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Bioorthogonal chemical imaging 
of metabolic activities in live 
mammalian hippocampal tissues 
with stimulated Raman scattering
Fanghao Hu1, Michael R. Lamprecht2, Lu Wei1, Barclay Morrison2 & Wei Min1,3

Brain is an immensely complex system displaying dynamic and heterogeneous metabolic activities. 
Visualizing cellular metabolism of nucleic acids, proteins, and lipids in brain with chemical specificity 
has been a long-standing challenge. Recent development in metabolic labeling of small biomolecules 
allows the study of these metabolisms at the global level. However, these techniques generally require 
nonphysiological sample preparation for either destructive mass spectrometry imaging or secondary 
labeling with relatively bulky fluorescent labels. In this study, we have demonstrated bioorthogonal 
chemical imaging of DNA, RNA, protein and lipid metabolism in live rat brain hippocampal tissues by 
coupling stimulated Raman scattering microscopy with integrated deuterium and alkyne labeling. 
Heterogeneous metabolic incorporations for different molecular species and neurogenesis with newly-
incorporated DNA were observed in the dentate gyrus of hippocampus at the single cell level. We 
further applied this platform to study metabolic responses to traumatic brain injury in hippocampal 
slice cultures, and observed marked upregulation of protein and lipid metabolism particularly in the 
hilus region of the hippocampus within days of mechanical injury. Thus, our method paves the way for 
the study of complex metabolic profiles in live brain tissue under both physiological and pathological 
conditions with single-cell resolution and minimal perturbation.

On the physiology level, brain activities comprise both relatively fast chemical (calcium and neurotransmitter) 
or electrical signals and relatively slow metabolic turnover of small metabolites into DNA, RNA, proteins and 
lipids. While the former signaling process has been extensively probed by electrophysiology and fluorescent tech-
niques1–3, visualizing the overall downstream genetic replication, transcription, translation and lipid metabolism 
in brain with cellular resolution has been a long-standing challenge. Biomacromolecules including nucleic acids, 
proteins and lipids are made of repeated small-molecule building blocks either derived from glucose glycoly-
sis intermediates or directly from nutrients like amino acids, choline, fatty acids and nucleosides. Thus, labe-
ling through small building blocks allows the visualization of cellular metabolism at a global level4–14. However, 
these metabolically labeled species either rely on destructive detection based on mass spectrometry, or lack other 
intrinsic imaging contrast, thereby requiring cell fixation and secondary labeling with relatively bulky fluorescent 
labels. Novel imaging methods that accomplish the direct metabolic imaging in living systems would enable 
researchers the unprecedented ability to map out distributions and to follow dynamics of these important meta-
bolic activities in the brain tissue.

As an emerging multiphoton optical imaging technique, stimulated Raman scattering (SRS) microscopy 
is sensitive and specific in detecting chemical bonds, offering diffraction-limited subcellular resolution, linear 
concentration dependence with background-free chemical contrast for quantitative measurement and intrinsic 
3D optical sectioning capability15–22. The use of picosecond excitation pulses and near-infrared wavelength also 
reduce photon scattering inside tissue samples and potential phototoxicity23–25. Recently, two small bioorthogonal 
labels (alkyne and carbon-deuterium bonds) have been developed for SRS microscopy. Bioorthogonal chemical 
imaging of small biomolecules with these two labels has been separately demonstrated in live cells, including 
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amino acids, nucleic acids, glycan, choline, fatty acids, glucose and cholesterol26–35. To harness both the strong 
Raman signal of alkyne36–38 and the high incorporation efficiency of deuterium26,31,39 for SRS imaging, we ration-
ally integrate alkyne and deuterium labeling according to the biochemical property of individual species. For the 
first time we demonstrate this integrated platform in visualizing multiple metabolisms in the brain tissue includ-
ing a traumatic brain injury model (Fig. 1a).

