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Determination of Postmortem Interval in Mice
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Despite the major use of mice in biomedical research, little information is available with regard to identifying their
postmortem changes and using that information to determine the postmortem interval (PMI), defined as the time after death.
Both PMI and environmental conditions influence decomposition (autolysis and putrefaction) and other postmortem changes.
Severe decomposition compromises lesion interpretation and disease detection and wastes limited pathology resources. The
goal of this study was to assess postmortem changes in mice in room temperature cage conditions and under refrigeration at
4°C to develop gross criteria for the potential value of further gross and histologic evaluation. We used 108 experimentally
naive C57BL/6 mice that were humanely euthanized and then allocated them into 2 experimental groups for evaluation
of postmortem change: room temperature (20 to 22°C) or refrigeration (4°C). PMI assessments, including gross changes
and histologic scoring, were performed at hours 0, 4, 8, and 12 and on days 1 to 14. Factors such as temperature, humidity,
ammonia in the cage, and weight change were also documented. Our data indicates that carcasses held at room temperature
decomposed faster than refrigerated carcasses. For most tissues, decomposition was evident by 12h at room temperature as
compared with 5 d under refrigeration. At room temperature, gross changes were present by day 2 as compared with day 7
under refrigeration. Mice at room temperature lost 0.78% of their baseline body weight per day as compared with 0.06% for
refrigerated mice (95% CI for difference 0.67% to 0.76%, P < 0.0005). This study supports the consideration of temperature
and PMI as important factors affecting the suitability of postmortem tissues for gross and histologic evaluation and indicates
that storage of carcasses under refrigeration will significantly slow autolysis.

Abbreviations and Acronyms: IVC, individually ventilated cages; PMI, postmortem interval; RT, room temperature
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Introduction postmortem interval (PMI), defined as the time interval since
death occurred.> We performed a structured assessment of tissue
integrity in mice that are found dead at RT in IVC as compared
with carcasses that are placed in a standard refrigerator imme-
diately after death to aid in the estimation of PMI. To date, the
gross and histologic changes that occur after death have not been

Examination of postmortem tissues can be an important diag-
nostic and research tool. At the time of necropsy, various tissues
can be assessed for gross pathologic changes, and samples can
be obtained for histopathologic analysis. Histopathology can
reveal morphologic tissue changes that correlate with disease . . ST
processes.!? Due to the continuum of postmortem changes, the acct'lra.tely descrlbed with regard to PMI in mice.
quality of a carcass, and thus its diagnostic utility, are time sensi- Slmllaljly' no PUthhefi stgdles have Com.pared.p ostmorterr;
tive and are influenced by numerous environmental factors.511 chang.es in carcasses maintained under refrigeration or at'RT.
In most research species, many such factors affect postmortem Descrip thIlS. 9f postmortem Changgs shlould.be dgeter'mmed
changes even in a controlled environment. Factors such as room under conditions that reflect real—lllfe situations.” Mice are
temperature (RT), humidity, or air exchange rates are all tightly ofte'n found dead Wltho.ut a known time of death and are then
regulated in animal housing facilities.”® No species exemplifies rfsfrlgerated per'ldmg d.ISpOSEII or future pqstmor?em evalua-
this more than mice, which are commonly housed in individually tion. The d‘%ratlo“ of t}me spent upder refrlgera.tlop or at RT
ventilated cages (IVCs). Mice are often found dead in these cages ~ @1 Vary, with the maximum conceivable PMI~ COlnFlfimg Wlth
due to spontaneous natural illness or adverse consequences % ent?’fe cage change interval followed by an 1ndef1¥11te.per10d
of research. Although practices vary by institution, mice that of refrlgeratlon..Because postmortem sg{nple collection is often
are found dead at our institution are immediately placed in a dellayed for various reasons, dlagnlostlaaps should be able to
designated carcass refrigerator until the time of necropsy or estimate PMI and d('etermme the .d.lagnostlc or research value
disposal. Because these carcasses may be exposed to the cage of carcasses under d}fferent conditions.
environment or refrigeration for prolonged periods, an impor- PMI and the associated postmortem changes are permanent,

