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Wide-field fluorescence lifetime imaging of neuron
spiking and subthreshold activity in vivo

Adam J. Bowman'*, Cheng Huang®{ Mark J. Schnitzer®3*, Mark A. Kasevich'*

The development of voltage-sensitive fluorescent probes suggests fluorescence lifetime as a promising
readout for electrical activity in biological systems. Existing approaches fail to achieve the speed

and sensitivity required for voltage imaging in neuroscience applications. We demonstrated that
wide-field electro-optic fluorescence lifetime imaging microscopy (EO-FLIM) allows lifetime imaging at
kilohertz frame-acquisition rates, spatially resolving action potential propagation and subthreshold
neural activity in live adult Drosophila. Lifetime resolutions of <5 picoseconds at 1 kilohertz were
achieved for single-cell voltage recordings. Lifetime readout is limited by photon shot noise, and the
method provides strong rejection of motion artifacts and technical noise sources. Recordings revealed
local transmembrane depolarizations, two types of spikes with distinct fluorescence lifetimes, and
phase locking of spikes to an external mechanical stimulus.

ecording the electrical activity of neu-

rons at high spatial and temporal reso-

lution is central to understanding brain

function. Fluorescent probes of cal-

cium activity enable optical studies of
large neuron populations in vivo (7, 2). How-
ever, the response time of calcium indicators
is much slower than the underlying electri-
cal signals. Fluorescent voltage sensors are a
complementary approach, providing direct
readout of neuron membrane potential with
the capability to resolve action potentials.
Although voltage probes have rapidly devel-
oped with a variety of genetically encoded
(3-7) and chemical dyes (8) in use, there re-
main considerable challenges to their appli-
cation in vivo because of low sensitivity, rapid
photobleaching, and motion artifacts. To
achieve high-speed recording and sufficient
signal-to-noise ratios (SNRs), most voltage
probes use fluorescence intensity to read out
an underlying sensing mechanism on the basis
of absorption, Forster resonance energy trans-
fer (FRET), or quenching.

We applied an alternative strategy for de-
tecting fast probe dynamics that is based on
lifetime imaging (9). Voltage sensors that use
FRET and quenching mechanisms modulate
the probe’s nonradiative decay rate, intrinsi-
cally connecting fluorescence intensity with
nanosecond excited-state lifetime. Lifetime is
a promising readout for voltage imaging, es-
pecially because of its capability to provide an
absolute indication of membrane potential
(10). Recent results have validated fluorescence
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lifetime for static measurements of membrane
potential in vitro (I1). However, existing life-
time detectors—for example, single-photon
counters or cameras with modulated pixels
(12)—fall short of the requirements for detect-
ing fast dynamics and imaging neurons in vivo,
either because of their limited photon through-
put or because of prohibitively high noise.

EO-FLIM technique

‘We demonstrated an approach that uses electro-
optic fluorescence lifetime imaging micros-
copy (EO-FLIM), an all-optical technique for
lifetime imaging that is based on nanosecond
gating of a wide-field image (13, 14). EO-FLIM
allows efficient photon collection and is com-
patible with detection on high-speed, low-
noise scientific cameras. With this method, we
achieved lifetime imaging of action potentials
in vivo.

EO-FLIM enables significant suppression of
intensity artifacts, allowing robust imaging
in the presence of tissue motion and fluctua-
tions in illumination intensity. Such artifacts
are ubiquitous in recordings of neural activity
from awake, behaving animals (15, 16). This
has two consequences: (i) It enables faithful
recording of subthreshold voltage waveforms,
and (ii) it improves the SNR by suppressing
high-frequency intensity noise. These follow
from the fact that EO-FLIM estimates lifetime
from the ratio of a pair of simultaneously
recorded intensity channels derived from a
common optical source. In conventional ap-
proaches, corrections for intensity noise use
ratios of measurements that are nonsimulta-
neous and easily corrupted by high-frequency
noise or slower motion artifacts. Optical sen-
sors of neuron activity are typically reported
by AF/F, referencing fast intensity changes
(AF) to a nonsimultaneous, average fluores-
cence baseline (F). Fluorescence lifetime can
read out an intensity-optimized sensor with
improved temporal noise performance and

23 June 2023

long-term stability without sacrificing acqui-
sition speed.

