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Abstract
Purpose This study used noninvasive, fluorescence lifetime imaging microscopy (FLIM)-based imaging of NADH and FAD to
characterize the metabolic response of mouse embryos to short-term oxygen deprivation. We investigated the response to
hypoxia at various preimplantation stages.
Methods Mouse oocytes and embryos were exposed to transient hypoxia by dropping the oxygen concentration in media from
5–0% over the course of ~1.5 h, then 5% O2 was restored. During this time, FLIM-based metabolic imaging measurements of
oocyte/embryo cohorts were taken every 3minutes. Experiments were performed in triplicate for oocytes and embryos at the 1- to
8-cell, morula, and blastocyst stages. Maximum hypoxia response for each of eight measured quantitative FLIM parameters was
taken from the time points immediately before oxygen restoration.
Results Metabolic profiles showed significant changes in response to hypoxia for all stages of embryo development. The
response of the eight measured FLIM parameters to hypoxia was highly stage-dependent. Of the eight FLIM parameters
measured, NADH and FAD intensity showed the most dramatic metabolic responses in early developmental stages. At later
stages, however, other parameters, such as NADH fraction engaged and FAD lifetimes, showed greater changes. Metabolic
parameter values generally returned to baseline with the restoration of 5% oxygen.
Conclusions Quantitative FLIM-based metabolic imaging was highly sensitive to metabolic changes induced by hypoxia.
Metabolic response profiles to oxygen deprivation were distinct at different stages, reflecting differences in metabolic plasticity
as preimplantation embryos develop.
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Introduction

In the 1960s, it was established that metabolites such as glucose,
pyruvate, and lactate are essential for mammalian embryo devel-
opment in vitro [1–4]. Further studies showed that there is an
intricate relationship between specific metabolites and embryo
metabolism over the course of an embryo’s preimplantation de-
velopment [5–8]. For example, early in development (pre-com-
paction), embryos rely heavily on pyruvate as their preferred
metabolic substrate, but by the blastocyst stage, they shift to-
wards a glucose-dependent metabolism [6]. As the site of ATP
production in the electron transport chain (ETC), mitochondria
play a pivotal role in embryonic development [9–11]. Oxygen is
a key mitochondrial regulator, and the presence or absence of
oxygen preferentially shifts metabolic functions. Oxygen con-
sumption of the preimplantationmammalian embryo also chang-
es over time; just before implantation, a blastocyst has higher
oxygen consumption than its cleavage-stage embryo counterpart

D. Sakkas and D. J. Needleman are the co-senior authors

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s10815-020-01872-w) contains supplementary
material, which is available to authorized users.

* Emily A. Seidler
eseidler@bidmc.harvard.edu

1 Department of Molecular and Cellular Biology and John A. Paulson
School of Engineering and Applied Sciences, Harvard University,
Cambridge, Massachusetts, USA

2 Beth Israel Deaconess Medical Center, Harvard Medical School,
Boston, MA, USA

3 Boston IVF, Waltham, MA, USA

Journal of Assisted Reproduction and Genetics
https://doi.org/10.1007/s10815-020-01872-w

http://crossmark.crossref.org/dialog/?doi=10.1007/s10815-020-01872-w&domain=pdf
https://orcid.org/0000-0002-0848-1561
https://doi.org/10.1007/s10815-020-01872-w
mailto:eseidler@bidmc.harvard.edu


[12, 13]. Furthermore, oxygen level is a critical element in em-
bryo culture. It is well established that embryos cultured in atmo-
spheric oxygen levels (approximately 21%) have poorer embryo
development than those cultured in levels more closely mimick-
ing in vivo oxygen tension (5%) [14, 15]. The importance of
oxygen levels has also been highlighted in numerous studies
examining gene expression and epigenetic effects when compar-
ing mammalian embryos cultured in low versus high oxygen
environments [8, 9, 16, 17]. The ability of mammalian embryos
to cope with oxygen fluctuations is, however, poorly understood,
as real-time embryometabolism and response has been previous-
ly difficult to measure.

As early as 1980, an association was shown between glu-
cose uptake of bovine embryos and viability [18]. A number
of studies have subsequently used ultramicrofluorimetric tech-
niques to investigate embryo metabolism [6]. Leese, Gardner,
and colleagues showed that glucose uptake is strongly related
to the viability of mouse and human embryos and, in particu-
lar, can differentiate between embryos of similar morphology
[19–22]. Routine assessment of the metabolic integrity of em-
bryos as a selection tool has, however, remained difficult due
to the complexities of the previous techniques.