The mammalian hippocampus is an active region of brain metabolism involved in learning, memory forma-
tion, and has strong implications in many neurological diseases. Organotypic hippocampal slice culture provides 
a complex tissue model that mimics the structure and activity in vivo with multiple cells types (neurons and glia) 
coexisting in a three-dimensional architecture40. It is known to have well-preserved structural and functional 
characteristics, with clear identification of neuronal regions of dentate gyrus (DG), cornu ammonis 3 (CA3) and 
CA1 interconnected by the Mossy fibers and Schaffer collaterals41. In addition, as compared to acute slice culture 
that can only last for days in our previous report30, organotypic hippocampal tissue slices can be maintained for 
several weeks, allowing for long-term study, and are suitable for studying tissue metabolism with a relatively 
slow turnover. By coupling SRS microscopy with integrated deuterium and alkyne labels, we can visualize active 
metabolisms of DNA, RNA, protein and lipids in both the dentate gyrus and CA regions of rat hippocampus. 
Characteristic patterns of metabolic incorporation are observed for different metabolite species. By targeting 
DNA synthesis, newly-generated neurons are highlighted at the single cell level, and symmetric neural precursor 
cell division is observed in the subgranular zone of the dentate gyrus, where active neurogenesis occurs.

Figure 1. Metabolic labeling of hippocampus with integrated alkyne and deuterium labeled small 
metabolites for SRS microscopy. (a) Chemical structures of alkyne or deuterium labeled molecules used in 
the study and illustration of mammalian hippocampal structure indicated with DG, CA3, CA1 and H (hilus) 
regions. Deuterated amino acids are represented by d10-Leucine. (b) Protein metabolism in live rat hippocampal 
slices with deuterated amino acids. Active amino acid incorporation and protein synthesis are imaged in both 
dentate gyrus and CA1 regions of hippocampus. The C-D images at 2133 cm−1 show the newly synthesized 
protein from deuterated amino acids. The 2000 cm−1 images are the off-resonance background channels of the 
same area. The CH2 2845 cm−1 and CH3 2940 cm−1 channels show the intrinsic distribution of total lipids and 
proteins in the same region. Rat hippocampal slices are cultured in media supplemented with deuterated amino 
acids for 3 days before SRS imaging. Scale bar: 40 μ m.



www.nature.com/scientificreports/

3Scientific RepoRts | 6:39660 | DOI: 10.1038/srep39660

Traumatic brain injury (TBI) is one of the leading causes of adult disability and death worldwide. It com-
monly occurs during sports (concussions) and is also prevalent among youth, being the primary cause of death 
in childhood42–44. It is caused by rapid deformation of the brain during trauma including impact, penetration or 
deceleration forces, such as in automobile accidents or falls, which can lead to a cascade of pathological events 
at the molecular level and ultimately neurodegeneration. The hippocampus is commonly found damaged in TBI 
from post-mortem and in vivo studies45,46. Many studies have reported the changes in the long-term potentiation 
and calcium flux in hippocampal neurons after mechanical injury47–50. However, how these acute responses influ-
ence the downstream metabolism of the hippocampus and how the hippocampal tissue responds to the resulting 
injury metabolically remains poorly understood.

Therefore, visualizing hippocampus metabolism before and after mechanical trauma will identify the key 
region involved in tissue damage and degeneration and provide potential target for selective intervention. In 
this study, a previously developed in vitro TBI model is used to simulate the mechanical deformation experi-
enced by the brain tissue during in vivo trauma51,52. We found that, compared to uninjured tissues, rat hippocam-
pal tissues undergoing mechanical stretch injury exhibit markedly increased protein and lipid synthesis within 
days of injury, indicating fast and activated anabolic metabolism for cell proliferation and repair. Therefore, our 
method provides an important demonstration of probing metabolic responses in a traumatic brain injury model 
by bioorthogonal chemical imaging.

Results
Visualization of protein and lipid metabolism in live rat hippocampal tissues. Due to the high 
incorporation efficiency of deuterated amino acids than the alkyne-labeled counterparts, they are used to visu-
alize protein metabolism in live rat hippocampal slices with SRS microscopy. Figure 1b shows active amino acid 
incorporation and new protein synthesis throughout the hippocampus including both dentate gyrus and CA 
regions. The images at 1900 or 2000 cm−1 show the off-resonance signal as the background reference. And the 
CH2 vibrations at 2845 cm−1 mainly from total lipids and CH3 vibrations at 2940 cm−1 mainly from total proteins 
are imaged label-free to outline the cell morphology in tissue.