tant consideration is the differential effect of temperature on 1rrever§1ble, .and PrOgressive. The degree a?‘d type Of. Changes
vary with diversity of species and the environment in which
they are found can permit subjective judgment on when death
10 : :
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of blood after death), putrefaction (bacterial proliferation),
gastrointestinal (GI) distension (gas formation from anaerobic
bacteria), destruction of muscle fiber integrity, and fluid from
orifices can be visualized.!”!® Changes such as autolysis, loss
of overall cellular architecture, cell membrane degradation,
and saprophytic bacteria must be identified histologically.>10
We hypothesized that specific histopathologic changes as-
sociated with postmortem changes would occur in a time and
temperature-dependent manner in mouse tissues. We further
hypothesize that refrigerated storage will slow autolysis in
mouse carcasses by 3 d as compared with storage at RT. Our
goal in this study was to evaluate the PMI of mice at RT and
under refrigeration to determine a threshold for the diagnostic
utility of necropsy. For this study, we designed a comprehen-
sive system for the analysis of autolysis and semiquantifiable
histomorphologic criteria of autolysis for use in mice.

Materials and Methods

Animal housing and husbandry. One hundred and eight adult,
male and female, experimentally naive C57BL/6 mice born at
our institution were used in this study. All mice were nulliparous
and 8 to 12mo of age. In keeping with the Three R’s Guidelines
(replacement, refinement, and reduction) from the Guide for
the Care and Use of Laboratory Animals in terms of reduction,
mice were selected from cages designated for euthanasia by
investigators. Mice were selected from colonies that were free
of microbial pathogens, endoparasites (pinworms Syphacia spp.
and Aspiculuris spp.), ectoparasites (fur mites Myobia musculi,
Mycoptes musculinis, Radfordia affinis, and Psorergates simplex)
and viruses (mouse hepatitis virus, mouse parvovirus, minute
virus of mice, lymphocytic choriomeningitis virus, Sendai
virus, pneumonia virus of mice, mouse rotavirus, Theiler mouse
encephalomyelitis virus, ectromelia virus, mouse adenovirus,
mouse reovirus) based on a dirty bedding sentinel program and
direct screening of incoming mice. Before euthanasia, mice were
housed in autoclaved polysulfone IVC on irradiated cellulose
paper bedding (Alpha-Dri; Shepherd Specialty Papers), fed
standardized rodent chow (5010 diet; Purina Mills International,
St. Louis, MO), and given hyperchlorinated water ad libitum by
water bottle. The IVC rack was set to 60 air changes per hour.
Housing room conditions included a 12:12-h light:dark cycle, a
temperature of 68 to 72 °F (20 to 22 °C), relative humidity of 30%
to 70%, and room ventilation of 10 to 15 air changes per hour.
All animal manipulations were approved by the Institutional

Gross assessment

Postmortem interval in mice

Animal Care and Use Committee of Vanderbilt University Medi-
cal Center, an AAALAC-accredited institution.

Experimental design. Mice were euthanized in their home
cage using carbon dioxide at a flow rate of 30% to 70% volume
displacement per minute (Euthanex Smart Box Auto CO2
System, model V700). Cervical dislocation was performed
as a secondary method of euthanasia. Each mouse was then
weighed. After euthanasia, mice were randomized into
groups of 3 without regard to sex and randomly assigned an
individual time point for postmortem evaluation. Fifty-four
mice each were allocated to the refrigeration (4°C) and the
RT (20 to 22°C) cohorts. Three mice from each cohort were
evaluated immediately after euthanasia (time 0) and at hours
4,8,and 12and days 1, 2,3,4,5,6,7,8,9,10,11, 12,13, and 14
after euthanasia, resulting in a total of 18 time points, includ-
ing 0 (Figure 1). Carcasses from the refrigeration cohort were
placed in ventral recumbency in a biohazard bag and stored
at 4°C until PMI evaluation; RT carcasses were placed in ven-
tral recumbency in an autoclaved polysulfone microisolation
cage (11.75x7.25x 5in.; Allentown Caging, Allentown, NJ) on
a negatively ventilated rack (Allentown 12 ATU) with an air
change rate of 60 changes per hour (Figure 2A and B). To mimic
the normal mouse microenvironment, 25 mL of soiled bedding
from the home cage was added to 400 mL of clean bedding in the
new cage.?® The room was maintained on a 12:12-h light:dark
cycle and humidity of 40% to 70%. Carcass temperatures and
intracage ammonia levels were measured daily. In both treat-
ment groups, PMI evaluation included assessment of weight,
gross pathology, necropsy with histologic assessment, and
internal and external photographs.