The two mainstays of embryo selection are standard mor-
phologic assessment and preimplantation genetic testing
(PGT) using trophectoderm biopsy. Each of these modalities
has advantages and drawbacks, but neither provides informa-
tion about metabolic function. Metabolic imaging of NADH
and FAD using fluorescence lifetime imaging microscopy
(FLIM) can provide real-time, noninvasive, quantitative char-
acterizations of cellular metabolic state [23–26]. For example,
Sanchez et al. successfully used FLIM to evaluate quantitative
metabolic differences between old versus young oocytes and
mutant versus wildtype oocytes for a metabolic mutation,
Clpp [27]. FLIM has also been shown to be capable of detect-
ing metabolic shifts over development and shifts due to chem-
ical perturbations using mouse embryos [28].

These studies suggest that metabolic imaging has the potential
to be an objective, noninvasive tool for assessing viability of
oocytes and embryos. As a research tool, metabolic imaging
provides quantitative measures that may allow for a more precise
characterization of embryo metabolism and a means of elucidat-
ing how metabolism changes in early embryo development. The
aim of this study was to use FLIM to measure metabolic re-
sponses of mouse oocytes and embryos to transient hypoxia
exposure at various preimplantation developmental stages.

Materials and methods

Imaging system and FLIM measurements

FLIM measurements were performed on a Nikon TE300 mi-
croscope with a Nikon 20X objective (0.75 NA) with a

galvanometer scanner and a TCSPC module (SPC-150,
Becker and Hickl). Two-photon excitation was supplied via
a Ti:sapphire pulsed laser (M-Squared Lasers) with an 80-
MHz repetition rate and ~ 150 fs pulse width. 750 nm illumi-
nation (30 mW) and a 447/60 nm bandpass filter were used for
imaging NADH fluorescence. 845 nm illumination (50 mW)
and a 550/88 nm bandpass filter were used for imaging FAD
fluorescence. The spectrum of NADPH is almost identical to
that of NADH [29], so our measurements contain contribution
from both these molecules. We still refer to this as the
“NADH” signal for simplicity. Illumination intensities were
calibrated by measuring power output through the objective.
Fluorescence was detected in the epi direction with a hybrid
detector (HPM-100–40, Becker and Hickl). For several acqui-
sitions, second harmonic generation (SHG) spindle imaging
was detected simultaneously with FAD imaging by a single-
photon counting detector (PMC-150, Becker-Hickl), placed in
the forward-scattered direction, with combined 650 short-pass
and 440/20 nm bandpass filters. Scans were acquired for 60 s
in the mid-plane of the oocytes/embryos. Acquisitions were
performed using custom LabVIEW software.

Oocyte/embryo handling

Cryopreserved oocytes and 1-cell stage mouse embryos
(EmbryoTech, Haverhill MA), from crosses between
B6C3F1 females and B6D2F1 males, were thawed and trans-
ferred to pre-equilibrated dishes. Research was conducted un-
der a protocol approved by Harvard University’s Institutional
Animal Care and Use Committee (IACUC), which has a
Letter of Assurance (File No. A3593-01) from the National
Institutes of Health Office of Laboratory Animal Welfare.
Embryos were imaged in Vitrolife Primo Vision nine-well
dishes in KSOM media (MR-121-D, Millipore-Sigma) in an
on-stage incubator (Ibidi, 10918), at 37C, 5%CO2, and 5%O2

(when not undergoing experimental hypoxia) (Fig. 1a). Prior
to imaging, embryos were stored in a table-top commercial
incubator (PanasonicMCO5MPA) and either equilibrated (for
1-cell experiments) or cultured out to the appropriate stage
then equilibrated prior to imaging.

Oxygen deprivation experiments

Oocytes or embryos at the following stages were evaluated:
oocyte; 1-cell, 2-cell, and 3- to 8-cell; morula and blastocyst.
For all experiments, embryos were equilibrated at 5% oxygen
on the microscope under a 1050 μL overlay of mineral oil
(Vitrolife OvoilTM). The volume of the oil overlay was cali-
brated with prior experiments using an oxygen-sensitive ru-
thenium dye (Sigma 544981) to measure the O2 exchange rate
within the media droplet (data not shown).