Choline is the hydrophilic headgroup of phosphatidylcholine, which is a highly abundant phospholipid in 
cell membrane. With the strong signal of the alkyne label, propargyl choline10 is applied to visualize phospho-
lipid turnover and cellular membrane synthesis (Fig. 2a). Fatty acid is a common precursor for many lipids with 
the hydrophobic acyl chain, and fully deuterated palmitic acid (d31-PA) is used to visualize lipid synthesis and 
metabolism in live rat hippocampal tissues (Fig. 2b). New membrane synthesis and lipid incorporation from both 
choline and fatty acid are imaged with strong intensity in both dentate gyrus and CA regions of hippocampus. 
Overall, with deuterated amino acids, propargyl choline and d31-PA as metabolic building blocks, organotypic 
hippocampal tissues from neonatal rats are shown to have globally active metabolism of proteins and lipids, 
which is successfully imaged by SRS microscopy coupled with small bioorthogonal vibrational labels.

Metabolic patterns of amino acids, choline and fatty acid. A more quantitative examination in the 
incorporation pattern of each metabolite by dividing over the label-free images of lipid or protein distribution 
reveals characteristic metabolic patterns of amino acids, choline and fatty acid (Fig. 3). In protein metabolism, 
new protein synthesis is the most active in the neuronal cell body, with strong signal in both the granule cell layer 
of DG and pyramidal cells in CA1 region. Protein turnover is especially fast in the nucleoli, which lights up inside 
the nucleus with predominant newly-synthesized protein from ribosomal biogenesis (Fig. 3a).

For phospholipid metabolism, the incorporation of choline headgroup into phospholipids is favored in 
selected cells and sparsely labeled in both the dentate gyrus and CA1 region of the hippocampal tissues. At the 
single-cell level, choline is enriched into the soma structure outside nucleus, highlighting the individual cell body 
out of the surrounding lipid-rich region (Fig. 3b). In general, protein and phospholipid turnover are shown to be 
faster in the cell-body-rich grey matter region than in the extended processes, with higher ratios of newly synthe-
sized protein and choline phospholipids (Fig. 3a,b).

In fatty acid metabolism probed with deuterated palmitic acid, newly synthesized lipids from palmitic acid 
incorporation are more evenly distributed in the tissue, with much less variation in the ratios across the tissue 
in both the cell body and the processes except the nucleus (Fig. 3c), compared to the protein and phospholipid 
distribution. This suggests a more uniform incorporation and metabolism of palmitic acid as a common interme-
diate of lipid species and biomass in cells.

Nucleic acid metabolism and cell division dynamics in live rat hippocampal tissues. Genetic 
material is the origin of cellular metabolism. Nucleic acid metabolism is also visualized in live rat hippocampal 
slices using alkyne labeled nucleosides. Newly synthesized RNA is imaged using ethynyl uridine (EU)8 in the CA1 
pyramidal neuron, which accumulates in the nucleoli that is known to have a high concentration and turnover 
of ribosome RNA (Fig. 4a). Moreover, with ethynyl deoxyuridine (EdU)9, newly synthesized DNA for new cell 
division is visualized inside the nucleus at the single cell level in the subgranular zone of granule cell layer (GCL) 
(Fig. 4b), demonstrating active neurogenesis in postnatal rat hippocampus development.

Previously, our group has developed 13C isotope edited alkyne label for multicolor SRS imaging of different 
species in cell culture53. Here we apply both 12C and 13C labeled EdU isotopologues to follow DNA synthesis 
dynamics in precursor cell division by two-color pulse-chase labeling (Fig. 4c). We first pulse the rat hippocampal 
tissue with 12C labeled EdU for 12 hours and then chase with 13C labeled EdU with 14 hours. Distinct patterns of 
metabolically labeled DNA are observed at comparable intensity in the same cell, resulting from different time 
points of synthesis and incorporation. The early incorporated DNA in green is more evenly distributed in the 
nucleus while the lately incorporated DNA in yellow is concentrated in a ring structure at the outer edge of the 
nucleus, suggesting a mid-S phase in the current cell cycle.



