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The fluorescence lifetime of nicotinamide adenine dinucleotide (NADH), a key endogenous coenzyme and
metabolic biomarker, can reflect the metabolic state of cells. To implement metabolic imaging of brain
tissue at high resolution, we assembled a two-photon fluorescence lifetime imaging microscopy (FLIM)
platform and verified the feasibility and stability of NADH-based two-photon FLIM in paraformaldehyde-
fixed mouse cerebral slices. Furthermore, NADH based metabolic state oscillation was observed in cere-
bral nuclei suprachiasmatic nucleus (SCN). The free NADH fraction displayed a relatively lower level in
the daytime than at the onset of night, and an ultradian oscillation at night was observed. Through the
combination of high-resolution imaging and immunostaining data, the metabolic tendency of different
cell types was detected after the first two hours of the day and at night. Thus, two-photon FLIM analysis
of NADH in paraformaldehyde-fixed cerebral slices provides a high-resolution and label-free method to
explore the metabolic state of deep brain regions.

© 2022 Published by Elsevier B.V. on behalf of Chinese Chemical Society and Institute of Materia

Medica, Chinese Academy of Medical Sciences.

The metabolic state is the sum of the biochemical processes
that produce or consume energy in living cells. An abnormal
metabolism is often associated with many human diseases, such
as cancer [1]. Nicotinamide adenine dinucleotide (NADH) is the key
reduced-state coenzyme involved in energy metabolism. Intracellu-
lar NADH can exist in either a free state or a protein-bound state
[2,3]. Cell hypoxia causes an increase in glycolysis level and a con-
current increase in the fraction of free NADH. When cells require
large amounts of biosynthesis, as is true of stem cells, proliferat-
ing cells and cancer cells, elevated glycolysis level occurs within
cells to meet the demands of large amounts of carbon and rapid
ATP production, despite being in an aerobic environment. Concur-
rently, the fraction of free NADH increases [4-7]. This means that
free NADH exists in the cytoplasmic matrix with vigorous glycol-
ysis, while protein-bound NADH is more strongly associated with
mitochondria with TCA and oxidative phosphorylation. Therefore,
the relative levels of NADH can shed light on metabolic alterations
in cells or tissues.
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To assess the metabolic state of cells or tissues, numerous
methods have been developed to track cellular metabolic alter-
ations [8-10]. Brain tissue is known to be highly sensitive to the
oxygen level of the environment [11] and brain metabolism imag-
ing is important to understand complex brain function and patho-
logical alterations [12]. Currently, the macroscopic and noninva-
sive brain imaging methods, positron emission tomography (PET),
magnetic resonance imaging (MRI), and functional magnetic reso-
nance imaging (fMRI) are crucial in the clinical diagnosis of brain
metabolic diseases [8]. The resolution of PET and MRI is basically
at the mm level, which not meet the imaging needs for brain
cells at the cellular and subcellular levels. Therefore, developing
the brain metabolic imaging at high resolution in cerebral tissue
can not only assist macroscopic metabolic imaging results, but also
provide more detailed information. Fluorescence lifetime imaging
microscopy (FLIM) is a newly developed metabolic imaging method
[13-19] with a resolution at the pm level. It uses the NADH fluo-
rescence lifetime (), the average time between excitation and re-
turn to the ground state, as the main readout. Although the opti-
cal characterization of NADH and NADPH is similar, the signal of
NADPH is widely believed to be negligible in brain tissue due to
its low concentration and low quantum yield [20-22]. However,
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two-photon FLIM has been grossly underutilized in “brain project”,
which might be due to its limitation of imaging depth, as imaging
is mainly performed on the surface of the brain in vivo [23-25].
To solve this problem, two-photon FLIM of paraformaldehyde (PFA)
fixed mouse cerebral slices [26,27] might be an attractive alterna-
tive choice to in vivo imaging.