PMI gross evaluation and scoring. Gross body scores were
assigned at all time points based on the presence or absence
of predefined characteristics. Characteristics evaluated were
skin tenting (how easily the skin stays in position after being
pinched), skin fragility (how easily skin could be torn by hand),
rigor mortis (stiffening of the joints and muscles), GI disten-
sion (expansion of the intestinal loops with gas/fluid), livor
mortis (gravity dependent pooling of blood), organ adherence
(autolyzed organs that could not be retracted from the body
wall), bile imbibition (green discoloration from bile leakage),
and peripheral tissue desiccation (extreme skin dryness char-
acterized by necrotic and sloughing skin or the drying out of
mucous membranes). Before full necropsy, which included ex-
amination, dissection, and collection of all listed tissue samples
into 12 individual cassettes, a gross photograph was taken in

Control

Microscopic assessment

Weight (0 h + time point) ® Gross scoring

Tissue collection ¢ Histologic scoring
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Figure 1. Experimental design and postmortem interval timeline, including procedures across all treatment groups. Note that one schematic

mouse represents an n = 3 at each time point.

http://prime-pdf-watermark.prime-prod.pubfactory.corﬁ% 2025-02-25



Vol 63, No 4
Journal of the American Association for Laboratory Animal Science
July 2024

A

Figure 2. Representative schematic image of the room temperature cohort’s rack (A) and carcass cage layout (B) before a full tissue collection.

ventral and dorsal recumbency. In addition, a ventral incision
was made, from pubis to mandible and an internal gross pho-
tograph was taken.

PMI histopathologic evaluation and scoring. Necropsy and
tissue collection were performed at the indicated time points
up to 14 d. Tissues collected included the brain within the skull,
heart, lung, liver, kidney, spleen, pancreas, quadriceps skeletal
muscle, and gastrointestinal tract (stomach, small intestines,
cecum, and colon). The lungs and cecum were insufflated
with 2mL of neutral buffered formalin (lot no. 129078, cat. no.
(C4320-105) prior to immersion for fixation. All tissues were fixed
in at least 50 mL of formalin (10% buffered; lot. no. 129078, cat.
no. C4320-105; CardinalHealth) for 48h at RT. Decalcification
of the head was performed with 20mL of formic acid solution
(Immunocal; lot no. 162933, cat. no. 1414-2; StatLab) for an ad-
ditional 48h at RT after fixing. All tissues from all mice were
trimmed, processed, embedded in paraffin, sectioned at 5um,
and stained with hematoxylin and eosin. Tissues were then
examined histologically and scored for rates of autolysis by
an individual who was blind to the treatment group and was
overseen by a board-certified veterinary pathologist.

Autolysis was evaluated using a semiquantitative scale, with
different severity criteria for each tissue (see Results section).
Key cellular features of autolysis such as loss of cellular detail,
cytoplasmic eosinophilia, karyolysis, peripheralized organ pal-
lor, etc., were noted on an ordinal scale. To maximize detection
and repeatability, an ordinal scale of 0 to 3 was used to indicate,
as compared with time 0, no change (0%), mild change (< 25%),
moderate change (25% to 75%), and severe change (> 75%), with
more detailed characteristics provided in Table 1.1 The overall
histology score for each mouse was obtained by summing the
individual component scores.

Image acquisition. Photomicrographs were taken using an
Olympus BCX53 microscope and an Olympus UC90 camera
using Olympus CellSens software.

Daily cage-side evaluation. In the RT aim of the study, carcass
temperature, ammonia levels, humidity levels, and cage tem-
perature were measured daily. The room was checked twice
daily for temperature and humidity. Carcass temperature was

measured using an infrared thermometer gun (Benetech; ASIN:
B08Q3K43BC). Humidity and temperature were measured us-
ing a Thermohygrometer (TAIWEI001; ASIN: BO7ZMCGDN5C;
model no. 8541833479). Ammonia levels were measured using
ammonia sensors (Pacific Sentry) and colorimetric ammonia
strips (Hydrion; lot no. 210321). In the refrigerated group,
temperature was monitored and remained at 4°C for the
entire study.