www.nature.com/scientificreports/

4Scientific RepoRts | 6:39660 | DOI: 10.1038/srep39660

Symmetric cell division with mirror-image like distribution of newly synthesized DNA is also captured in 
the dentate gyrus of live rat hippocampal tissue (Fig. 4d and inset), suggesting neural progenitor cell division. 
Further, by optically sectioning the tissue at different depths with SRS, multiple cells with newly incorporated 
DNA are observed in the same region of the dentate gyrus (Fig. S1), indicating frequent neurogenesis. Many 
newly born cells migrate from the hilus into the granule cell layer during postnatal development54,55. Based on the 
relative distance of the newborn cells from the interface between the granule cell layer and the hilus of the dentate 
gyrus, the relative age of these new granule cells within the 3-day labeling window could be estimated. The hilar 
region is circled in red and characterized by the high content of axons. The neurons marked by EdU deep in the 
granule cell layer are likely to occur earlier than the ones closer to the hilar region.

Metabolic responses in live rat hippocampal tissues after traumatic injury. After characterizing 
metabolic activities of rat hippocampus under physiological conditions, we next studied the metabolic responses 
in live rat hippocampal slices after traumatic injury. Live rat hippocampal slices are cultured on a deformable 
membrane, to which an equi-biaxial and spatially homogenous strain field is applied with active feedback control 
to stretch the tissue accurately and reproducibly (Fig. 5a)51,52. Because brain tissue is an incompressible mate-
rial, this two-dimensional mechanical stretch of organotypic hippocampal slice induces tissue compression 
in the orthogonal direction, mimicking the three-dimension state of strain and tissue deformation caused by 

Figure 2. Lipid metabolism in live rat hippocampal slices with propargyl choline and fully deuterated 
palmitic acid (d31-PA). Active membrane synthesis and lipid metabolism from both choline and fatty acid 
are imaged in both dentate gyrus and CA1 regions of hippocampus. The alkyne images at 2140 cm−1 show the 
newly incorporated phospholipids with propargyl choline and the C-D images at 2105 cm−1 show the newly 
synthesized lipids from d31-PA. The 1900 and 2000 cm−1 channels are the off-resonance images of the same area. 
The CH2 2845 cm−1 and CH3 2940 cm−1 channels are label-free images of total lipids and proteins in the same 
region. (a) Rat hippocampal slices are incubated with 2 mM propargyl choline for 2–3 days before SRS imaging. 
(b) Rat hippocampal slices are incubated with 200 μ M d31-PA for 5 days before SRS imaging. Scale bar: 40 μ m.
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deceleration forces52,56. In this in vitro TBI model, we can simulate the tissue injury occurred during in vivo brain 
trauma such as automobile accidents or falls and monitor the resulting metabolic changes by SRS microscopy.

Strong metabolic responses are observed in the stretch injured rat hippocampal tissues within days of injury. 
By imaging protein metabolism with deuterated amino acid, an increase in new protein synthesis is visual-
ized in live rat hippocampal slices one day after the stretch injury, compared to uninjured hippocampal tissues 
(Fig. 5b,c). The increase in protein synthesis is especially prominent (3-fold) in the hilar region of dentate gyrus 
(Supplementary Fig. S2). Similarly, lipid synthesis and metabolism from both propargyl choline and deuterated 
palmitic acid incorporation are also found to be enhanced in the injured hippocampal tissues, particularly in the 
hilar region of the dentate gyrus (Fig. 6). Especially for the fatty acid, which is a key intermediate for cell lipid syn-
thesis and cell proliferation, an over 10 times increase in the signal is observed in the hilus of the injured tissues 
after one day (Fig. 6c,d and Supplementary Fig. S2). Overall, this shows wide-range metabolic responses in both 
protein and lipid metabolism of hippocampal tissues undergoing mechanical injury. Amino acids, choline and 
fatty acid provide the important metabolic building blocks in cell biomass synthesis and accumulation for fast cell 
repair and proliferation in short time.

Discussion
We have presented complex metabolic imaging in live mammalian hippocampal tissue by SRS microscopy cou-
pled with integrated alkyne and deuterium bioorthogonal labels. By labeling with amino acids, choline, fatty acid 
and nucleosides, protein, lipids, RNA and DNA metabolism have been visualized in rat organotypic hippocam-
pal slices, where active incorporation and metabolism occur throughout the dentate gyrus and CA regions. As 
a major step further from the previous cell culture studies, this work demonstrates the utility of bioorthogonal 
chemical imaging with SRS microscopy to map out complex activities and dynamics of brain metabolism in 
organotypic tissue culture.

