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Live-Cell Superresolution Imaging by Pulsed STED Two-Photon Excitation
Microscopy
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ABSTRACT Two-photon laser scanning microscopy (2PLSM) allows fluorescence imaging in thick biological samples where
absorption and scattering typically degrade resolution and signal collection of one-photon imaging approaches. The spatial reso-
lution of conventional 2PLSM is limited by diffraction, and the near-infrared wavelengths used for excitation in 2PLSM preclude
the accurate imaging of many small subcellular compartments of neurons. Stimulated emission depletion (STED) microscopy
is a superresolution imaging modality that overcomes the resolution limit imposed by diffraction and allows fluorescence imaging
of nanoscale features. Here, we describe the design and operation of a superresolution two-photon microscope using pulsed
excitation and STED lasers. We examine the depth dependence of STED imaging in acute tissue slices and find enhancement
of 2P resolution ranging from approximately fivefold at 20 um to approximately twofold at 90-um deep. The depth dependence of
resolution is found to be consistent with the depth dependence of depletion efficiency, suggesting resolution is limited by STED
laser propagation through turbid tissue. Finally, we achieve live imaging of dendritic spines with 60-nm resolution and demon-

strate that our technique allows accurate quantification of neuronal morphology up to 30-um deep in living brain tissue.

INTRODUCTION

Two-photon laser scanning microscopy (1) (2PLSM) allows
fluorescence imaging in thick tissue where scattering and
absorption of visible photons degrades signal detection
and resolution. 2PLSM has been particularly useful in
neurobiology for the study of synaptic structure and func-
tion in slices of living brain tissue (2). Of particular advan-
tage has been the use of near-infrared excitation light, which
preserves the ability to focus light deep within tissue, and
the nonlinearity of multiphoton excitation, which localizes
the distribution of excited fluorophores to a sub-femtoliter
volume at the focus. Optical sectioning in 2PLSM elimi-
nates the need for a scanned pinhole in the collection
pathway and permits the use of scattered signal photons in
image formation. However, because of the use of long-
wavelength excitation light and the relatively low numerical
aperture of water immersion objective lenses necessary for
much live-tissue imaging, the resolution of conventional
2PLSM is physically limited by diffraction to hundreds of
nanometers, obscuring cellular features on the nanoscale.
Advances in superresolution fluorescence techniques
allow high-resolution fluorescence imaging of biological
samples at resolutions beyond the diffraction limit. Among
these techniques, stimulated emission depletion (3) (STED)
microscopy has found many applications in biology (4-7).
In conventional 2PLSM, the diffraction of light limits the
minimal size of the focus, or point-spread function (PSF),

Submitted August 15, 2012, and accepted for publication December 17,
2012.

*Correspondence: bsabatini@hms.harvard.edu

Jun B. Ding’s present address is Department of Neurology and Neurological
Sciences, Stanford University School of Medicine, Stanford, California.
Editor: Brian Salzberg.

© 2013 by the Biophysical Society

0006-3495/13/02/0770/8  $2.00

of the microscope. The width of the PSF dictates the size
of the smallest features that can be measured, limiting the
imaging resolution to about half the wavelength of the exci-
tation light. STED microscopy achieves superresolution by
rapidly inducing molecular transitions from fluorescent
states to the ground state via stimulated emission, thereby
preventing spontaneous fluorescence emission from excited
states. By shaping the STED laser focus in an annulus
surrounding the excitation volume, suppression of fluores-
cence on the edge of the PSF reduces its size. The width
of the STED-enhanced PSF is given by

A
gy =
ONAV/T + 11y

in which A is the wavelength of the excitation light, NA is the
numerical aperture of the objective, I is the intensity of
depletion light, and I, is a fluorophore-dependent param-
eter defined by the intensity of light required to suppress
50% of fluorescence. Therefore, the theoretical resolution
limit of a STED microscope is improved compared to
conventional fluorescence microscopy by a factor

V 1 +1/Isat7

allowing the resolution to be adjusted by the intensity of
depletion light (8).