Statistical analysis. We used a sample size of 3 mice per time
point per treatment group due to the descriptive nature of this
study. Each mouse was treated as a single unit of analysis in
each group per time point. The baseline weights of RT and re-
frigerated carcasses were assessed using a t test with unequal
variance. For each PMI attribute, we observed the number of
carcasses exhibiting this attribute at each time point in mice
kept at room and refrigerated temperatures. The distribution of
these numbers of mice from the RT and refrigerated-temperature
groups was compared using 2-sample Kolmogorov-Smirnov
tests. The percent change in weight from baseline (percent
change) was assessed by a linear regression model with a zero
y-intercept (at baseline the percent change was zero). This
model regressed percent change against time after death and a
treatment-time interaction covariate. The analysis of the change
in histology score with time and treatment used a multivariable
regression model. This change was linear in the refrigerated
cohort but nonlinear in the RT cohort. The best fit for histology
scores in RT carcasses was obtained with a 6-kn cubic spline
model.'® The Akaike information criterion was used to select
the optimal number of knots.

Results

The average baseline (time 0) weights in the newly euthanized
and predetermined refrigerated and RT cohorts were sig-
nificantly different from each other (27.6g [SD =2.5] and 25.4 ¢
[SD = 4.6], respectively; P = 0.003). The weight of the RT car-
casses fell significantly more over time as compared with those
in the refrigerated group (Figure 3). The total percentage of
weight loss over the course of the study was approximately 16%
for the RT cohort and 1% for the refrigerated cohort. Mice at RT

430

http://prime-pdf-watermark.prime-prod.pubfactory.com/ | 2025-02-25



Postmortem interval in mice

Table 1. Tissue-specific scores used by reviewers who were blind to the group to provide qualitative assessment of autolysis

Tissue Value Criteria
Lung 0 No apparent changes
1 Peripheralized pallor of tissue
2 Peripheral pallor, hypereosinophilia of cells, minimal sloughing of airway epithelium
3 Peripheral pallor, hypereosinophilia of cells, moderate to severe sloughing of airway epithelium
Stomach/GI 0 No apparent changes
1 <25% sloughing of gastric mucosa + loss of villous/glandular architecture
2 25%-75% sloughing of gastric mucosa + loss of villous/glandular architecture
3 >75% sloughing of gastric mucosa + loss of villous/glandular architecture
Pancreas 0 No apparent changes
1 <25% loss of exocrine cell detail, loss of zymogen granules, loss of tissue architecture
2 25%-75% loss of exocrine detail, loss of zygomen granules, loss of tissue architecture
3 >75% loss of exocrine detail, loss of zygomen granules, loss of tissue architecture
Spleen 0 No apparent changes
1 <25% cell dissociation + peripheralized pallor, loss of cellular detail
2 25%-75% cell dissociation + peripheralized pallor loss of cellular detail
3 >75% cell dissociation + peripheralized pallor, loss of cellular detail
CNS 0 No apparent changes
1 <25% neuronal vacuolation and/or loosening of neuropil
2 25%-75% neuronal vacuolation and/or loosening of neuropil
3 >75% neuronal vacuolation and/or loosening of neuropil
Liver 0 No apparent changes
1 Cell dissociation
2 Cell dissociation + pericapsular pallor
3 Cell dissociation + pericapsular pallor + loss of hepatocellular cytoplasmic detail
Kidney 0 No apparent changes
1 <25% tubule epithelial sloughing, hypereosinophilia, and loss of cellular detail
2 25%-75% tubule epithelial sloughing, hypereosinophilia, and loss of cellular detail
3 >75% tubule epithelial sloughing, hypereosinophilia, and loss of cellular detail
Heart 0 No apparent changes
1 <25% loss of cross striations + pyknosis
2 25%-75% loss of cross striations + pyknosis
3 >75% loss of cross striations + pyknosis
Smooth muscle 0 No apparent changes
1 <25% loss of cross striations + pyknosis
2 25%-75% loss of cross striations + pyknosis
3 >75% loss of cross striations + pyknosis

GI, gastrointestinal.

lost 0.78% of their baseline body weight per day as compared
with 0.06% for refrigerated mice (95% ClI for difference of 0.67%
to 0.76%, P < 0.0005).

