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Genetically modified mice have been used extensively to 
identify gene functions, model genetic disorders, and study cell 
differentiation in mammalian cells.5,15 Constructing transgenic 
mice is a complex process that involves the microinjection of 
DNA into a fertilized oocyte or the targeting of genes by ho-
mologous recombination in embryonic stem cells, followed by 
surgical transfer of embryos to the oviduct or uterine horn of a 
pseudopregnant mouse.8,15 During surgery, incisions are made 
through the skin and muscle, part of the reproductive tract is 
externalized for transfer of the embryos, and the incision site 
is closed with wound closures.29 This surgery requires signifi-
cant technical expertise, time, space, money and necessitates 
anesthesia and analgesia to minimize pain and distress of mice. 
Considerable time is necessary to train surgical technicians, 
prepare the embryo recipient mice, perform the procedure, and 
monitor mice for postsurgical complications. In addition, multi-
ple areas of the laboratory must be devoted to preparing mice, 
performing surgery, and for the recovery of mice from surgery. 
Furthermore, the surgical lab needs a plethora of specialized 
equipment, including fur clippers, a dissecting microscope, 
an assortment of surgical instruments, a glass-bead sterilizer, 
wound clips or sutures, analgesics, and all of the equipment 
required to anesthetize mice.23 Clearly, refinements to these 
procedures that eliminate the need for surgery would simplify 
the process of embryo transfer.

The Animal Welfare Act2 requires principal investigators to 
follow Russell and Burch’s ‘3Rs’ of animal research30 to find 
alternative procedures to replace animals, reduce the number 
of animals used, and to refine methodologies to minimize pain 
or distress.19 A major survival surgery can be stressful for any 
animal, and surgery puts animals at risk for hypothermia and 
infection.6,12 Therefore, by replacing surgery, principal investi-

gators are demonstrating to their funding source and to their 
IACUC that they are refining their techniques to reduce pain 
and distress in mice.

To this end, we have developed a nonsurgical embryo transfer 
(NSET) device to replace the surgery required for producing 
genetically modified mice.4,16 The NSET device is a small, 
tapered catheter used to insert embryos directly through the 
cervix into the uterine horn of a mouse. The NSET procedure is 
much quicker than is surgical embryo transfer, does not cause 
obvious discomfort to the mouse, and eliminates the need for 
anesthesia and analgesia. An earlier study16 showed that the 
NSET procedure is just as effective as surgery in producing a 
similar number of healthy pups. Therefore, the NSET device 
saves time and costs, requires less training and laboratory 
space, and, most importantly, replaces the traditional surgical 
procedure.

In the current study, we compared the responses of female 
CD1 mice that underwent embryo transfer surgery, general 
anesthesia without surgery, or the NSET procedure with or 
without anesthesia. Several markers of physiologic stress in 
mice include weight changes, heart-rate fluctuations, and corti-
costerone levels. The mammalian body responds to physiologic 
stress through the autonomic nervous system, which affects 
many body functions, including heart rate, lung function, and 
eye dilation. The use of anesthesia is known to affect the auto-
nomic nervous system of mice,18,31 and this characteristic was 
an important consideration in the current study, given that the 
NSET procedure does not require the use of anesthesia whereas 
surgery does. Electrocardiography is considered the ‘gold 
standard’ for measuring heart rate and heart rate variability, 
because it measures how fast, how strong, and how often the 
atria and ventricles contract, not just how often the heart, in 
general, contracts.18 Heart rate variability has often been used 
to determine animals’ responses to physiologic and environ-
mental stress. Changes in volume status, arterial pressure, and 
autonomic tone all lead to beat-to-beat variation.18 In the current 
study, we noninvasively recorded the electrocardiograms of the 
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device and specula were removed, and the mouse was returned 
to its home cage.

Electrocardiography. Pseudopregnant mice (at 2.5 dpc) were 
randomly assigned to the 5 experimental groups (11 mice 
per group). As described in previous studies, a noninvasive 
electrocardiogram-monitoring device (The ECGenie, Mouse 
Specifics, Quincy, MA) was used to record electrocardiographic 
data from unrestrained mice without surgical implants.17,24 Elec-
trocardiograms were recorded the day before the experimental 
procedure (−1 d), 1 h before the procedure (−1 h), directly after 
the procedure or during recovery from anesthesia (0 h), and 
at 1, 3, 6, and 24 h after the various experimental procedures. 
Readings were obtained by placing each mouse on a platform 
that was instrumented with 3 monitoring electrodes. The elec-
trocardiogram was measured passively through the paws as 
the mice explored the platform. The time necessary to record 
an acceptable cardiac signal depended on the mobility of the 
mouse and varied between 5 and 8 min. The raw data were 
analyzed by Mouse Specifics using their by EzCG analysis 
software. Calculated metrics included heart rate and heart rate 
variability.