STED microscopy has been successfully applied in
conjunction with 2PLSM (STED2P) (9-11) to achieve
superresolution imaging of 2P-excited (2PE) fluorescence.
STED2P has been demonstrated to produce fivefold
improvements in 2P imaging resolution in fixed cultured
cells. Nevertheless, similar improvements in resolution by
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Two-Photon Excitation STED Microscopy

STED2P in thick slices of living tissue have not been
achieved. Contemporary implementations in tissue have
used a continuous-wave (CW) STED laser, which reduces
the efficiency of the depletion process (9,12).

To improve the imaging resolution of STED2P, we con-
structed a microscope with electronically synchronized
mode-locked lasers to drive fluorophore excitation and
stimulated emission by laser pulses. We describe the imple-
mentation of STED2P with a pulsed depletion laser and
systematic analysis of microscope performance in live-cell
imaging conditions relevant to biological studies. Finally,
we demonstrate fluorescence imaging of living neurons in
acute brain slices at 60-nm resolution, an improvement of
two-to-threefold compared to CW STED2P. Thus, pulsed
STED2P (pSTED2P) permits superresolution imaging of
neuronal structure under conditions typically used for elec-
trophysiological analysis of neuron and synapse function.

MATERIALS AND METHODS
Microscope design

Two-photon excitation was produced by ~200-fs pulses at 80 MHz repeti-
tion rate from a mode-locked Ti:Sapphire laser (Chameleon; Coherent,
Santa Clara, CA). STED laser light was produced by a second Ti:Sapphire
laser (Mira-HP; Coherent) generating pulses of ~2-ps duration at 736 nm
for depletion of Alexa Fluor-594 (Life Technologies, Grand Island, NY)
and Red fluorescent particles (Life Technologies). Pulse trains from the
excitation and depletion lasers were synchronized and delay adjusted to
produce maximal depletion by an electronic control circuit (Synchrolock;
Coherent).

To prevent two-photon excitation by the STED laser at high depletion
powers, STED pulses were further stretched from ~2 to ~200 ps by disper-
sion through 120 meters of polarization-maintaining single-mode fiber optic
(model No. PM-S630-HP; Thorlabs, Newton, NJ). The outputs of both lasers
were independently modulated with Pockels cells (model No. 350-80;
Conoptics, Danbury, CT) and gated with mechanical shutters (model Nos.
VS25S827ZM1 and LS6Z2, Uniblitz; Vincent Associates, Rochester, NY).

The STED laser was directed through a vortex phase plate (model
No. VPP-2; RPC Photonics, Rochester, NY) producing a helical wavefront
to form the annular intensity distribution in the specimen plane. The
lasers were combined using a dichroic mirror (model No. 800SP; Chroma
Technology, Bellows Falls, VT) and coaligned at the sample plane by
simultaneous 2P imaging of quantum dots (QDot 605; Life Technologies,
~20 nm diameter). Point-scanning was achieved by a symmetric pair of
scanning galvanometers (model No. 6215H; Cambridge Technology,
Cambridge, MA). The x-axis scan mirror was imaged by a pair of scan
lenses (model No. FV-PL-5I; Olympus, Melville, NY) onto a second
identical galvanometer oriented on an orthogonal axis to produce raster-
scanning of the sample.

The scanning mirrors were imaged onto the back aperture of the objec-
tive (60x, 1.1 NA, LUMFL N; Olympus) with a scan lens (model No.
FV-PL-5I; Olympus) and an achromatic tube lens (model No. AC508-
200-B; Thorlabs). This optical arrangement places both scan mirrors and
the back aperture of the objective in conjugate optical planes, creating
stationary illumination at the objective back aperture and preserving the
STED annulus across the scan field. Both laser beams were circularly polar-
ized by passage through a combination of half- and quarter-wave plates
(model Nos. 10RP42 and 10RP44; Newport, Irvine, CA).

Emitted fluorescence was collected by epi- and trans-fluorescence detec-
tors. Short-pass dichroic filters (model No. 700DCXR; Chroma) and inter-
ference filters (model No. E700SP-2P) were used to eliminate excitation
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and depletion laser wavelengths. Green and red channels were separated
using a dichroic filter (model No. 565DCXR; Chroma Technology) and
barrier filters (green, 525/50; red, 630/60; Semrock, Rochester, NY).
Emitted photons were detected using photomultiplier tubes (model No.
H10770P-40MOD; Hamamatsu, Hamamatsu City, Japan). No pinhole
was placed in the collection path.