Gross findings. Gross changes were assessed and scored before
and during necropsy on all mice at all time points (Table 2).
Gross parameters assessed for each mouse were time of onset
and resolution of rigor mortis, skin tenting, skin fragility, GI
distention, livor mortis, peripheral tissue desiccation, organ
adherence, and bile imbibition. Concordant findings of present
or absent were found in the 2 experimental groups at each time
point for the following features: time of onset and resolution
of rigor mortis, skin tenting, skin fragility, and bile imbibition
(Table 2). Both experimental groups showed an onset of rigor
mortis at 4h after euthanasia, and rigor mortis was no longer
present on day 3. Both experimental groups showed skin tent-
ing beginning at 4h postmortem and present thereafter at all
remaining time points. Skin fragility was observed in both
groups on day 6 in the refrigerated cohort and day 7 in the RT

cohort and persisted in both groups throughout all later time
points. Bile imbibition was present at 12h in the refrigerated
cohort and 8h in the RT cohort.

In contrast, the 2 experimental groups showed different pat-
terns of GI distention, livor mortis, peripheral tissue desiccation,
and organ adherence (Table 2). GI distension was not observed
in the refrigerated cohort but appeared in the RT cohort at 4 d
and remained until 13 d postmortem (P < 0.0005). Livor mor-
tis appeared at 7 d in the refrigerated cohort and at 8h in the
RT cohort and in both groups lasted throughout all later time
points (P < 0.0005). Peripheral tissue desiccation was observed
on day 10 in the refrigerated cohort and day 9 in the RT cohort.
Organ adherence occurred in the refrigerated and RTs cohorts
on days 10 and 7, respectively. Representative photographs of
these changes are shown in Figure 4.

Histologic findings. Evaluation of autolysis was based on
a scoring system to provide a semiquantitative value, which
was specific to each tissue collected (Table 1). Visual autolysis
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per select tissue per time point can be seen in Figure 5. Repre-
sentative images of the lung, spleen, small intestine, liver, and
kidney at time points zero (control), 1, 4, and 7 d PMI are
represented. In lung tissue, sloughing of airway epithelium
and peripheralized organ pallor were observed at 1 d in the
RT cohort, while in the refrigerated cohort was not observed
until day 4. In the spleen, loss of cellular detail and architec-
ture was observed within 12h at RT cohort but not until day
6 when refrigerated. In the small intestine of the RT cohort,
sloughing of enterocytes and loss of villous architecture were
observed at 4h, and in the refrigerated cohort, similar changes
were observed at day 1. In the liver, there was intercellular
dissociation and loss of hepatocellular detail at 8h, and in the
refrigerated cohort, this was observed on day 4. Finally, in the
kidney, tubular epithelial sloughing and loss of cellular detail
were observed at 8h, and in the refrigerated cohort, this was
observed at day 2. Other tissues assessed per animal were the
pancreas, CNS, heart, and smooth muscle. In the pancreas, at
RT, loss of cellular detail, including zymogen granule loss and
pancreatic architecture disruption was observed at 4 h, while in
the refrigerator this did not become observed until day 1. In the
CNS, at RT, rarefaction of the neuropil and neuronal vacuolation
was observed at 1 d, while in the refrigerated cohort, this was
not observed until day 4. Finally, in the heart at RT, loss of cross
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Figure 3. Weight percentage decrease over time was significant be-
tween carcasses that were stored in the refrigerator (o) and those at
room temperature (x). Each mouse was individually scored as a sin-
gle unit of measurement and statistically analyzed. The representative
gray shading indicates a 95% confidence interval and P < 0.0005.

Table 2. System used to score gross postmortem changes

striations and nuclear detail in cardiac myocytes was observed
at 1 d, while in the refrigerated cohort, this was not observed
until day 4. In smooth muscle at RT, similar changes to those in
the heart were observed at 12h, while in the refrigerated cohort,
this was not observed until day 3.

In every mouse, after a necropsy was performed, each tissue
was individually scored (Table 3) based on variable autolytic
criteria, and the total cumulative score per group per time point
was assessed (Figure 6). With a 95% confidence interval (as seen
in the gray-shaded area for both experimental groups), there
was a significant increase in autolysis in both treatment groups
(P <0.0005). However, the rate of increase was markedly greater
in the RT cohort during the first 24 h after death (P < 0.00005).
Thereafter, the rate of increase in both treatment groups was
approximately equal. As compared with the refrigerated cohort
over time, the effects of both time and treatment were highly
significant between both cohorts. Moreover, the interaction
is also significant, with the rate of increase of total score with
time in the RT cohort being significantly greater than in the
refrigerated cohort.

