal injection
of sodium pentobarbital as a method of euthanasia in labora-
tory rodents. ] Am Assoc Lab Anim Sci 59:254-263. https://doi.
org/10.30802/ AALAS-JAALAS-19-000081.

Laferriere CA, Leung VS, Pang DS. 2020. Evaluating intrahepatic
and intraperitoneal sodium pentobarbital or ethanol for mouse
euthanasia. ] Am Assoc Lab Anim Sci 59:264-268. https://doi.
org/10.30802/ AALAS-JAALAS-19-000097.

Lewis RE, Kunz AL, Bell RE. 1966. Error of intraperitoneal injec-
tions in rats. Lab Anim Care 16:505-509.

Meijer MK, Spruijt BM, van Zutphen LF, Baumans V. 2006.
Effect of restraint and injection methods on heart rate and
body temperature in mice. Lab Anim 40:382-391. https://doi.
org/10.1258/002367706778476370.

Nebendahl K. Routes of administration, p 463-482. In: Krinke, GJ
editor. The laboratory rat. Gottingen, Germany: Academic Press.
Reimer JN, Schuster CJ, Knight CG, Pang, DSJ, Leung, VSY.
2020. Intraperitoneal injection of sodium pentobarbital has the
potential to elicit pain in adult rats (Rattus norvegicus). PLoS One
15:0238123. https://doi.org/10.1371/journal.pone.0238123.
Ryabinin AE, Wang Y, Finn DA. 1999. Different levels of Fos
immunoreactivity after repeated handling and injection stress in
two inbred strains of mice. Pharmacol Biochem Behav 63:143-151.
https:/ /doi.org/10.1016/50091-3057(98)00239-1.

Schneider G, Schneider G. 1970. Zur Technik der intraperitonealen
Jjecktion bei der Ratte. Z Versuchstierkd 12:16-19.

Svendsen O. 2005. Ethics and animal welfare related to in vivo
pharmacology and toxicology in laboratory animals. Basic Clin Phar-
macol Toxicol 97:197-199. https:/ /doi.org/10.1111 /j.1742-7843.2005.
pto_letter_974.x.

Svendsen O, Kok L, Lauritzen B. 2006. Nociception after intra-
peritoneal injection of a sodium pentorbarbitone formulation
with and without lidocaine in rats quantified by expression of
neuronal c-fosin the spinal cord - a preliminary study. Lab Anim
(NY) 41:197-203. https:/ /doi.org/10.1258 /002367707780378140.
Turner PV, Brabb T, Pekow C, Vasbinder M. 2011. Administration
of substances to laboratory animals: routes of administration and
factors to consider. ] Am Assoc Lab Anim Sci 50:600-613.

Uysal M, Gul SS, Karaman S, Tas U, Sapmaz HI, Uysal F, Ay-
tekin K, Tumer MK. 2016. Caecum location in laboratory rats and
mice: an anatomical and radiological study. Lab Anim 51:245-255.
https:/ /doi.org/10.1177 /0023677216658916.

Wadham J. Recognition and reduction of adverse effects in research
on rodents, p 202. Birmingham, UK: University of Birmingham.
Zatroch KK, Knight CG, Reimer JN, Pang DS. 2017. Refinement
of intraperitoneal injection of sodium pentobarbital for euthanasia
in laboratory rats (Rattus norvegicus). BMC Vet Res 13:60. https:/ /
doi.org/10.1186/512917-017-0982-y.

org/ 10.1215700000557-2UU2ZU8U0U-00055.

http://prime-pdf-watermark.prime-prod.pubfactory.coﬁ’”fﬂ 2025-02-26