Data acquisition and analysis

Imaging and physiology data were acquired using data acquisition boards
(National Instruments, Austin, TX) and modified versions of the software
Scanlmage (14) with code written in MATLAB (The MathWorks, Natick,
MA). STED laser powers were measured at the output of the microscope
objective. Live neuron imaging was performed with a time-averaged
STED power of ~52 mW. Off-line analysis was performed using custom
routines written in the softwares MATLAB (The MathWorks) and ImagelJ
(National Institutes of Health, Bethesda, MD).

Pixel size was measured by translation of a dye-filled, sealed pipette
tip across the field of view with a calibrated micromanipulator, and
independently confirmed by similar measurements using large, isolated
fluorescent beads of 1-um diameter (Yellow-Green FluoSpheres; Life Tech-
nologies). The pixel size of all images was 18 x 18 nm, and the pixel dwell
time was 8 us, unless stated otherwise. Fitting and measurement were per-
formed on raw image data, unless specified otherwise. Background subtrac-
tion and median filtering was applied to example images for display.
Background subtraction of STED laser light from STED2P images was
achieved by acquiring a background image produced by the STED laser
alone, mean filtering, and then subtracting the background image from
the raw STED2P image.

Bead preparation and imaging

We used 40-nm diameter microspheres labeled with red fluorescent dye
(Red FluoSpheres; Life Technologies) that were prepared in the mounting
media ProLong Gold (Invitrogen, Carlsbad, CA) on glass coverslips and
mounted on a glass slide. We also used 1-um diameter microspheres labeled
with red fluorescent dye (Red FluoSpheres, Life Technologies) that were
prepared in a similar fashion.

Brain slice preparation and imaging

Horizontal slices 300-um thick were cut from the hippocampus of 15-19-
day-old C57BL6 mice in an ice-cold artificial cerebrospinal fluid (ACSF)
containing: 125 mM NaCl, 2.5 KCI, 2 mM CaCl,, | mM MgCl,, 25 mM
NaHCO;, 1.25 mM NaH,PO,, and 25 mM glucose, bubbled with 95%
0, and 5% CO,. After a 30-min incubation at 34°C, slices were stored in
ACSF at room temperature (22-23°C) until use. Individual slices were
transferred to a submersion-style recording chamber and continuously
superfused with ACSF at a rate of 2-3 mL/min at room temperature.

Whole-cell recordings were obtained from hippocampal CA1 pyramidal
neurons visually identified in the slice by Dodt contrast video microscopy.
Recording pipettes (1-3 MQ) were filled with Cs™ internal solution con-
taining: 120 mM CsMeSOs3, 15 mM CsCl, 8 mM NaCl, 10 mM TEA-CI,
10 mM HEPES, 2-5 mM QX-314, 0.2 mM EGTA, 2 mM Mg-ATP, and
0.3 mM Na-GTP, pH 7.3 adjusted with CsOH. A quantity of 500 uM Alexa
Fluor-594 was added in the internal solution for imaging of neuronal
morphology.

Pulse timing analysis

To simulate the relationship between depletion efficiency and pulse timing,
numerical integration of the following differential equation for the rate of
fluorescence was performed in MATLAB (The MathWorks),
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dF

— = kpN(t
dt N (),

where k7 represents a monoexponential spontaneous emission process, and
N(¢) is the population of the fluorescent state. Interaction with a STED pulse
was modeled through coupling of the fluorescent state to a second, time-
dependent decay pathway, obeying

dN
= = ~ (ke T k()N ().

The value ks(f) was modeled as a Gaussian pulse of temporal duration 2¢
and offset 7.