Macroenvironmental parameters. Humidity, temperature,
and ammonia levels were measured daily for the RT cohort. In
all cages, ammonia levels were between 0 to 5ppm and did not
differ significantly across PMI time points. The average humid-
ity was 53%. The average temperature was 21 °C.

Discussion

A paucity of information in the literature underlies a signifi-
cant knowledge gap with regard to the accuracy and precision
of methods used to determine PMI, and no single method of
estimation is widely accepted to date.>!? Due to the diversity
of species and environmental factors, human methods such as
body temperature-based systems are unreliable.’ That method,
also known as the Hennsige Nomogram method, calculates
the rate of body cooling to estimate PMI. Other factors used to
determine PMI in humans are based on entomology and the
potassium concentration of the vitreous humor.'#2> These meth-
ods are not useful for individual animals in a well-controlled
research environment.!” Furthermore, human methods are sub-
ject to extrinsic factors such as clothing, insulation, and intrinsic
factors such as illness, injury, and resuscitation attempts.!®

The accurate estimation of PMI and an understanding of
postmortem changes are important with regard to diagnos-
tics, health surveillance, forensics, and harvesting of game.

Time point

Gross change  Oh 4h 8h 12h 24h 2d 3d 4d 5d 6d 7d 8d 9d 10d 11d 12d 13d 14d
Rigor mortis o . . . . o

Skin tenting ° ° ° ° ° ° ° ° ° ° ° ° ° ° O O O
Skin fragility O . . . . . . . .
GI distention A A A A A A A A A A

Livor mortis A A A A A A A A A ° ° ° . . . . .
Tissue A A A . . . . .
desiccation

Organ A A A D o . . o
adherence

Bile . . . . . A A A . . . ° . . .
imbibition

Dots indicate that the indicated postmortem change was present in both groups at the indicated time point indicated in both groups;
squares indicate that the change was found only in the refrigerated cohort; and triangles indicate that the change was found only

in the room temperature cohort at the indicated time points.
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Figure 4. Representative gross decomposition images of the thoracic
and abdominal cavities at key time points postmortem in the cold
cohort (left) and room temperature cohort (RT) (right) at 0, 1, 4, 7,
and 14 d. Asterisks: intestinal distension; arrows: livor mortis; hash
mark: tissue desiccation).

Postmortem changes occur as a continuum after death and can
be termed decompositional changes. Decompositional changes
include 2 parallel processes: autolysis and putrefaction.!! These
changes are classified as immediate, early, and late.! They
involve complex biologic and cellular modifications that are
affected by intrinsic and extrinsic factors. Understanding the
appearance, progression, and timings of postmortem changes is
essential in estimating PMI for each tissue.! Various tissues have
different rates of autolysis that are influenced by the environ-
ment. Autolysis depends on both environmental temperature,
tissue-specific enzymatic processes, disease, age, and species.'
Because postmortem changes and the rates of change in vari-
ous tissues are influenced by many factors, including ambient
temperature, PMI cannot be accurately estimated based on any
single postmortem change.!"®

To date, postmortem changes have not been compared with
regard to animal carcasses stored in a refrigerated environment
or found after remaining at ambient temperatures for unknown

Postmortem interval in mice

periods of time in the home cage. Our study shows that refrig-
eration significantly slows postmortem changes in general as
compared with RT and at different time points for different
tissues. Our results indicate that if necropsy and fixation cannot
be performed immediately after death, refrigeration of carcasses
can maintain gross tissue quality for 7 d as compared with 2 d at
RT. Our study has provided a general scale for the evaluation of
postmortem tissue changes in mice and offers guidance on how
long tissues from carcasses remain adequate for postmortem
interpretation. As is available for humans,>?? future studies
in this area could provide a database with information on how
long after death specific animal tissues can be validly assessed
and interpreted.