NADH absorbs wavelengths at 350nm and emits wavelengths
at 450nm, and the fluorescence lifetime of free NADH is approxi-
mately 0.4 ns. Bound NADH has a much longer lifetime, from 1.9 ns
to 5.7ns [28], suggesting that free and protein-bound NADH can
be distinguished by their different fluorescence lifetimes [29,30].
Using biexponential fitting, the time-resolved decay profiles of
NADH fluorescence can be deconvoluted into two components, in
which the long-lifetime component represents bound NADH and
the short-lifetime component represents free NADH [28]. There-
fore, differences in the relative levels of free NADH and bound
NADH can theoretically be monitored by FLIM to reflect differ-
ences in cellular metabolic state [5,31]. In addition, the fluores-
cence lifetime is independent of photobleaching, fluorophore con-
centration and laser intensity [32]. Thus, NADH serves as a signif-
icant biomarker in fluorescence imaging methods. FLIM of NADH
can provide information on the metabolic state at high spatial res-
olution. However, due to the depth of some cerebral nuclei and the
relatively short excitation absorptive wavelength of NADH, FLIM of
NADH has remained relatively unexplored as a metabolic imaging
method in brain tissue.

To solve this problem, we implemented a two-photon FLIM
platform and showed that two-photon FLIM of NADH in PFA-
fixed mouse brain slices is stable and reliable. NADH oscillations
were observed in the suprachiasmatic nucleus (SCN) region, and
Thound from fitting of high-resolution analysis showed at least two
peaks in the distribution maps, suggesting the possibility of differ-
ent bound proteins or cell types. Further immunostaining analysis
showed differences in both the cell types and the circadian rhythm.
These findings highlight the role of the metabolic trends and pro-
tein binding states of the two main cell types in SCN metabolic os-
cillation. Thus, with two-photon FLIM, we have developed a high-
resolution and label-free method to explore the metabolic state of
deep brain regions at higher resolution than was previously possi-
ble.

To analyze the metabolic state of brain tissues at high resolu-
tion, we set up a two-photon fluorescence lifetime imaging plat-
form. The accessories and a simple optical path diagram of this
platform are shown in Fig. S1 (Supporting information). The chem-
ical formula for NADH is shown in Fig. 1a. NADH in fixed cere-
bral slice samples was excited with a two-photon 740 nm excita-
tion laser, and the emissions were recorded using a 466/40-nm
bandpass filter. Finally, in each image pixel, the fluorescence de-
cay data were analysed using a two-component exponential fitting
model (Fig. 1b), which produced images of the lifetime of the free
NADH (7 fee), the lifetime of the bound NADH lifetime (7 poyng)s @v-
erage lifetime (t4y), and free and bound NADH amplitude weight-
ing factors (&fee and opoung), as shown in Fig. 1c and the sup-
porting information. Pertinently, afee and opounq represent the free
and bound NADH fractions respectively.

In contrast to epidermal and cortical tissue, cerebral nuclei are
too deep for in vivo imaging. Therefore, PFA-fixed mouse cerebral
slices [26,27] were chosen for NADH FLIM analysis to provide high
resolution images and to obtain information about the metabolic
state of cerebral nuclei at a specific time point. Mice were kept for
one week in standard 12 h light/12h dark entrainment conditions
(lights on at 8:00 am, lights off at 8:00 pm) with ad libitum access
to food, water, and running wheels. Their locomotor activity was
monitored to ensure that the mice had a stable rhythm (Fig. S2
in Supporting information). All animal procedures were approved
by the Institutional Animal Care and Use Committees of the Uni-
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Fig. 1. Two-photon NADH FLIM of mouse cerebral nuclei in PFA-fixed slices. (a)
Chemical formula for NADH. (b) The attenuation data of photons were fitted to an
assumed attenuation model using software (Vistavision, ISS). (c) The NADH inten-
sity map, fluorescence average lifetime (7,,) map and og.. map were calculated by
Vistavision, providing metabolic information on mouse cerebral nuclei.
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Fig. 2. Two-photon NADH FLIM of the mouse DG at different depths. (a) NADH
intensity map, NADH average tau (T,y) map and &ge. map of DG at Opm, 8pum
and 17 pm. (b) The mean values of o at different depths were approximately the
same (0 pm: 0.5800+0.008, 8 pm: 0.5800 +0.008, 17 pm: 0.5775+0.01; P > 0.05,
there were no significant differences among the 3 groups, one-way ANOVA, n=4).
(c) The mean values of the NADH average tau (7.y) at different depths were almost
the same (0 um: 1.66+0.022, 8 pm: 1.68+0.027, 17 um: 1.66+0.042; P > 0.05,
there were no significant differences among the 3 groups, one-way ANOVA, n=4).