Characteristic spatial patterns of metabolic incorporation are observed for amino acids, choline and fatty 
acid, indicative of key locations of synthesis and degradation of each species. Protein synthesis and turnover is 
highly active in the neuronal cell body especially in the nucleoli (Fig. 3a), whereas lipid synthesis is most abun-
dant outside the nucleus with choline incorporation being concentrated in the soma structure surrounding the 
nucleus (Fig. 3b) and fatty acid being uniformly incorporated throughout the hippocampal tissues (Fig. 3c). These 
observations are consistent with the subcellular active sites of fast protein turnover in nucleoli57, phospholipid 
synthesis on endoplasmic reticulum58 and fatty acid utilization as a general metabolic intermediate in cellular 
biomass synthesis.

As the center of memory in brain, genetic material turnover and neurogenesis are especially important in 
hippocampus metabolism. Ribosome RNA transcription is visualized in the nucleoli of CA1 pyramidal neurons 
(Fig. 4a). Newly generated neurons are identified at the single-cell level with metabolically labeled DNA in the 
subgranular zone of rat hippocampal tissues (Fig. 4b). Using two-color pulse-chase labeling to follow the cell divi-
sion cycle with isotope-edited EdU, different patterns of DNA synthesis and incorporation are shown, suggesting 

Figure 3. Metabolic incorporation patterns of different metabolite species from quantitative ratiometric 
images. (a) Ratiometric images of new protein synthesis (C-D 2133 cm−1) over old proteins (CH3 2940 cm−1) 
in both dentate gyrus and CA1 regions of hippocampus. Protein synthesis is highly active in the neuronal cell 
body particularly the nucleoli (arrows). (b) Ratiometric images of new choline phospholipid synthesis (alkyne 
2140 cm−1) over old lipids (CH2 2845 cm−1) in both dentate gyrus and CA1 regions of hippocampus. Choline 
is enriched in soma structures of selected cells (arrows). (c) Ratiometric images of fatty acid incorporation and 
new lipid synthesis (C-D 2105 cm−1) over old lipids (CH2 2845 cm−1) in both dentate gyrus and CA1 regions of 
hippocampus. Palmitic acid is evenly incorporated in the hippocampal tissues. Scale bar: 40 μ m.
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two cell cycles (Fig. 4c). The time interval between consecutive division cycles of the same cell can be estimated 
to be less than 26 hours, which is consistent with the cell cycle length (25 hours) of cells in the dentate gyrus of 
rat hippocampus59. In addition, symmetric progenitor cell division is captured in the subgranular zone of dentate 
gyrus (Fig. 4d), and multiple neurons with newly synthesized DNA are visualized in the same region of granule 
cell layer at different depths with 3D optical sectioning of SRS (Fig. S1). The relative origin of time point of these 
cells could be inferred from their distances with reference to the granule cell layer and hilus of the dentate gyrus. 
This highlights the multiple approaches applicable for following DNA metabolism, particularly key to the neuro-
genesis in the hippocampus.

Visualizing the metabolic changes in hippocampus under pathological condition is also achieved in an  
in vitro TBI model, which mimics in vivo brain trauma during car accidents or falls. Strongly increased protein 
and lipid synthesis are observed in stretch injured tissues within 1–2 days of trauma, especially in the hilus of the 
hippocampus (Figs 5 and 6 and Supplementary Fig. S2). This could be due to both increase in cell density and 
local elevation of cellular metabolic activities. The hilar region of the dentate gyrus is rich in axon projections 
originated from granule cell layer and mossy cells60. Thus, it could be most sensitive to mechanical force and 