With regard to weight, our RT cohort lost significantly more
weight than the refrigerated group. The average percent weight
loss per hour was 1% at RT and 0.1% under refrigeration. The
significant weight loss at RT is likely due to desiccation, autoly-
sis, and tissue breakdown.*? As cells die, ion gradients are no
longer maintained, leading to loss of cell membrane integrity.*
The cell then becomes exposed to proteolytic enzymes that fur-
ther degrade the cell, resulting in decay and loss of total body
weight.*> Grossly, immediately after death the body begins to
undergo putrefaction that leads to desiccation.’ Various exter-
nal factors have complementary effects, some having an early
postmortem time of onset and then resolving with time; some
gross postmortem changes accumulate but others resolve.!3 As
seen in our study, under both experimental temperatures, the
general pathway of gross changes carcasses involved muscle
rigidity defined by rigor, tenting of the skin (indicative of de-
hydration or overall desiccation of the skin), livor mortis (the
pooling of blood due to gravity), bile imbibition (which appears
as green discoloration of hemoglobin being denatured to bili-
verdin in a putrefaction process), and skin fragility (indicative
of generalized decay).*#!” Other noncomplementary changes
are organ adherence to the skin (indicative of liquefaction and
severe autolysis), peripheral tissue desiccation (the drying out
of mucous membranes dependent on temperature), and GI
distention (the process of gas formation from anaerobic bacteria
through decay).5

Histologic damage from autolysis appears as microstructural
changes that occur in most tissues and show loss of cellular
stain uptake, tissue architecture, and cellular detail.” Autolytic
changes should not be misinterpreted as tissues undergoing
necrosis, which is unprogrammed and irreversible cell death
due to exogenous cellular injury.”!2%”? To accurately assess
PMI with autolytic interference, specific criteria were needed
to allow proper interpretation of PMI in individual tissues.
In our study, the greatest histologic change occurred in the
small intestine, spleen, liver, kidney, and pancreas. The least
histologic change occurred in the lung, heart, CNS, and smooth
muscle. In general, autolysis causes liquefaction of tissues by
releasing phosphorus-rich intracellular enzymes, most often
lytic enzymes that include alkaline and acid phosphatases,
ATP, 5'-nucleotidases, and glucose-6-phosphatase from lys-
osomes.”1329 These autolytic processes are tissue specific, and
autolysis will occur more rapidly in some tissues due to higher
enzyme content. For example, we did not assess the gallbladder
because it undergoes rapid autolysis due to the cytolytic action
of bile acids.»>”

Autolysis can also be accelerated by red blood cell degrada-
tion and hemolysis, and some cells are especially sensitive
to hypoxia, leading to ischemia and cessation of metabolic
activity.#132129 Erythrocytes degrade faster depending on
their tissue location.® For example, in the liver, red blood cells
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Figure 5. Representative photomicrographs of the H and E-stained tissues from the lung, spleen, small in
refrigeration (top) and room temperature (bottom). Slides were scored based on the scoring system for autolysis. Asterisks: epithelial sloughing;
arrows: intercellular dissociation and loss of tissue architecture; arrowheads: intestinal villus epithelial sloughing and loss; hash mark: pericap-

sular pallor. All images were taken at 20x magnification.

degrade faster in the sinusoidal space than they do in the lung
parenchyma.®?224 Intestinal mucosa and pancreatic parenchyma
autolyze more rapidly than neuronal and connective tissue
because the latter contain hypoxia-resistant cells.?*? Given
that most tissue activity is oxygen dependent, autolysis and
gross decay are slowed at refrigeration temperatures. However,
even though refrigeration slows degradation, freezing carcasses
before postmortem evaluation is not recommended. Freezing

tissues is sometimes useful, but for diagnostic and especially
histologic evaluation, freezing will produce tissue artifacts such
as ice crystal formation and require thawing.2¢

Daily cage humidity, temperature, and ammonia levels did
not change significantly over the course of the study for the RT
cohort and were within acceptable target parameters throughout
the course of the study according to the Guide for the Care and Use
of Laboratory Animals Recommendations.?! All ammonia sensors
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Table 3. Cumulative histopathology scores of mice in each group (n = 3 per group) and total score per group