versity of Science and Technology of China (USTC) and the Chinese
Academy of Sciences (CAS).

Then, we anaesthetized each mouse at a certain time point and
took the brain for cryotome slicing after paraformaldehyde per-
fusion fixation and sucrose dehydration. To ensure that the two-
photon FLIM of NADH can reflect the metabolic state of cerebral
nuclei effectively at high resolution, we first examined the feasi-
bility and stability of the PFA fixed slice metabolic imaging results
using the two-photon FLIM platform.

Initially, the easily identifiable dentate gyrus (DG) areas of hip-
pocampal slices were used for experiments. The top cell layer
of the cerebral slice was defined as Opm. We performed two-
photon FLIM of NADH on DG at Opm, 8pum and 17pm in the
150pum x 150 pum square area that covered most of the DG, as the
interval was roughly the thickness of a layer of cells. The inten-
sity map and FLIM map of NADH average lifetime t,, and free
NADH fraction o are shown in Fig. 2a. More concisely, the aver-
age value of the free NADH fraction at different depths was almost
the same as that shown in Fig. 2b, as well as the average lifetime
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Tav Shown in Fig. 2c. Therefore, fine-tuning the focal length during
the operation would not affect the fitting result.

Since a 40 x objective may not cover the whole SCN, we
performed two-photon FLIM on 5 different areas of the SCN
(150 ppm x 150 pm each area) in one slice sample (Figs. S3a and c in
Supporting information). We found a series of similar values of free
NADH fractions o (Fig. S3d in Supporting information). Because
the consistency of the depth of cerebral slices in the SCN for each
mouse cannot be guaranteed every time, we then tested the FLIM
of selective areas in the SCN on 4 adjacent slices. The metabolic
levels of the SCN region on the 4 adjacent slices were also similar
to those of aee (Figs. S3b and e in Supporting information). These
results showed that the metabolic profile of the whole SCN in this
experiment was almost the same.

We also examined the metabolic levels of three other nuclei,
namely, the paraventricular nucleus of the hypothalamus (PVN),
corpus callosum (CC) and caudate putamen (CPu), in the same
cerebral slice. The results showed that the metabolic level of the
PVN was similar to that of the SCN, whereas the CC and CPU were
significantly different (Fig. S4 in Supporting information). There-
fore, high-resolution metabolic state imaging using two-photon
FLIM on mouse cerebral slices demonstrated high stability and re-
producibility.

Because of the previously established relationship between the
SCN and the circadian rhythm, we wondered whether the circa-
dian rhythm controls cell metabolism in cerebral nuclei. Therefore,
we applied two-photon FLIM of NADH to the SCN to investigate
metabolic changes within a day. Six time points (10:00 am, 2:00
pm and 6:00 pm as daytime measurement points and 10:00 pm,
2:00 am, and 6:00 am as nighttime measurement points) were
chosen for preparation of cerebral slice samples, and the experi-
ments were repeated four times with different mice.