Spine morphology analysis

Spine neck lengths, radii, and head volumes were quantified from
STED2P images in the software MATLAB (The MathWorks). Neck lengths
were traced by hand from the dendrite to the spine head. Measured
neck radii were calculated from full width at half-maximum (FWHM)
measurements taken at the thinnest portion of the neck. Inferred neck radii
were calculated from background-subtracted STED2P images as follows:
a wide, smooth segment of dendrite in each image was selected and
modeled as a cylindrical volume of radius rp and length /. The width of
the dendrite was used to infer the dendritic radius, and the total fluorescence
from the segment was integrated and then divided by the calculated volume
of the segment to determine the fluorescence per unit volume, denoted
here by I'p,

_xf

I'p = .
W"%ID

The value I'p is assumed to depend only on the excitation intensity, which
varies negligibly over the small field of view (5 um x 5 um). The finite z
axis extent of the microscope PSF was also neglected, given the small
dimensions of the imaged structures relative to the z-resolution of the
microscope (~2 um FWHM). The neck volume Vy was calculated by inte-
grating the neck fluorescence in a rectangular region of interest around the
neck and dividing by I'p. The inferred neck radius ry was calculated by
modeling the neck as a cylinder and dividing the neck volume by the length
of the region of interest to determine the cross-sectional area:

Vv
No= 4/—.
ﬂ'lN

The boundary of the spine head was identified with a combination of
median filtering and thresholding, and the head volume was calculated by
dividing the integrated fluorescence within the head by I'p.

RESULTS AND DISCUSSION

To achieve superresolution imaging of living neurons in an
acute brain slice, we constructed a two-photon laser-scan-
ning microscope incorporating pulsed stimulated emission
depletion (STED) of fluorescence produced by 2PE (see
Materials and Methods for details; and see Fig. 1). Synchro-
nization of the excitation and STED pulses was achieved by
a commercial closed-loop electronic circuit. 2PE imaging of
bright quantum dots allowed for direct visualization of the
STED laser focus and precise spatial coalignment of the
excitation and STED lasers (Fig. 1, inset).
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FIGURE 1 Design of pulsed STED 2PLSM microscope. Laser pulses
from a femtosecond-pulsed Ti-Sapphire laser (Excitation) for two-photon
excitation (2PE) are synchronized by an electronic feedback circuit (Syn-
chrolock) with a picosecond-pulsed Ti-Sapphire laser (STED) for stimu-
lated emission. STED pulses are stretched to ~200 ps by dispersion
through a 120-m single-mode polarization-maintaining fiber-optic (FO),
and phase-patterned to achieve a helical wavefront by a vortex phase plate
(VP). The 2PE and STED lasers are combined by a dichroic (D1) filter.
Fluorescence is separated from excitation and depletion light by a dichroic
(D2) filter and collected by photomultiplier tubes (PMT). The A/2 and N4
elements are half- and quarter-waveplates used to adjust the polarization
and compensate for downstream elements in the scan head, such as
dichroics filters, that perturb the polarizations of the excitation and deple-
tion light (SL, scan lens; 7L, tube lens; SM, scanning mirror; Obj, objective).
(Inset) Visual alignment of 2PE and STED foci by fluorescence imaging of
quantum dots (Qdot605; Invitrogen). Composite imaging of the 2PE point-
spread function (PSF) and STED PSF allows spatial coalignment in the XY
(left) and XZ (right) planes.

To demonstrate the ability of the microscope to suppress
fluorescence by pulsed STED, we imaged a sealed glass
pipette containing Alexa Fluor-594 (A594) by 2PE with
the excitation laser tuned to 810 nm and briefly illuminated
the pipette with STED laser pulses centered on 736 nm
(Fig. 2, a and b). By varying the relative delay between
the excitation and STED pulse trains, we observed that the
efficiency of depletion depended on the timing interval
between the pulse arrivals (Fig. 2 ¢) in a manner consistent
with STED produced by a ~200-ps pulse. Depletion effi-
ciency was quantified by the STED laser power needed to
suppress 50% of fluorescence, Pg,, which is related to /g,
in Eq. 1 by a factor determined by the spatial geometry of
the microscope focus. Comparison of depletion efficiency
by mode-locked and CW output produced by the same
STED laser demonstrated an approximately sevenfold
enhancement by pulsed depletion (pulsed Py, = 1.0 mW,
CW P, = 7.2 mW, Fig. 2 d).