‘We implemented our approach through in-
corporation of a Pockels cell into the fluorescence
detection path of a standard epifluorescence
microscope (Fig. 14, fig. S1, and materials and
methods). The Pockels cell design was optimized
for resonant drive and wide-field imaging, in-
corporating thermal control and transverse
crystal geometry to cancel off-axis birefrin-
gence. A high-voltage modulation was applied
to the Pockels cell with a resonant transformer
(figs. S2 and S3), resulting in a fast polariza-
tion rotation that was synchronous with the
excitation pulses from a 100-ps laser source.
Fluorescence from the sample was first po-
larized, then polarization was modulated with
the Pockels cell and finally split with a polariz-
ing beamsplitter into two wide-field images on
a scientific complementary metal-oxide semi-
conductor (SCMOS) camera corresponding
to gated (G) and ungated (U) intensity. These
two images encoded nanosecond time infor-
mation in their intensity ratio. Because gating
was performed with a beamsplitter, it was pos-
sible to capture the entire fluorescence decay
with photon efficiency limited by optical coat-
ings. In this study, we modulated one input
polarization and discarded half of the avail-
able signal on a first polarizer. This can be
avoided in the future through addition of a
second beam path (13). The fluorescence de-
cay at each pixel was convolved with the tem-
poral gating function of the Pockels cell and
then sampled at a single modulation phase
relative to the excitation laser (Fig. 1B). Each
image thus provided a lifetime estimate for
every pixel in parallel at the frame rate of the
scientific camera. When imaging genetically
targeted neurons in vivo, this technique al-
lowed for 1-kHz-frame rate recordings with
a lifetime sensitivity of 2.53 + 0.48 ps with
0.7 x 107 to 1.4 x 107 detected photons per
frame (Fig. 1C), indicating a substantial im-
provement in throughput over previous FLIM
recordings of cellular dynamics. EO-FLIM
approaches fundamental sensitivity limits
for estimating lifetimes between 1 and 4 ns
(fig. S2).

Results

We used EO-FLIM to image a genetically en-
coded voltage indicator (GEVI) in Drosophila
melanogaster. We expressed pAce positive
polarity GEVI in a subtype of fly mushroom
body output neuron (MBON), MBON-y1pedc>ap.
PAce works through FRET and is a fusion of
the bright fluorescent protein mNeonGreen
with a voltage-sensitive opsin from Acetabularia
(3). We surgically prepared Drosophila before
imaging to provide optical access to the brain
(17, 18). Action potentials and subthreshold
dynamics were readily resolved with action
potentials corresponding to a 20- to 50-ps
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Fig. 1. Lifetime imaging of action potentials.

(A) Schematic of EO-FLIM microscope. Wide-field
fluorescence images were modulated with a Pockels
cell (PC) placed between crossed polarizers (P

and PBS) and driven at 20 MHz by a high-voltage
resonant transformer. Two spatially offset output
images were simultaneously captured after a second
polarizing beamsplitter (PBS) on a sSCMOS camera,
corresponding to gated (G) and ungated (U)
intensities. (B) Instrument response function (IRF)
and fluorescence traces for the U channel were
measured by varying the Pockels-cell drive phase
relative to the excitation laser. The pAce GEVI was fit
to 2.2-ns lifetime. For kilohertz imaging, a single
optimal phase point was captured (vertical line

at 0-ns delay), and the G/U image intensity ratio
was converted to a lifetime estimate (fig. S1).