Group Time Lung GIT Pancreas Spleen Brain Liver Kidney Heart Muscle Total
Cold 0h — — — — — — — — — 0
Cold 4h — 1 — — — — — — — 1
Cold 8h — 1 1 — — — — — — 2
Cold 12h — 1 1 — — — — — — 2
Cold 24h (1 d) — 3 3 — — — 2 — — 8
Cold 2d — 4 3 — — 2 3 3 — 15
Cold 3d — 5 4 — 2 3 5 3 1 23
Cold 4d 2 6 5 1 4 4 5 3 2 31
Cold 5d 2 6 5 3 3 5 6 4 3 37
Cold 6 d 3 6 6 4 4 6 6 4 3 42
Cold 7 d 3 6 6 5 5 6 6 6 5 48
RT 0 — — — — — — — — — 0
RT 4h — 3 3 — — — 3 1 — 10
RT 8h — 5 3 1 — 3 3 1 1 17
RT 12h 2 6 3 2 1 3 3 3 2 25
RT 24h (1 d) 3 8 5 3 3 5 5 3 3 38
RT 2d 3 9 8 6 3 6 7 3 3 48
RT 3d 4 9 9 8 4 7 8 4 3 56
RT 4d 6 9 9 9 6 9 9 4 3 64
RT 5d 8 9 9 9 6 9 9 6 6 71
RT 6d 9 9 9 9 8 9 9 6 6 74
RT 7 d 9 9 9 9 9 9 9 7 6 76

Cold, refrigerated carcasses; GIT, gastrointestinal; RT, room temperature carcasses.

P <0.0005

Histology Score

0 24 48 72 9 120 144 168
Hours Since Death
* Room Temperature © Cold

Figure 6. Quantification of the histologic scoring system for postmor-
tem interval assessing autolysis over time at room temperature (x) and
refrigeration (0). Each mouse was individually scored as a single unit
of measurement and statistically analyzed. The representative gray
shading indicates a 95% confidence interval with a 6-kn restricted cu-
bic spline covariance.

detected ammonia at levels of “low readings,” indicating levels
between 0 and 1 ppm. This level was confirmed by the ammonia
strips placed on the bottom of the cages, which recorded levels
of 0 to 5 ppm. Humidity ranged from 50% to 55% inside the cage
and in the room. The temperature in the room and cage stayed
between 20 and 22 °C. These levels are similar to humidity and
temperature parameters that would occur in a typical populated
cage.3?? Refrigeration temperatures and humidity remained at
4°C and 35% to 40%, respectively, throughout the study.
Although we measured postmortem change on a daily basis,
future studies could use a larger number of mice, time points,
and tissues could more accurately determine the rate of PMIL
A more precise PMI database and scale should test variations

such as refrigeration after delayed discovery, intracage ammo-
nia concentrations, husbandry practices such as bedding, cage
types, microenvironmental parameters such as temperature
and humidity, presence of cage mates, and different strains of
mice, including germfree. This would allow the individuals
who find mouse carcasses to immediately assess suitability
for necropsy. Research animal medicine already uses a wean-
ing scale, a grimace scale, and a coat color by strain scale; but
to date does not have a visual scale for assessing postmortem
chamges.19 A scale with known gross and histologic changes
would reduce the number of unnecessary necropsies and thus
allow veterinarians and researchers to save time, money, and
labor. Additional studies would also be needed for the formula-
tion of a standardized gross and histologic scoring system for
specific tissues to further refine the PMIL.

Limitations to our study include our use of only one mouse
strain and one single type of cage, rack, and bedding. Evaluation
of germ-free or immunodeficient mice and their microbiomes
would expand our knowledge with regard to gastrointestinal
dissimilarities. Another limitation was that we placed only three
mice in each cage; therefore, we could not evaluate potential
fluctuations in humidity, ammonia, and temperature levels that
may result from a higher cage population, perhaps including
live mice. Also, the average weight of the refrigerated cohort at
baseline was 2.17 g heavier than that of the RT mice. However,
we believe that this difference would not affect our findings. An
additional limitation to our study is only assessing PMI up to
14 d. Extending the evaluation period to 21 d to mimic a 21-d
cage change interval would provide a larger database of PMI.

In conclusion, our study evaluated and refined the estima-
tion of PMI in mice. Our data show that as compared with RT,
refrigeration of carcasses significantly slows decomposition.
Furthermore, the PMI suitable for performing informative
necropsies is 5 d with refrigeration and 1 d at RT. Based
on our findings, we have provided information to inform
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diagnosticians about the viability of different tissues of interest
for a range of PMIs. It is recommended that institutions either
perform necropsies on recently deceased mice or immediately
place the carcass in the refrigerator for preservation.
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