Fecal sample collections and quantifying corticosterone levels. 
Pseudopregnant mice (at 2.5 dpc) were randomly assigned to 
the 5 experimental groups (15 mice per group). Fecal samples 
were collected the day before the procedure (−1 d), immediately 
before the procedure (0 h), and at 3, 6, 10, 24, 48, 72, 96, and 120 
h after the procedure was completed. Samples were collected 
by transferring each mouse to a clean, empty cage, in which the 
subject remained for 30 min or until 3 fecal pellets were collected. 
Fecal pellets contaminated with urine were excluded from the 
study, because urine also contains metabolic corticosterone. 
Each sample was stored at −80 °C until processed. The time of 
collection and mouse weight were recorded.

A commercially available ELISA (Cayman Chemical Com-
pany, Ann Arbor, MI) was used to measure corticosterone levels 
in each fecal sample as described32 and according to the manu-
facturer’s directions. Briefly, each sample was resuspended in 
95% ethanol (20 µL per 1 mg of fecal sample). After overnight 
vortexing of samples, the supernatants were collected by cen-
trifugation (1083 × g for 15 min) and moved to clean 1.5-mL 
microcentrifuge tubes. The ELISA was performed by using the 
manufacturer’s assay reagents and 1:100 dilutions of each fe-
cal suspension. Dilutions of the manufacturer’s corticosterone 
standard were used to construct a standard curve, and the level 
of corticosterone in the fecal suspensions was determined by 
comparison to the standard curve and by using the Cayman 
data analysis tool (www.myassays.com/corticosterone.assay).

Statistical analyses. Data are reported as mean ± 1 SD. The 
effect of treatment and time was evaluated by 2-way repeated-
measures ANOVA (GraphPad Prism software, La Jolla, CA). 
Post hoc Bonferroni comparison was performed to identify 
statistical differences between groups at each time point when-
ever 2-way ANOVA analysis indicated a significant interaction 
between time and treatment group. A P value of 0.05 or less was 
used to indicate statistical significance.

Results
Decreased variance in heart rate after use of the NSET device. 

We noninvasively recorded electrocardiograms to measure heart 
rate and heart rate variability in our mice. Mean heart rates in 
the 3 groups of mice that were anesthetized (anesthesia-only 
control, NSET + anesthesia, surgery) decreased from 800 bpm 
to 400 to 500 bpm during the procedure and recovery, whereas 
those of untreated control mice and of mice that underwent 

mice in the various experimental groups. We also measured fe-
cal corticosterone levels, a well-known biomarker of stress in 
mice.11,14 Our data demonstrate that heart beat fluctuations and 
fecal corticosterone levels were higher in response to surgery 
compared with insertion of the NSET device. These data provide 
physiologic evidence that the NSET device causes less impact on 
these variables than does surgery for embryo transfer in mice.

Materials and Methods
Mice. All research was IACUC-approved. Vasectomized male 

(age, 11 wk) and female (age, 6 wk) CD1 mice were obtained 
from Charles River Laboratories (Wilmington, MA). On arrival 
at our facility, male mice were housed individually, and female 
mice were housed 3 to 5 per cage in animal rooms maintained 
at 20 to 22 °C with an average relative humidity of 35% under 
a 12:12-h light:dark cycle. Mice were housed in standardized 
ventilated microisolation caging having 81 in.2 floor space 
(Innovive, San Diego, CA). Mice had access to irradiated feed 
(Purina Picolab mouse diet, Cincinnati Lab Supply, Cincinnati, 
OH) and bottled sterile water (Innovive) ad libitum. Each cage 
contained irradiated corncob bedding (Innovive), a synthetic 
nesting material (Ancare, Bellmore, NY), and a sterilized paper 
roll. In addition, male mice each received an enrichment dome 
and wheel (Innovive).

Pseudopregnancy was achieved according to a previously 
described procedure.25 Briefly, 2 female mice (age, 2 to 6 mo) 
were placed with a vasectomized male mouse in a single cage 
for 3 consecutive days for mating. Female mice were checked 
each morning for copulation plugs. Female mice with plugs 
were removed from the mating cage and housed together at 3 
to 5 mice per cage.