To demonstrate superresolution imaging of targets of
known shape and to estimate the increase in resolution
achievable by pulsed STED 2PLSM (pSTED2P) for a partic-
ular fluorophore, we imaged 40-nm diameter polystyrene
beads containing red fluorescent dye (Fig. 3 a). Analysis
of bead fluorescence demonstrated a nearly threefold im-
provement in resolution (2P FWHM = 377 nm; pSTED2P
FWHM = 144 nm) (Fig. 3 b) with pulsed depletion. The
dependence of the bead resolution on STED power was
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FIGURE 2 Efficacy of pulsed depletion of 2P excited fluorophores. (a)
2PLSM image (A.xc = 810 nm) of sealed glass pipette containing a solution
of the red fluorophore Alexa Fluor-594 (left) and fluorescence collected in
linescan mode (right, along dashed line). During the time indicated (boxed
white region), the pulsed STED laser light was delivered (Ayeq = 736 nm),
suppressing fluorescence. For these experiments, the vortex phase plate was
withdrawn from the STED path to deplete the entire excitation volume. (b)
Fluorescence in the pipette measured in linescan (see panel a) before,
during, and after pSTED illumination, demonstrating reversible suppres-
sion of fluorescence. (¢) Fluorescence depletion efficiency, quantified as
the ratio of fluorescence with and without pSTED illumination plotted
against the relative timing delay between excitation and STED pulses.
Depletion efficiency versus relative timing was numerically simulated for
a 200-ps STED pulse (solid line). (d) Depletion efficiency versus STED
laser power for pulsed (solid circles) and continuous wave (open circles)
depletion modes. Data points were fit to rectangular hyperbolas to deter-
mine the power producing 50% depletion (Pgyy).

well fit by the inverse square-root relation (Eq. 1; Fig. 3 ¢).
The value of P, derived from the fit to the resolution data
(Pg = 2.41 = 0.24 mW) was in agreement with the value
determined from depletion curves measured with 1-um
diameter red fluorescent beads (Pg, = 2.44 = 0.10 mW;
see Fig. S1 in the Supporting Material), demonstrating
STED resolution enhancement in accord with theoretical
expectations.

To characterize the enhancement in resolution of small
structures embedded in living tissue, we imaged dendritic
spines of CA1 pyramidal neurons in the native brain tissue
of a 300-um-thick acute slice. Individual cells were filled
with A594 through a whole-cell recording electrode under
conditions identical to those used for electrophysiological
analysis of neuronal function (15). To examine the enhance-
ment in resolution afforded by the improved depletion effi-
ciency of pulsed over CW mode, the same dendritic spines
were imaged by pSTED2P and by CW STED2P under iden-
tical time-averaged STED power (Fig. 4 a). Both modalities
showed improvement relative to conventional 2P imaging,
and comparison between modes revealed a significant
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FIGURE 3 Pulsed STED2P imaging of red fluorescent beads. (a)
Images of 40-nm red fluorescent beads with conventional 2PLSM (left)
and pulsed STED 2PLSM (right). (b) Line profile of bead fluorescence
measured across an isolated bead in panel a by 2PLSM (black markers)
and pSTED 2PLSM (red markers). 2P data were fit by a Gaussian
(FWHM = 377 nm) and pSTED2P data were fit by a Lorentzian
(FWHM = 144 nm). (¢) FWHM of pSTED2P images of isolated beads
plotted against STED power. Bead profiles were fit with Gaussian and Lor-
entzian functions, and the FWHM was determined from the function
producing the best fit. Data points were fitted to the inverse square-root
function in Eq. 1 (solid line).

reduction in the apparent spine neck widths measured by
pulsed over CW STED2P (Fig. 4, b and c).

Using the pSTED2P values as the true widths of a model
cylindrical neck, we convolved circular cross-sections of the
measured neck radii with a Lorentzian PSF of 170 nm
width, the resolution predicted by the P, of CW depletion
(Pgae = 7.2 mW, Fig. 2). The resulting distribution of model
widths was not statistically different from the distribution of
widths measured in CW mode (Fig. 4 d), suggesting that the
improvement in depletion efficiency, as quantified by the
smaller P, of pSTED2P, might account for the difference
in measurement.

Penetration of 2PE imaging in tissue is limited by reduc-
tion of signal generation due to scattering and absorption.
Similarly, STED resolution enhancement may be impacted
by scattering and absorption of depletion light in dense neu-
ropil. To measure the effect of depth on pSTED2P imaging,
we imaged dendritic spines at shallow (10-30 um) and deep
(80-100 um) locations in slice (Fig. 5 a). pPSTED2P images
showed reduced neck widths at all depths compared to
2PLSM, and further comparison of the distribution of
widths showed clustering around larger values in the case
of deep imaging (Fig. 5 b).