(C) Histogram of measurements (highpass filtered)
obtained at 1 kHz for a single neuron in vivo
demonstrate a lifetime sensitivity of 3 ps (full trace in
Fig. 2A). (D) Wide-field image of a neuron with
structures indicated. Scalebar, 25 um. (E) Whole-cell
lifetime trace resolves action potentials and sub-
threshold transitions. (F and G) Average spike shape
is plotted in intensity and lifetime from color-coded
regions. (H) Frames from an interpolated lifetime
movie demonstrate spike propagation, averaging the
signal from ~300 individual spikes. The point of
initiation is indicated by the arrow, and bidirectional
propagation was observed both along the axon

and backward toward soma and dendrites (movies S1
to S3). Spike propagation was also imaged directly
without averaging (movies S4 and S5). (I) Applying a
10-frame moving average allowed subthreshold
signals to be localized to neuron structures (movies
S6 and S7). Example frames demonstrate localization
in the dendrite for both positive and negative
subthreshold signals.

shift in the fluorescent lifetime (Fig. 1, D and
E). Average spike readouts in lifetime and in-
tensity for different neuron subregions were
in strong agreement both in their relative tim-
ing and amplitudes (Fig. 1, F and G).

The donor fluorescence lifetime of a FRET
GEVI depends on radiative decay rate, k¢, and
the voltage-sensitive nonradiative decay rate,

kn(V), associated with FRET as © = krT()
(10, 19). In pAce, the Ace opsin acts as acceptor
and provides voltage sensitivity. The donor’s
fluorescence intensity is directly quenched by
FRET, giving a signal, AF < oAk, where ¢
is the donor excitation cross section. For an
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ideal FRET process, one expects to find At/t =
AF /F. pAce gave a linear but attenuated life-
time response of (0.70 + 0.07)AF/F (fig. S4).
This may indicate components of the GEVI
response in intensity—for example, modulation
of cross section c—that did not affect lifetime
readout.

Wide-field lifetime imaging correlates neu-
ron activity with spatial structure. The point
of action potential initiation in the axon is
resolved along with bidirectional propagation
along the axon and backward toward the den-
drite and soma (20). Action potentials were
attenuated and broadened in the dendrites
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and soma (Fig. 1, F and G, and figs. S5 and S6).
Spike propagation is shown in movies S1 to
S3 with still frames from movie S1 displayed
in Fig. 1H, generated with spike-triggered av-
eraging over ~300 spikes and interpolating
between frames. We also observed individ-
ual spikes and spike propagation in real time
without temporal averaging (movies S4 and
S5). Comparison of recordings from multiple
neuronal subregions revealed local depolari-
zations in the axons, which fail to initiate
action potentials across the entire cell. These
depolarizations were not resolved in inten-
sity readout but are clearly visible in lifetime
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Fig. 2. Lifetime suppresses intensity noise and improves fidelity of subthreshold
recording. Six example MBON neurons are shown comparing lifetime (blue)
with AF/F intensity recordings (black). Recordings were obtained by averaging
over high-resolution images shown at far left. Scalebar, 25 um. Shaded boxes
highlight some notable regions of the traces for improved lifetime readout. For
each example, the distributions of spike SNR are compared for intensity and
lifetime, with calculated spike detection fidelity d' indicated. (A and B) Two
examples of flies without motion demonstrate improvement of technical noise
floor at high frequencies by up to 7 dB. The noise power spectra for the traces
are compared at far right, with dotted lines indicating the photon shot-noise