For both experiments, pseudopregnant mice at 2.5 d postcoi-
tum (dpc) were randomly assigned into 5 experimental groups: 
untreated control, anesthesia-only control, NSET + anesthesia, 
NSET only, and surgery + anesthesia. The control group had 
no procedures performed on them; anesthesia-only mice were 
anesthetized with 2.5% isoflurane for 10 min; mice in the NSET 
+ anesthesia group were anesthetized with 2.5% isoflurane for 
10 min, during which they underwent NSET; mice in the NSET 
group underwent NSET without being anesthetized; and the 
surgery group was anesthetized with 2.5% isoflurane and un-
derwent a surgical procedure that took approximately 10 min. 
All anesthetized mice received meloxicam (5 mg/kg IP), an 
NSAID with analgesic and antipyretic properties.

Surgical and NSET procedures. Surgical embryo transfer was 
performed as previously described.25 Briefly, each pseudopreg-
nant mouse was anesthetized with 2.5% isoflurane. The incision 
site was shaved and disinfected, and an incision was made 
along the dorsal side of the mouse. The ovarian fat pad, ovary, 
oviduct, and upper uterine horn were exteriorized, and a small 
hole was made in the uterine horn by using a 26-gauge needle. 
No embryos were transferred during the surgery. The organs 
were placed back into the body cavity, and wound clips were 
used to close the incision site. Mice were allowed to recover in 
a clean cage on top of a warming pad for 1 h and until their 
behavior was normal.

Embryo transfer with the NSET device (ParaTechs, Lexington, 
KY) was performed as previously described.16 Briefly, each 
pseudopregnant mouse was placed on a wire-top cage and al-
lowed to grip the bars. The small and large specula (ParaTechs) 
were placed sequentially into the vagina to open and expose 
the cervix. The NSET catheter then was inserted through the 
large speculum, past the cervical opening, and into the uterine 
horn. No embryos were actually transferred into the uterus. The 
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treatment and time were analyzed via 2-way repeated-measures 
ANOVA. Time was a significant (P < 0.0001) source of variation, 
as was the interaction between time and treatment (P < 0.0001), 
whereas treatment alone was not a significant source of varia-
tion (P = 0.3509). In addition, matching between subjects was 
extremely effective (P < 0.0001).

Mice in all 5 groups had a 5% weight gain from day 0 to day 
5 (data not shown), indicating that anesthesia, surgery, and 
NSET procedures do not affect the mice to the extent that they 
alter their eating habits. This result was expected, given that 
most surgeries that include meloxicam postoperatively do not 
result in weight loss.7,35

Discussion
Genetically modified mice are valuable tools for in vivo 

mammalian studies that include identifying gene functions 
and metabolic processes and studying autoimmune disorders 
and tumor biogenesis.5,15,28,40 Obtaining genetically modified 
mice is a multistep process that involves the modification of the 
genetic make-up of a mouse by transferring genetically modi-
fied embryos to pseudopregnant recipients so that the offspring 
will express the altered DNA. Traditionally, embryo delivery 
has been accomplished through surgical manipulation,29 but 
this process is costly and time-consuming, requires dedicated 
surgical space and substantial technical expertise, and, as found 
in the current study, is stressful to mice.

Many stressors activate the autonomic nervous system and 
increase activity of the sympathetic or parasympathetic path-
ways.26 Anesthesia activates the parasympathetic pathway and 
suppresses the sympathetic pathway.3,26,31 Mice anesthetized 
with isoflurane in the current experiments showed decreases 
in heart rate. Values returned to normal once the anesthetic 
affect deteriorated; therefore, isoflurane caused a short-lived 
physiologic response. The coefficient of variance is a measure 
of heart rate variability and specifically measures inconsist-
ency between heart beats.38 Many variables might affect the 
coefficient of variance, including body temperature, heart rate, 
and posture, all of which change in response to anesthesia.3,12 A 
change in the coefficient of variance indicates that physiologic 

NSET only remained unchanged (Figure 1). Comparison by 
2-way repeated-measures ANOVA showed that treatment (P 
< 0.0001), time (P < 0.0001) and the interaction between these 
2 factors (P < 0.0001) had significant effects on heart rate. In 
addition, matching between subjects was extremely effective 
(P < 0.0001). The heart rate of the NSET group differed signifi-
cantly from those of the surgery, anesthesia-only, and NSET + 
anesthesia groups at 0 h (P < 0.01) and from that of the NSET + 
anesthesia group at 1 h (P < 0.05).