Oocytes/embryos were imaged every 3 min. at 5% oxygen
for 10 min. to obtain baseline data, and then the gas was
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quickly displaced with 0% oxygen, 5% CO2 gas, inducing an
exponential exchange of oxygen tension in the media. After
imaging for 90 min under 0% oxygen, 5% oxygen gas was
then restored, and measurements were continued for 30 more
min. A UV Flux 25% Oxygen Sensor (CO2meter.com) was
used to confirm the oxygen concentration of gas coming out
of the on-stage incubation chamber’s output. In control exper-
iments, samples were imaged for the same total amount of
time (130 min.) but maintained at 5% oxygen throughout.
Oxygen drop experiments were performed in triplicate.
Following oxygen deprivation experiments, a subset of early
stage 1-cell (n = 8), 2-cell (n = 11), and 4-cell (n = 11) em-
bryos were subsequently cultured out to the blastocyst stage as
a quality control check. All 30/30 embryos developed to
blastocyst.

Data analyses

We used open source, supervised machine learning-driven
segmentation software ilastik [30], to separate intracellular
regions from background. The algorithm was trained on
representative embryo NADH and FAD intensity images,
wherein the user manually draws over the regions to spec-
ify their classification (e.g., mitochondrial, cytoplasmic,
background) as described previously[27, 31]. For each

embryo, photon arrival times from the intracellular region
were binned into an arrival time histogram, and the histo-
gram was fit to a bi-exponential decay model to account for
engaged and non-engaged populations of fluorophore: P(t)
= A ((1 − F) exp (−t/τ1) + F exp (−t/τ2)) + B. Here, the two
exponentials represent population of fluorophore (NADH
or FAD) that is engaged or unengaged with enzyme, which
have distinct fluorescence decay lifetimes. This fit yields
the following quantitative parameters: intensity (sum of all
photons registered in histogram), fraction of NADH or
FAD engaged (F), short lifetime (τ1), and long lifetime
(τ2) for both NADH and FAD images, as described previ-
ously [31]. Intensities are represented in custom units, cal-
culated as total fluorescence photons detected within the
intracellular region divided by the number of intracellular
pixels, divided by the number of integrated scans of the
field of view.

Triplicate data runs were first averaged separately and
inspected to verify that triplicates for each group exhibited
the same qualitative behaviors. Then, samples from all tripli-
cates were combined and averaged together to obtain the final
results. For individual embryo measurements, error bars were
calculated from the error of the measurements, while for co-
hort averages, standard errors were calculated from inter-
embryo parameter variation.

Fig. 1 (a) A schematic of the on-stage, enclosed incubation system, which allows for exchange of pre-mixed gases with 0 or 5% O2. Oocytes and
embryos were imaged continuously in amicrowell dish with an oil overlay of fixed thickness to produce consistent O2 exchange rates with the media. (b)
An NADH fluorescence intensity image of embryos at the 1-cell stage generated from a FLIM
measurement. 50 μm scale bar. (c) Representative images of the six stages of development, for which oxygen deprivation experiments were performed.
50 μm scale bar
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Statistical comparisons were performed for each FLIM pa-
rameter by comparing the initial mean value (under normal
oxygen) to the mean value observed just before O2 restoration
(maximum hypoxic). Significant changes were determined
using paired t tests.

Results

We cultured oocytes and embryos in an onstage-incubated
chamber setup to facilitate oxygen exchange (Fig. 1a).
Approximately ten oocytes or embryos were placed in a single
well for measurements (Fig. 1b). The intensity images obtain-
ed from FLIM allow the morphology of oocytes and embryos
to be clearly visualized, making the stage of the embryos
straightforward to identify (Fig. 1c). The brighter areas in
these images are regions with a higher density of
mitochondria[31], as NADH and FAD are both highly
enriched in mitochondria.

We first studied the impact of hypoxia on FLIM parameters
in 1-cell embryos. Upon dropping oxygen, the 1-cell embryos
individually exhibited large increases in NADH intensity, but
these intensities reverted back to their original value upon
restoration of 5% O2 (Fig. 2a). In contrast, embryos cultured
on stage in constant 5%O2 exhibit no large change in intensity
over a similar time period, demonstrating that the observed
changes are indeed caused by the oxygen drop (Fig. 2b). To
better characterize this response, we quantified changes in
FLIM parameters for each embryo. This revealed that
dropping oxygen leads to an increase in some parameters,
such as NADH intensity and FAD fraction engaged, and a
decrease in other parameters, such as FAD intensity and
NAD fraction engaged (Fig, 2c, left). FLIM parameters
remained constant in control embryos held at constant oxygen
levels (Fig. 2C, right). Thus, hypoxia induces large changes in
FLIM parameters that can be readily measured in individual 1-
cell embryos. In 1-cell embryos we observed significant
embryo-to-embryo variation in FLIM parameters, but all em-
bryos exhibited similar shifts in parameters upon decreasing
oxygen levels (Fig. 3a, blue and orange curves). Averaging
the individual embryo response curves together allowed these
trends to be more easily seen (Fig. 3a, black).