limits. (C to E) Three examples of flies having low-frequency noise associated with
motion artifacts. Lifetime improves noise power spectrum across temporal
frequencies, rejecting intensity noise by up to 9 dB at low frequencies (further
analysis is provided in Fig. 3). (F to J) Lifetime provided an improved readout of
two spike amplitudes in response to mechanical stimulus at 60 Hz. Large-amplitude
(L) spikes showed an enhanced lifetime responsivity and tripled detection SNR
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and d' over the small-amplitude (S) spikes. L spikes occurred independent of
subthreshold waveform level but synchronized with spiking on plateaus shown in
the inset in (F). (G) and (H) show average spike waveforms for color-coded
regions. The point of initiation for S spikes was a central region of the axon
(consistent with movies S1 and S2), whereas L spikes were diffuse and associated
with background fluorescence. L spikes also correspond to local spikes in the
dendrite and soma in (H). The L-spike background component possibly resulted
from out-of-focus neurons (movies S8 and S9). In (1) and (J), histograms of action
potential amplitudes are compared. In intensity, the L and S populations were not
resolved and strongly overlap, but they were clearly separated in lifetime.
Lifetime is used to identify the spikes, and the intensity histogram in (I) is shaded
with two colors to show overlapping populations. (K) A polar histogram demonstrates
strong phase locking of the L spikes to mechanical stimulus by referencing
phase to a bandpass-filtered lifetime trace. S spikes do not show phase locking.
(L) The average phase vector length, ) ",cos(6;)/Nap, is plotted versus bandpass
center frequency to show narrow-band locking response.
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recordings (figs. S5 and S6). When we then
applied a 10-frame moving average, the spatial
distribution of slower subthreshold voltage
signals could also be studied. Subthreshold
signals were often strongest and localized in
the dendrites (movies S6 and S7). Still frames
from these movies are shown in Fig. 1I and
figs. S7 and S8.

By measuring a ratio of simultaneous in-
tensities, EO-FLIM removes noise sources that
are common mode to both the modulated
channels. In Fig. 2, we show example record-
ings of MBON-ylpedc>a,/p neurons from six
flies, comparing intensity AF /F with lifetime
readouts. In all recordings, lifetime detec-
tion enhanced the SNR for action potential
detection by approximately twofold. This SNR
was quantified by comparing spike ampli-
tude with the high-frequency noise floor. We
also analyzed traces by using the spike de-
tection fidelity, d', a discriminability index
that quantifies spike detection by comparing
the statistical distributions of spike ampli-
tudes and background-noise fluctuations (21).
Lifetime detection improved d' by 1.5 to 2.4
times (Fig. 2, A to E).

Noise power was also compared across tem-
poral frequencies, demonstrating broad sup-
pression of intensity noise (Fig. 2, A to E) and
showing that EO-FLIM approaches the pho-
ton shot-noise limit. To allow a direct compar-
ison of noise power spectrum, the responsivity
of spikes in intensity and lifetime channels
was normalized. For flies not displaying much
motion (Fig. 2, A and B), lifetime primarily
reduced technical noise at high frequencies
that resulted from the excitation laser (4 to
7 dB). Even in these well-behaved examples,
lifetime readout resulted in improved SNR
and d'.

Lifetime recordings also improved long-term
stability in the voltage readout. Intensity-based
voltage imaging often displays strong motion
artifacts, which degrade stability. In Drosophila,
these artifacts result from movements such as
extension of the proboscis. For flies displaying
motion (Fig. 2, C to E, and fig. S9), lifetime
readout suppressed artifacts at low frequen-
cies by up to 9 dB as compared with intensity
readout (in these examples, subthreshold wave-
forms may only be resolved in lifetime). Figure 3
shows trace stability quantified according to
the spike-amplitude distribution and the uni-
formity of threshold voltage level at action
potential locations. Histograms of mean nor-
malized spike heights and mean normalized
subthreshold level are plotted for each spike,
showing that lifetime improves spike unifor-
mity by up to 2.5 times and threshold unifor-
mity by up to 5.8 times.