For each mouse, 4 adjacent slices and 8 different SCN regions
were scanned using two-photon FLIM of NADH. The results showed
that ofee and the average lifetime T,y of the SCN oscillate within
a day. In addition, age. displayed a relatively stable level in the
daytime (10:00 am, 2:00 pm and 6:00 pm), while two hours after
the light was turned off, aqe. Showed an acute increase and then
decreased and increased for the next ten hours, suggesting an ul-
tradian oscillation of oee at night. Receiving the light-off signal,
the cells in the SCN entered an acute reaction state, with a rel-
atively higher glycolysis level than that in the daytime. This high
glycolysis level might not have lasted for a long time; a drop oc-
curred later, and then the glycolysis level returned. Meanwhile, the
average lifetime 74, showed an opposite oscillation trend since the
average lifetime 7,y is inversely proportional to oge. (Fig. 3). This
metabolic rhythm might be involved in the SCN-related circadian
rhythm.

Considering the influence of different bound proteins on the
NADH lifetime, we further drew the distribution of the average life-
times Tay, Xfee aNd Tpoyng Of the SCN at 10:00 am and 10:00 pm
using high-resolution analysis (Figs. 4a-c), representing early day-
time and early night, respectively. Two main peaks can be distin-
guished in all three distributions. For the average lifetime 7,, and
Ofee (Figs. 4a and b), the two peaks might represent at least two
groups of cells with different metabolic levels in the SCN. When
comparing the average lifetime 7,y and o/ at 10:00 am with that
at 10:00 pm, an obvious shift can be observed, suggesting that the
metabolic oscillation of the SCN might be due to the change in
the metabolism level of different tissue regions. Additionally, there
were two peaks in the T,,,q distribution (Fig. 4c), suggesting that
the proteins that bind to NADH might be divided into at least two
major groups differ in their resultant shift in the NADH lifetime.
The proportion of these two peaks changed between the 10:00
am and 10:00 pm recordings, leading to an in-depth study of the
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Fig. 3. Two-photon NADH FLIM of the SCN at six time points within a day. (a)
NADH intensity map, NADH average tau (7, ) map and oge map of the SCN at
six time points within a day. (b) The mean value of oge. On the SCN displayed a
circadian rhythm within a day. (c) The average lifetime 7, in the SCN displayed a
circadian rhythm within a day.
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Fig. 4. The distribution of NADH average tau (a), ®gee (b) and Tpoung (€) using high-
resolution analysis were compared at 10:00 am and 10:00 pm and two-photon
NADH FLIM of Alexa647-labelled AVP-neurons and GFAP-astrocytes at 10:00 am
and 10:00 pm. (d) Two-photon Alexa647 fluorescence imaging at 10:00 am of AVP-
neurons labelled with Alexa647 by immunostaining. (e) Two-photon Alexa647 flu-
orescence imaging at 10:00 am of GFAP-astrocytes labelled with Alexa647 by im-
munostainin. (f) Two-photon Alexa647 fluorescence imaging at 10:00 pm of AVP-
neurons labelled with Alexa647 by immunostaining. (g) Two-photon Alexa647 flu-
orescence imaging at 10:00 pm of GFAP-astrocytes labelled with Alexa647 by im-
munostaining. (h, i) The distribution of the 70y,q difference between AVP-neurons
and GFAP-astrocytes at 10:00 am and 10:00 pm displaying no significant difference
between AVP-neurons and GFAP-astrocytes at 10:00 am but a dramatic difference
at 10:00 pm.
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influence of NADH-binding proteins in different cell types on the
metabolic oscillations of the cerebral nuclei.