Figure 4. Nucleic acid metabolism and cell division dynamics in live rat hippocampal slices with ethynyl 
uridine (EU) and ethynyl deoxyuridine (EdU). (a) Newly synthesized RNA is visualized in the nucleoli of 
CA1 pyramidal neurons. Rat hippocampal slices are incubated with 2 mM EU (alkyne 2123 cm−1) for 7 hours 
before SRS imaging. (b) Newly synthesized DNA is imaged inside the nucleus of neuron at the subgranular 
zone of dentate gyrus, indicating neurogenesis. Rat hippocampal slices are incubated with 300 μ M EdU (alkyne 
2123 cm−1) for 3 days before SRS imaging. (a,b) Scale bar: 10 μ m. (c) Different DNA incorporation patterns 
are observed with two-color pulse-chase labeling of EdU, likely from two cell division cycles. Rat hippocampal 
slices are pulsed with 400 μ M 12-12EdU (alkyne 2123 cm−1) for 12 hours then chased with 400 μ M 13-13EdU 
(alkyne 2048 cm−1) for 14 hours before SRS imaging. (d) Symmetric neural progenitor cell division is captured 
in the dentate gyrus of hippocampal tissue. Inset: zoom-in area showing the distribution of newly synthesized 
DNA. Rat hippocampal slices are incubated with 200 μ M EdU for 3 days before SRS imaging. (c,d) Scale bar: 
20 μ m.
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responds strongly to the resulting axonal injury and mossy fiber disruption by activating a cascade of anabolic 
metabolism for cell regeneration and neuron repair.

In conclusion, we have integrated the bioorthogonal chemical labels and demonstrated their application in 
visualizing complex metabolism in live rat hippocampal tissues with SRS microscopy. Our technique is capable to 
monitor specific metabolic activities of DNA, RNA, protein and lipids in complex cellular settings and sensitively 
capture the metabolic changes occurred during tissue damage in a traumatic brain injury model. The same plat-
form can be potentially applied to other brain disease or injury models based on organotypic brain tissue culture. 
It is expected that our technique will be a powerful tool to visualize global downstream metabolism after initial 
signaling events and to identify key regions of interest for therapeutic development in treating concussion-related 
head injury, especially if combined with small molecule screening61.

Methods
Stimulated Raman scattering microscopy. All laser beams are produced by a custom-modified laser 
system (picoEMERALD, Applied Physics & Electronics, Inc.) A fundamental 1064 nm Stokes laser (6 ps pulse 
width) is generated at 80 MHz repetition rate, and its intensity is modulated sinusoidally by an electro-optic-mod-
ulator at 8 MHz with > 90% modulation depth. A mode-locked pump beam (5–6 ps pulse width) is produced by 
a build-in optical parametric oscillator to have a tunable range of 720–990 nm. Both laser beams are coupled into 
an inverted laser-scanning multiphoton microscope (FV1200MPE, Olympus) with optimized near-IR through-
put. The spatial and temporal overlapping of pump and Stokes beam are achieved using two dichroic mirrors 
and a delay stage inside the laser system based on the heavy water SRS signal. A 25×  water objective (XLPlan N, 
1.05 N.A. MP, Olympus) with high near-IR transmission is used to image all samples. The beam sizes of pump 
and Stokes laser are adjusted to match the back-aperture of the objective. After the sample in the forward-trans-
mitted direction, a high N.A. condenser lens (oil immersion, 1.4 N.A., Olympus) collects both beams in Kohler 
illumination with high efficiency. Beam motion from laser-scanning is descanned with a telescope and a high 
O.D. bandpass filter (890/220 CARS, Chroma Technology) is used to block the Stokes beam completely and only 
passes the pump beam. A large-area (10 mm ×  10 mm) silicon photodiode (FDS1010, Thorlabs) is reverse-biased 

Figure 5. Metabolic response in live rat hippocampal slices after traumatic injury. (a) Schematic diagram 
depicting three slice cultures on a silicone membrane held in a stainless steel well for inducing mechanical 
deformation. The well is displaced over a circular indenter to generate an equi-biaxial and spatially homogenous 
strain field on the membrane and the adhered tissues. (b,c) Increased amino acid incorporation and protein 
synthesis are observed in the hilus of dentate gyrus. Rat hippocampal slices without (b) or with (c) mechanical 
stretch are cultured in media supplemented with deuterated amino acids for 1 day before SRS imaging. Scale 
bar: 40 μ m.
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with a 64 DC voltage to maximize saturation threshold and response bandwidth and is used to collect the entire 
pump beam. The output photocurrent is electronically filtered to remove both the 80 MHz component of laser 
pulsing and low frequency fluctuations from scanning motion using a 8 MHz electronic bandpass filter (KR 2724, 
KR electronics), and is terminated with 50 Ω before entering a radio frequency lock-in amplifier (SR844, Stanford 
Research Systems). The corresponding voltage signal is demodulated at the reference frequency to extract the 
stimulated Raman loss signal from the pump beam with near short-noise-limited sensitivity. SRS images are gen-
erated by inputting the in-phase signal at the X channel of the lock-in amplifier to the analog interface box (FV10-
ANALOG) of the microscope at each pixel and scanning across the whole field of view. ~120 mW pump beam 
and ~150 mW modulated Stokes beam, measured after the 25×  water objective, are used to image the sample at 
all frequencies. The demodulation time constant is 30 μ s and the imaging pixel dwell time is 100 μ s with ~26 s/
frame (512 ×  512 pixels) for all images.