We next repeated the oxygen drop experiments for oocytes
(n = 26), 2-cell embryos (n = 22), 3- to 8-cell embryos (n =
37), morula stage embryos (n = 20), and blastocyst stage em-
bryos (n = 15) (sample sizes represent individuals from all
triplicates combined for each group). It has previously been
shown that FLIM parameters change greatly over the course
of embryo development [28, 31]. We therefore quantified the
response to hypoxia at different stages by measuring the rela-
tive change in FLIM parameters induced by oxygen depriva-
tion, which varied greatly with stage (Fig. 3b). When oxygen
was restored after 90 min. of hypoxia, nearly all FLIM

parameters showed apparent restoration towards their pre-
hypoxic values. This argues that the metabolic changes due
to short-term hypoxia may be largely reversible. Interestingly,
we also observed that spindles disappeared in response to
hypoxia, but reappeared once oxygen was restored and the
cells proceed to divide (see supplemental video). This further
suggests that the response to short-term hypoxia is reversible.

To more clearly visualize how the response to hypoxia
varies across stages, we quantified the maximum response
values (i.e., the values just before O2 restoration) for each
FLIM parameter at each embryo stage (Fig. 4). We observed
a trend for many FLIM parameters that oocytes and earlier
stage embryos show greater responses to hypoxia than later
stage embryos. For example, under hypoxic conditions,
NADH intensity of 1-cell embryos increased by 29.0 ±
3.6%, [p = 3.8 x 10-14], while at the blastocyst stage it changed
by just −1.3 ± 7.9%, [p = 0.95]. However, some FLIM param-
eters deviate from this trend. Blastocyst NADH fraction en-
gaged changed by −5.4 ± 2.8% [p = 0.006], and blastocyst
FAD fraction engaged changed by 0.6 ± 0.4% [p = 0.03].
Those changes are almost as great as those observed at the
1-cell stage, where NADH fraction changed by −6.5 ± 1.2%
[p = 9.0 x 10-11 ], and FAD fraction changed by 0.7 ± 0.4%
[p = 0.004]. While the response to hypoxia varied between
two stages, each stage showed highly significant changes in at
least several FLIM parameters, indicating that oxygen plays
an important role throughout development. NADH and FAD
intensity shifts varied inversely to each other in all cases, with
NADH increasing and FAD decreasing at low oxygen levels,
except at the 3–8 cell and morula stages.

Discussion

FLIM-based metabolic imaging is able to detect and quantify
metabolic changes in response to oxygen deprivation. The
metabolic response to hypoxia varies depending on the stage
of preimplantation development at the time of oxygen depri-
vation. This phenomenon mirrors the known shift in metabol-
ic function before and after the cleavage stage. The fact that
almost all parameters returned to their baseline values after
5% O2 suggests that these measurements reflect acute physi-
ological changes, rather thanmore complex adaptations due to
activation of signaling pathways. Finally, SHG imaging in
supplemental video shows a spindle disappearing during hyp-
oxic conditions, but then reappearing when 5% oxygen was
restored, and the zygote continued to divide. These observa-
tions argue that brief periods of hypoxia cause short-termmet-
abolic stress, but did not cause significant long-term damage
or apoptosis until at least the blastocyst stage.

As a first-order observation, NADH and FAD intensity
show similar response patterns, with major changes in early
stages and smaller changes later in development. These
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molecules play central roles in mitochondria, where NAD+

and FAD are reduced by the Krebs cycle to form NADH
and FADH2, which are in turn oxidized to provide electrons
to the ETC. The redox shift we see in response to hypoxia at
early stages, in which NADH intensity increases and FAD
intensity decreases, is consistent with the expected changes
resulting from the ETC shutting down in hypoxic conditions.
Interestingly, these redox shifts are largely absent with blasto-
cysts, even though blastocyst consumes significantly more

oxygen than earlier stage embryos [32, 33]. NADH is also
a key component in many metabolic reactions in the cyto-
plasm, including glycolysis. It is well-established that there
is a shift in metabolism during pre-implantation develop-
ment, in which later stage embryos preferentially utilize
glucose over pyruvate and increasingly perform glycolysis
[6, 7, 34]. Other metabolic processes may also be related to
an increase in NADH, including the pentose phosphate
pathway. It is possible that the FLIM signal from later