Variability in the beat-to-beat rhythm of the heart was meas-
ured as the coefficient of variance. A high-percentage coefficient 
of variance can indicate changes in cardiac function and the 
mouse’s ability to respond to physiologic stress.18 The coef-
ficients of variance of mice that underwent surgery increased 
from 1.5% at baseline to 8% during the procedure and recovery 
period (Figure 2) and was significantly different from that of 
mice in the untreated control (P < 0.0001), NSET (P < 0.0001), and 
anesthesia-only (P < 0.01) groups; this parameter remained un-
changed in the remaining groups, including those that received 
anesthesia. Among all groups, mice that underwent NSET had 
the least heart variability during recovery. In addition, 2-way 
repeated-measures ANOVA showed that time (P < 0.0001) but 
not treatment (P = 0.9858) was a significant source of variation 
overall; the interaction of time and treatment was found to be 
extremely significant (P < 0.0001). Matching between subjects 
was significant (P = 0.0011). These findings support a reduction 
in physiologic stress after use of the NSET device compared 
with surgery and anesthesia, likely because NSET eliminates 
the detrimental cardiac effects caused by anesthesia and surgery.

Fecal corticosterone levels after insertion of the NSET device. 
At 3 and 6 h after the procedures, fecal corticosterone concen-
trations were significantly (P < 0.05) higher in CD1 mice that 
underwent embryo transfer surgery compared with untreated 
control mice (Figure 3). Fecal corticosterone levels in anesthe-
tized mice (that is, anesthesia-only and NSET + anesthesia 
groups) did not differ from those of control mice. The corti-
costerone levels of the NSET and anesthesia-only groups at 3 
h after the procedure were significantly (P < 0.05) lower than 
those of the surgery group. The fold increases in corticosterone 
(relative to baseline measurements) resulting from experimental 

Figure 1. Heart rate (bpm; mean ± 1 SD; n = 11) at various times (h) 
after procedure in 2.5 dpc pseudopregnant CD1 mice in the follow-
ing groups: untreated control (■), NSET (▲), NSET + anesthesia (▼), 
anesthesia-only control (●), and surgery (◆). *, Value is significantly 
(P ≤ 0.05, Bonferroni post hoc test) different from that of the untreated 
control group.

Figure 2. Coefficient of variance (CV%; mean ± 1 SD; n = 11) at various 
times (h) after procedure for 2.5 dpc pseudopregnant CD1 mice in the 
following groups: untreated control (■), NSET (▲), NSET + anesthesia 
(▼), anesthesia-only control (●), and surgery (◆). *, Value significantly 
(P ≤ 0.05; 2-way repeated-measures ANOVA followed by Bonferroni 
post hoc analysis) different from that of the untreated control group.
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in the hypothalamic–pituitary–adrenal pathway, adrenocorti-
cotropic hormone, found peak levels of corticosterone at about 
9 h after injection,21,33,34 but the time ranged from 4 to 12 h and 
depended on time of day of injection (that is, morning compared 
with evening) and mouse strain. These studies21,33,34 also found 
that 47% to 60% of the injected corticosterone was in urine. In 
contrast, we measured biologically produced corticosterone 
only in the feces of CD1 mice (a different strain of mice than that 
in the cited studies), which may account for why we measured 
high levels of fecal corticosterone starting at 3 h, much earlier 
than in previous studies.21,33,34 In addition, because we did not 
measure urinary corticosterone, we did not measure the total 
corticosterone produced. Alternatively, we might have analyzed 
serum corticosterone levels to measure acute stress. However, 
the collection of mouse serum is an invasive procedure that itself 
causes a stress response.1,13,36 In contrast to collecting blood 
samples, collecting fecal samples for corticosterone analysis 
is noninvasive and has been validated in many studies.21,32-34 
Handling the mice during sample collection might be a source 
of stress, but because all mice experienced equivalent handling, 
any differences in fecal corticosterone levels likely result from 
differences in experimental procedure rather than from proce-
dural handling.

A previous study16 showed that the NSET device produced 
the same percentage of pups and chimeric pups as did surgery 
for embryo transfer in CD1 mice. The current study indicates 
that NSET has less effect on some measures of stress than does 
surgical embryo transfer. Future studies of NSET will address 
the efficiency of transfer for different stages of embryos and 
involve different strains of recipient mice.

Any invasive surgery can cause pain, and pain influences 
diverse physiologic functions that affect study outcomes.10 
Reduction of animal pain and stress should always be a goal 
of ethical scientific research. This expectation is reflected in 
the 3Rs30 and mandates from oversight authorities.19 Our data 
indicate that the NSET procedure is as effective as surgery for 
embryo transfer research purposes16 but is associated with less 
fluctuation in cardiac rhythm and lower levels of the stress 
biomarker fecal corticosterone, indicating less physiologic im-
pact on the mice than occurs with surgery. In addition, unlike 
the surgical method, the noninvasive NSET method would not 
be associated with surgical pain and therefore postoperative 
analgesia can be avoided. Together, these data indicate that the 
NSET device is an effective refinement for embryo transfer and, 
in keeping with the principles of the 3Rs, should be considered 
for research that requires the transfer of mouse embryos.
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