With the improved readout stability af-
forded by lifetime recording, we observed
two spike amplitudes (Fig. 2, F to L). The
small-amplitude (S) spikes occurred on top

Bowman et al., Science 380, 1270-1275 (2023)

B
60 15
€40 £ 107
3 op/o; =16 3 or/or =23
O20f © 57
0 0
0 05 1 15 2 25 0 05 1 1.5 2 2.5
AP Amplitude AP Amplitude
60F T T T 30T T T
401 201 1
oplor=1.5 op/or=2.9
-6 -4 -2 0 2 4 6
Sub-threshold Level Sub-threshold Level
D
60
®40r 1
g O'F/‘TT =1.9
[e]
O 20t
0 ‘
0 0.5 1 1.5 2 2.5 0 0.5 1 1.5 2 2.5
‘ AP Amglitude‘ . AP Amplitudel
100} 80|
oplo, =58 607 opfo, =46 ]
501 J

6 -4 2 0 2 4 6
Sub-threshold Level

Sub-threshold Level

Fig. 3. Lifetime improves uniformity in action potential amplitude and threshold level. (A to D). Histograms

of action potential amplitudes (lifetime in blue) and action potential levels on the subthreshold waveform
(lifetime in green) are plotted for each activity trace, overlayed on the same histograms for intensity (gray).
Action potential amplitudes are normalized to the mean. Subthreshold level is also mean normalized as
(L- [) /L, where L is the spike’s corresponding level on a low-pass filtered trace, and its distance is
measured relative to the mean level of all other spikes, L. A perfectly uniform threshold would thus result in
L = 0O for all spikes. In each histogram, the ratio of standard deviation between intensity and lifetime readouts,
of /o, Is given as a figure of merit for uniformity. (A) and (B) to (D) correspond to Fig. 2, A and C to E,

respectively.

of subthreshold voltage plateaus, whereas
large-amplitude (L) spikes were observed in
bursts that were independent of subthresh-
old voltage level. In this sample, the fly was
mechanically stimulated with sound waves
near a resonance of the microscope stage.
Figure 2, I and J, show histograms of spike
heights in both intensity and lifetime. The
two spike populations were clearly distin-
guished by using lifetime readout but were
not separable with intensity readout. The L
spikes showed enhanced lifetime responsiv-
ity (1.34 AF /F, compared with 0.68 AF /F for
S spikes). The difference in responsivity may
indicate kinetic differences in the GEVI re-
sponse to different action potential waveforms
(3). Spike-triggered averages (movies S8 and
S9) showed that the L spikes originated dif-
fusely across the image, whereas the S spikes
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initiated in a local area of the axon, as shown
in movies S1 and S2. The L spikes may be as-
sociated with out-of-focus neurons displaying
off-target GEVI expression and were also syn-
chronous with spiking of the targeted neuron
(Fig. 2, F to H). The L spikes displayed strong
phase locking in response to mechanical stim-
ulus, whereas the S spikes did not. A histogram
of phases is displayed in Fig. 2K, where phase
is determined by each spike’s location on a
trace that has been filtered at the stimulus
frequency. Narrow-band locking response is
demonstrated in Fig. 2L. Similar L spikes were
also observed during the mechanical stimulus
sweep (Fig. 4C).

To further demonstrate the noise-rejection
capabilities of lifetime detection, we placed
the fly on a piezoelectric stage to provide
mechanical shaking in the xy plane. This
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Fig. 4. Phase locking of spikes to direct mechanical stimulus. (A) Lifetime
provided strong rejection of intensity noise associated with shaking the
sample (40-Hz square wave, ~0.8 um peak-to-peak). (B) Intensity noise at the
stimulus frequency and second harmonic were attenuated by 21 and 20 dB.
(C) A spectrogram of the lifetime trace is plotted as stimulus is swept from
50 to 150 Hz. Vertical lines of activity in the spectrogram correspond to

spike bursts in the lifetime trace. Mechanical cross-talk is seen as the diagonal

direct mechanical stimulus resulted in high
levels of intensity noise that obscured neu-
ron activity, but lifetime readout suppressed
this noise by up to 21 dB (Fig. 4, A and B).
Using this direct stimulus, we could observe
phase-locked spiking behavior from 30 to
>100 Hz (Fig. 4 and fig. S10). As shown in
these figures, we observed phase locking
through increased spectral power at the stim-
ulus frequency in a spectral waterfall plot as
the excitation frequency was swept. This
phase locking may also be visualized with
the autocorrelation of the lifetime trace (Fig.
4, C and D). These observations are consis-
tent with previous studies on mechanical
and auditory effects in Drosophila that iden-
tified a broad auditory response across the
central brain (22) and responses to substrate
vibrations (23, 24).