Biophysical Journal 104(4) 770-777
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FIGURE 4 Comparison of pulsed and CW STED2P imaging in tissue. (a) Images of a spiny dendrite taken with 2PLSM (left), pulsed STED 2PLSM
(middle), and CW STED 2PLSM (right). (b) Line profiles of closely spaced spine necks (along the dashed yellow lines) in panel a taken by 2PLSM (black),
CW STED2P (blue), and pSTED2P (red). Background counts have been subtracted and baselined for display. (c¢) Distribution of apparent widths of spine
necks (n = 15) as measured by 2PLSM (black markers) and CW STED2P (red markers) compared with measurements by pSTED2P. (Dashed line) Unity. (d)
Neck widths measured by 2PLSM (2P), pSTED2P (Pisd), and CW STED2P (CW), and simulated widths (Sim) derived from pSTED2P measurements
convolved with 170 nm PSFE. *, P < 0.05; ns, not significant (Mann-Whitney rank sum test).

The difference in neck width distributions was statisti-
cally significant between the shallow and deep groups
(p < 0.01, Fig. 5 ¢). Using the smallest width (132 nm)
measured in the deep group as an estimate of the resolution
80-100 um below the surface of the slice, and using the
distribution of widths measured in the shallow group as
a model distribution for the true spine neck widths, we
convolved the shallow distribution of neck widths with
a Lorentzian PSF of 132-nm width and found that the differ-
ence between the model distribution and the deep distribu-
tion was not statistically significant (Fig. 5 c).

To examine whether this apparent depth dependence of
resolution could reflect depth dependence of depletion effi-
ciency, we removed the helical phase plate and measured the
depletion of A594 in dendrites at various depths in the slice
(Fig. 6, a—). Py, increased with depth, indicating
a decreasing efficiency of depletion (Fig. 6 d). The distribu-
tion of Pg, versus depth was well fit by an exponential of
surface constant, Pg,(0) = 0.55 = 0.03 mW, and length
constant, A = 45 = 2 um. Replacing the constant Iy, in
Eq. 1 with the exponential fit produced a theoretical relation
between resolution and depth, indicating resolution
enhancement could range from greater than fivefold close
to the surface to approximately twofold at 100-um deep
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(Fig. 6 e). Comparing the improvement in apparent width
of the smallest spine necks in Fig. 5 with the theoretical
resolution curve showed relatively good agreement, with
the caveat that improvements in neck width measurements
should be smaller on average than the theoretically pre-
dicted improvement in resolution due to the finite width of
the imaged structures.

Refractive index mismatch between the intended immer-
sion medium of a high numerical aperture objective and the
sample results in aberrations that could impede depletion
and degrade resolution. While imaging at depths close to
100 um, we adjusted the correction collar of the microscope
objective to test whether the depletion efficiency could be
improved. Depletion should be highly sensitive to aberration
of the focus, and P, increased in general with collar
settings different from the “zero” mark defined for use in
water (see Fig. S2). As we could not recover the efficiency
of depletion power by adjusting the objective’s correction
collar, suggesting that reduced depletion efficiency at depth
is not a result of index mismatch.

To measure the resolution and image quality achievable
with our design, we imaged a large number of dendritic
spines of varying geometries within 30 um of the tissue
surface. Comparison of images obtained with conventional
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FIGURE 5 Depth dependence of resolution in acute brain slices. (a)
Images of spiny dendrites taken with 2PLSM (left column) and pulsed
STED2P (right column) imaged at 25-um deep (top row) and 80-um
deep (bottom row). (b) Distribution of apparent widths of spine necks as
measured by 2PLSM compared with measurements by pSTED2P 10-30
pm deep (n = 29, red markers) and 80-100 um deep (n = 21, yellow
markers). (Dashed line) Unity. (c¢) Neck widths measured by 2PLSM
shallow (black markers) and deep (blue markers), and by pSTED2P shallow
(red markers) and deep (yellow markers). *, P < 0.05; ns, not significant
(Mann-Whitney rank sum test).