Organotypic hippocampal slice culture. Organotypic hippocampal slice culture (OHSC) is performed 
as described in previous literature41,52 and the protocol is approved by IACUC at Columbia University. All exper-
iments are performed in accordance with the relevant guidelines and regulations. In brief, Sprague Dawley 
rat pups are decapitated at postnatal day 8–10 (P8–P10), and the hippocampus is quickly isolated and placed 
in ice-cold Gey’s balanced salt solution (Sigma). A McIlwain tissue chopper is used to cut the hippocampus 
into 400 μ m thick sections which are immediately plated on Millicell cell culture inserts (Millipore) or silicone 
membranes in Neurobasal (Invitrogen) medium supplemented with B27 (1X, Invitrogen), GlutaMAX (1 mM, 
Invitrogen), and D-glucose (4.5 mg/ml, Sigma) at 37 °C and 5% CO2. After 2 days in vitro (DIV), the medium 

Figure 6. Upregulated lipid metabolism in live rat hippocampal slices after stretch injury. Increased 
choline and fatty acid metabolism for membrane synthesis are observed in the hilus of dentate gyrus. (a,b) Rat 
hippocampal slices without (a) or with (b) mechanical stretch are incubated with 2 mM propargyl choline for 2 
days before SRS imaging. (c,d) Rat hippocampal slices without (c) or with (d) mechanical stretch are incubated 
with 100 μ M d31-PA for 1 day before SRS imaging. Scale bar: 40 μ m.
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is changed to medium containing serum comprised of 50% MEM (Sigma), 25% heat-inactivated horse serum 
(Sigma), 25% Hank’s balanced salt solution (Sigma), GlutaMAX (1 mM, Invitrogen), and D-glucose (4.5 mg/ml, 
Sigma). Medium is changed every 2–3 days.

In vitro model of traumatic brain injury. After 10 DIV, OHSCs cultured on silicone membranes are sub-
jected to a moderate mechanical injury, known to induce changes in gene expression consistent with an in vivo 
injury62. The injury is induced by stretching the underlying silicone substrate to a predetermined strain (20%) at a 
predetermined strain rate under motion-control to produce the desired tissue injury. Our well-established model 
produces a highly accurate and reproducible injury to OHSCs40,52,56. High speed video (MotionPro, Redlake, 
Pasadena, CA) is used to verify tissue deformation by image analysis at 1000 frames per second. Lagrangian strain 
of the tissue is determined by calculating the deformation gradient tensor by locating fiduciary markers on the 
tissue slice before and at maximal stretch using custom MATLAB (MathWorks, Natick, MA) scripts61.

Metabolic incorporation of alkyne and deuterium labeled species. After 7–12 DIV in regular 
medium or immediately after injury, OHSC medium is changed to fresh culture medium supplemented with 
deuterated amino acids, propargyl choline, d31-PA (Sigma), EU (Invitrogen) or EdU (Invitrogen) at specified 
concentrations for the given time. A full recipe of deuterated amino acids medium is given in the supporting 
information adapted from previous literature30. At the end of the incubation, the tissue slices are washed with 
phosphate buffered saline (PBS, Sigma) for 3 times and transferred into a chamber filled with PBS solution ready 
for SRS imaging.

Imaging processing. All images were collected with FluoView scanning software, assigned color and ana-
lyzed by ImageJ. Ratiometric images are calculated with ImageJ under identical parameters.
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