Discussion

EO-FLIM may be applied to both existing
lifetime-sensitive probes and to donor read-
out of FRET-based biosensors. Standard FRET
sensors are read out by the ratio of optical
intensities in spectrally separated donor and
acceptor channels (25), requiring an acceptor
molecule with high quantum yield. Two-color
readout frequently limits detection sensitivity
because of spectral cross-talk and also pre-
vents probe multiplexing (26). Lifetime mea-
surement removes these limitations and allows

Bowman et al., Science 380, 1270-1275 (2023)
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quantitative FRET measurements with only the
donor channel. In voltage imaging, lifetime will
enable improved measurement of FRET-opsin
(3, 7), hybrid FRET (6), and dye indicators (8).
‘We also anticipate application to imaging cal-
cium (27), neurotransmitters (28, 29), and cyclic
adenosine monophosphate (30).

Use of GEVIs in vivo is often accompanied
by a large fluorescence background that re-
sults from protein expression outside the cel-
lular membrane (37) or leaky gene expression
from nontargeted cells (32). This background
signal had a different fluorescence lifetime
and photobleaches at a different rate, resulting
in slow drifts of the measured lifetime traces
(fig. S11). (We expect that in vitro studies will
not be affected by such backgrounds.) To mea-
sure absolute voltage, signal and background
populations would need to be unmixed by
discriminating between two closely spaced ex-
ponential decays. For this reason, we focus on
the improved stability and noise performance
afforded by lifetime measurement rather than
on absolute quantification. In our current im-
plementation, we measured the population-
weighted average lifetime by acquiring images
at a single modulation phase. In the future,
multiple modulation phases can be combined
to unmix lifetime components and improve
absolute measurement.

We have shown that EO-FLIM enables flu-
orescence lifetime imaging of neuron activity
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line sweep, and phase locking appears as increased frequency content at
the stimulus frequency during spike bursts. (D) To show phase locking
visually, a sliding window autocorrelation of the lifetime trace is plotted with
a 150-ms window. Phase locking may be seen by observing alignment of
autocorrelation peaks during activity bursts to the peaks resulting from
mechanical cross-talk signal. Examples of bursts showing phase locking are
highlighted (blue vertical bars).

in vivo, overcoming the throughput and sensi-
tivity limitations of existing FLIM techniques.
We expect straightforward application to other
systems, including mammalian brains, which
feature both larger neurons and action poten-
tials as compared with those of Drosophila
(3, 7). Voltage imaging in neuroscience is one
example application, but membrane potential
is also broadly interesting throughout biology,
from bacteria (33, 34) and plants (35) to car-
diac (36-38) and muscle tissue (39). The ability
of EO-FLIM to strongly reject motion noise in
vivo is relevant for brain- and cardiac-imaging
applications in which it is challenging to faith-
fully distinguish voltage dynamics from mo-
tion and hemodynamic artifacts (15, 16, 36, 37).
It may become possible to perform voltage
imaging during natural movements such as
insect flight, or while tracking a freely moving
organism (40). Further, recent advances in
GEVI probes have enabled voltage imaging of
populations of neurons (3, 5). Lifetime imag-
ing will establish accurate long-term readout
of subthreshold activity across a neural cir-
cuit, allowing functional connectivity mapping
where spike activity may be correlated with
subthreshold modulation of downstream neu-
rons. Last, by using lifetime detection in com-
bination with optogenetic tools (4, 4I), it will
be possible to improve techniques for targeted
optical activation and control (42) of neuron
membrane potential.
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