2P to those acquired with pSTED2P demonstrated enhanced
resolution of fine morphological details of spine heads and
changes in the apparent sizes of small structures such as
spine necks (Fig. 7 a). The apparent width of thin necks
indicated ~60-nm resolution is achievable (Fig. 7 b) without
visible signs of photodamage or change in holding current.
Measurements of spine necks and heads revealed significant
differences in the apparent sizes of structures between 2P
and pSTED2P images.

Measurements of neck widths in conventional 2P imaging
were often contaminated by fluorescence from the spine
head and parent dendrite, resulting in larger differences in
measured size than would be expected from the cylindrical
geometry of necks alone. Simulation of resolution enhance-
ment for circular structures of varying diameter showed that
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FIGURE 6 Tissue penetration of depletion in acute brain slices. (a)
2PLSM image of spiny dendrite (/eft) and fluorescence collected in linescan
mode (right, along the dashed line). pSTED light was simultaneously
applied during the time period indicated (white dashed box). The vortex
phase plate was withdrawn from the pSTED path to deplete the entire exci-
tation volume. (b) Fluorescence averaged across the dendrite measured in
linescan in panel a and normalized to the period before pSTED illumina-
tion. (c) Depletion efficiency versus pSTED laser power measured at 20
(red), 70 (yellow), 110 (blue), and 140 (black) um deep. Data points
were fit to rectangular hyperbolas to determine Pg,. (d) Pgy versus depth
in slice. Data points were fit to an exponential to determine a surface
constant (Pg,(0) = 0.55 mW) and length constant (A = 45 um). (e) Theo-
retical improvement in resolution versus depth in slice derived from Eq. 1
for 52 mW STED power and modeled with a depth-dependent Py, deter-
mined from the fit in panel d. The width ratio of the five smallest necks
from Fig. 5 shallow (red markers) and deep (yellow markers) groups are
superimposed on the theoretical curve with mean = SE values (black
markers).

the apparent width relationship in uncontaminated images is
consistent with a fivefold improvement in imaging resolu-
tion (Fig. 7 ¢).

As an alternative estimate of spine neck dimensions, we
inferred the neck radius of isolated spines from the total
integrated fluorescence of the neck volume (see Materials
and Methods for details) and comparison with the measured
widths indicated good agreement (Fig. 7 d). This inferred
measurement of the neck radius depends on the conformity
of the true neck shape to an ideal cylinder and on the
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FIGURE 7 Imaging with 60-nm resolution in acute brain slices. (a)
Images of a spiny dendrite taken with 2PLSM (left) and pulsed STED
2PLSM (right) 16 um below the tissue surface. Note that spinules emerging
from the heads of spines are visualized in the pSTED2P but not in the 2P
image. (b) Line profiles of a thin spine neck (along the dashed yellow lines)
in panel a taken by 2PLSM (black circles) and pSTED2P (red circles). The
data were fitted with a Gaussian of 328 nm FWHM (black line) and a Lor-
entzian of 68 nm FWHM (red line). (c) Distribution of apparent widths of
spine necks (n = 67) as measured by 2PLSM compared with measurements
by pSTED2P. The widths of larger, well-isolated features such as spine
heads and dendrites were also measured (blue circles). Simulated measure-
ments (black line) of model data are plotted for 2PLSM and pSTED2P reso-
Iutions of 300 nm and 60 nm, respectively. (Dashed line) Unity. (d)
Distribution of spine neck radii inferred from total fluorescence (see Mate-
rials and Methods) versus radii measured by pSTED2P. (Dashed line)
Unity. (e) Distributions of spine neck radii (R,), neck lengths (L,), and
head volumes (V) measured by pSTED2P.

accuracy with which the fluorescence per unit volume can
be determined in the large diameter dendrite, and does not
depend on the imaging resolution (see Fig. S3).
Agreement between the resolution-independent inferred
measurements and resolution-dependent direct measure-
ments indicates that spines can be accurately imaged with
our microscope parameters up to 30-um deep. Images of
spine necks showed an average diameter of 0.18 + 0.03 um
(mean =+ SD), average lengths of 0.44 + 0.35 um, and
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average head volumes of 36 + 12 aL (attoLiters), in agree-
ment with published results from other high-resolution fluo-
rescence studies and reconstructions by electron microscopy
for spines of small size (16—-18) (Fig. 7 e).