Fig. 2 (a) FLIM NADH imaging of a 1-cell embryo under experimental
hypoxic conditions. Estimated oxygen concentration percentage in media
shown below the corresponding embryo images. NADH intensity
(pseudocolored) increases during hypoxia, and recovers when 5%oxygen
is restored. 50 μm scale bar. (b) 1-cell control embryo with no oxygen
deprivation undergoes no significant change in brightness. 50 μm scale
bar. (c) Corresponding quantitative metabolic parameters for individual
embryos displayed in A (left plots) and B (right plots). Four (4) metabolic

parameters displayed: NADH intensity and fraction engaged (blue) and
FAD intensity and fraction engaged (orange). The oxygen deprivation
samples show significant changes in all four (4) parameters in response
to hypoxia. Here, the vertical dashed red line indicates the time when the
oxygen drop was initiated, and the later green line indicates the oxygen
restoration time. Control samples (at 5% oxygen throughout) show no
significant metabolic change. Consistent data ranges displayed for com-
parison with standard error bars
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stage embryos is increasingly dominated by redox reac-
tions in the cytoplasm instead of mitochondria, which
would explain their relative insensitivity to hypoxia.
Future work could test that possibility by performing
higher magnification imaging to separately measure
FLIM signals from mitochondria and cytoplasm and by
studying how FLIM parameters respond when inhibiting
different pathways at different stages.

The in vivo conditions during preimplantation develop-
ment may provide insight into these shifts. These measured
metabolic changes may reflect physiologic changes in the low
oxygen environment just prior to implantation. At the

cleavage stage, a mammalian embryo travels through the ovi-
duct or fallopian tube, which has an estimated oxygen con-
centration of 5–7% [35]. By blastocyst stage, the embryo has
entered the uterus, which is an even lower oxygen tension
environment (approximately 2–3%) [35]. It has been postulat-
ed that blastocysts exhibit a Warburg effect, similar to cancer
cells, i.e., they undergo anaerobic glycolysis even in the pres-
ence of oxygen [36, 37]. This adaptation may allow the blas-
tocyst to withstand near-anoxic conditions at the time of im-
plantation [38]. For example, at the blastocyst stage, there are
documented shifts towards using the pentose phosphate path-
way and gluconeogenesis [39–42].

Fig. 3 (a) Changes in absolute values of metabolic parameters in
response to oxygen deprivation for embryos at the 1-cell stage. Time
courses for individual embryos for all eight parameters shown using light
traces. Each trace represents an individual embryo. Average metabolic
parameter values are shown in black with standard error bars displayed.

Time is represented in scaled units where oxygen drop begins at t = 0 and
is restored at t = 1. (b) Average changes in metabolic response to oxygen
deprivation of all embryos, arranged by stage of development. Standard
error bars are displayed. Time is represented in scaled units where oxygen
drop begins at t = 0 and is restored at t = 1
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In addition to the biologic insights provided by FLIM pa-
rameters in this study, these results further demonstrate poten-
tial for FLIM to be used as an embryo selection tool in a
clinical setting. These data show that FLIM is able to precisely
quantify differences inmetabolism between individual embry-
os. Since the inception of human IVF, there has been a need to
preferentially select the most viable embryo to transfer.
Currently, the available options for embryo selection are using
morphology, which is noninvasive but subjective, or using
embryo biopsy with PGT (preimplantation genetic testing),
which is objective but invasive [43]. Metabolic characteristics
have already been shown to be useful in selecting viable em-
bryos in several species, including humans [18–22]. The use
of metabolic imaging is promising, as it would be objective
yet non-invasive [31, 43]. Together with previous studies
demonstrating the relative safety of the FLIM assay’s illumi-
nation on mouse embryos [27, 31, 43], sperm DNA, and ox-
idative stress, clinical trials are now needed to directly evalu-
ate the techniques clinical potential.

There are limitations to our study. Firstly, the reason for
differences in FLIM results between embryos at similar stages
needs to be addressed. Whether this is signal drift or true
metabolic differences is crucial to this technology being used
as a future clinical tool. Secondly, a mouse model may not be
entirely generalizable to human gametes with associated clin-
ical implications. Future studies on human embryos will be
important to determine the metabolic response unique to

human oocytes and embryos and to assess this technologies
potential use as an embryo selection tool.

Our results have highlighted the intricate nature of metabolic
response to hypoxic challenges at different stages of embryo
development. The multiparametric FLIM data show that early
cleavage and post-genome activation embryos exhibit different
responses to the important environmental stress of hypoxia.
Applications such as FLIM and other non-invasive platforms
will allow us to better understand how eggs and embryos cope
with metabolic stressors in relation to their stage of develop-
ment. This technology could play a role in improving in vitro
embryo culture conditions. Furthermore, FLIMmay be a useful
tool in embryo selection by noninvasively imaging human em-
bryos in a clinical setting in the future.
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