To ascertain the influence of different cell types on metabolic
state oscillations, we tested two typical cell types in the SCN: neu-
rons and glial cells. Arginine vasopressin (AVP)-positive neurons,
a neuron type that expresses AVP, constitutes the largest popu-
lation of SCN neurons. Glial cells are present in quantities 10-50
times the number of neurons in the SCN, while astrocytes are the
most abundant cell type, which express glial fibrillary acidic pro-
tein (GFAP) [33]. Here, AVP-positive neurons (hereafter referred to
as AVP-neurons) and GFAP-positive astrocytes (hereafter referred
to as GFAP-astrocytes) in mouse cerebral slices at 10:00 am or
10:00 pm were labelled with Alexa Fluor 647 by immunostain-
ing. Then, the fluorescence of Alexa Fluor647 was detected to lo-
cate the specific cell type (Figs. 4d-g) for subsequent two-photon
FLIM of NADH. For each mouse, 8 adjacent slices were divided into
two groups for immunostaining, and 16 cells from each group were
selected for testing. Immunostaining was carefully performed si-
multaneously to reduce systematic error. At 10:00 am, the o Of
GFAP-astrocytes showed no significant difference from that of AVP-
neurons (Fig. S5 in Supporting information), suggesting these two
cell types have similar metabolic levels in the daytime. At 10:00
pm, the age of GFAP-astrocytes was significantly higher than that
of AVP-neurons (Fig. S5), indicating that GFAP-astrocytes preferred
glycolysis over oxidative phosphorylation more than AVP-neurons
at early nighttime compared with early daytime.

Furthermore, we compared the distribution of 7y,,q between
10:00 am and 10:00 pm. At 10:00 am, the distribution of T4y, in
either GFAP-astrocytes or AVP-neurons exhibited one obvious peak,
with a very slight shift (Fig. 4h, Fig. S6 in Supporting informa-
tion), suggesting that the influence of the binding protein on the
NADH lifetime was similar in these two cell types in the daytime.
At 10:00 pm, there were two significant peaks in the distribution
of Tpoung in both AVP-neurons and GFAP-astrocytes. More interest-
ingly, the second peak was significantly higher in GFAP-astrocytes
than in AVP-neurons (Fig. 4i), and the absolute difference in peak
2/peak 1 between GFAP-astrocytes and AVP-neurons was 10 times
that at 10:00 am (Fig. S7 in Supporting information), indicating
that the protein that binds to NADH in GFAP-astrocytes was dra-
matically changed at the onset of night compared with that of day-
time. Hence, the protein types that bind to NADH as well as the
preference of the metabolic pathway of astrocytes might be the
most important reasons for SCN metabolism oscillation. It has been
reported in the literature that, compared with neurons, glial cells
favor glycolysis rather than oxidation phosphorylation [34,35].

Therefore, the two-photon NADH FLIM method provided high
resolution images, but similar results were obtained by established
destructive methods. More importantly, NADH FLIM pointed out
the involvement of different cell types and NADH-bound proteins
in the metabolic state oscillation of the SCN in the deep region of
the brain. This work illustrates the feasibility and stability of two-
photon FLIM of NADH on fixed mouse cerebral slices. Combining
high-resolution imaging and immunostaining, we demonstrated at
high resolution that the metabolic state variation and protein bind-
ing status of NADH in the two main cell types might be an impor-
tant reason for cerebral metabolic state oscillation.

Due to the low resolution, external labeling requirement and
destructiveness of traditional metabolic imaging methods, it was
difficult to obtain high-resolution cell-level metabolic images of
deep regions in the mouse brain. Therefore, two-photon FLIM of
NADH of PFA-fixed cerebral slices is a potential imaging method to
capture metabolic activity. Furthermore, clinical samples are usu-
ally preserved by chemical fixation for morphological stabilization
of tissue, and chemical fixation is especially essential for enzy-
matic and histopathology studies. Therefore, fixed samples not only
eliminate the effects of long-term anesthesia on cell metabolism
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in metabolism imaging in vivo but also provide the conve-
nience and possibility of metabolism imaging of samples from the
clinic.

Therefore, the two-photon NADH FLIM method can make full
use of clinical samples and enable imaging of deep brain areas.
More importantly, the results of this work enrich the present
knowledge regarding the role of the metabolic properties of neu-
rons and glial cells as well as the protein binding status of
NADH in metabolic oscillation of cerebral nuclei, providing a high-
resolution, sensitive and label-free method to explore metabolism
and cell type classification in deep brain regions.
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