CONCLUSION

We have described the construction and performance of
a synchronized, mode-locked STED 2PLSM imaging
system, and our results demonstrate the ability of pPSTED2P
microscopy to achieve resolutions fivefold beyond the
diffraction limit in living tissue. The ability to achieve
60-nm resolution in an acute brain slice under conditions
used for electrophysiological analysis allows accurate
imaging of dendritic spine morphology and raises the possi-
bility of quantitative studies of the influence of spine geom-
etry on synaptic physiology in brain tissue. For example,
computational and theoretical studies examining the effects
of spine head and neck shapes on biochemical and electrical
compartmentalization could benefit from the combination
of superresolution imaging and physiological methods
(19). Moreover, the resolution of the pSTED2P microscope
and results described here might also be extended to studies
of other biological systems where the tissue penetrating
capability of 2PLSM has proved useful.

As of this writing, the resolution of pSTED2P at a given
depth in turbid tissue appears to be limited mainly by trans-
mission of STED laser light to the focus. Resolution at depth
depends on the local intensity of depletion light, which will
be reduced by propagation through brain tissue due to scat-
tering, absorption, and wavefront deformation (20). Forward
scatter and absorption losses might be most simply compen-
sated for by increasing the STED laser power as is commonly
done in conventional deep tissue two-photon imaging;
however, limitations due to photodamage thresholds and
signal/background losses may determine the practical
ceiling of achievable resolution for a particular fluorophore.

Considering the results of this study, perhaps the most
promising avenues for further improvement of the achiev-
able depth and resolution will come from advances in fluo-
rescent dye and protein engineering to produce brighter,
more photostable, and more efficiently depletable fluoro-
phores better suited for STED imaging (21), as well as
from novel methods to correct for instrument and sample-
induced deformations of the STED focus (22).
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Supplementary Figure 1: Pulsed depletion efficiency of “Red” dye
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Supplementary Figure 1: Pulsed depletion efficiency of “Red” dye
Depletion of Red fluorescent dye was measured from 1 pm diameter beads at various STED
laser powers. Data points were fitted with a rectangular hyperbola to determine Psat, as in

Figure 2.



Supplementary Figure 2: Effect of correction collar adjustment on depletion
penetration in tissue
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Supplementary Figure 2: Effect of correction collar adjustment on depletion penetration in
tissue

a, Depletion efficiency of Alexa Fluor-594 in dendrites of neurons close to 100 um deep in acute
brain slices was measured while adjusting the objective correction collar. STED powers were
normalized to the Psat measured with the correction collar set to “zero”, Psat, (water default), to
account for depth dependence in data measured from dendrites at different depths, as in Figure 6.
Therefore, differences in the shape of the depletion curves should be attributable to differences
resulting from adjusting the correction collar away from its default water setting. Collar settings
are 0.0 (black), 0.1 (purple), 0.2 (blue), 0.3 (yellow), and 0.4 (red). Data points were fitted with
rectangular hyperbolas.

b, Percentage change of Psat resulting from adjustment of the correction collar away from the

default water setting (0.0).



Supplementary Figure 3: Comparison of inferred measurement of spine neck radius
imaged by 2P and STED2P
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Supplementary Figure 3: Comparison of inferred measurement of spine neck radius
imaged by 2P and STED2P

a, Fluorescence per unit volume was calculated from a smooth portion of dendrite identified in
pSTED2P images (dashed yellow box) (see Methods). The width of the dendrite was measured
and used to calculate the cylindrical volume. Total fluorescence was integrated over the dendrite
in both pSTED2P and 2P images to determine the fluorescence per unit volume for individual
images. Total fluorescence from isolated spine necks (solid green line) was integrated in both
pSTED2P and 2P images and then divided by the fluorescence per unit volume to infer a neck
radius in both imaging modes. Spine head volume in pSTED2P images (solid blue box) was also
calculated in a similar fashion.

b, Distribution of inferred radii of spine necks imaged by pSTED2P compared with inferred
measurements from 2P images, showing the inferred measurement does not depend on imaging

resolution. Dashed line indicates unity.
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