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Two-photon excitation laser scanning microscopy (TPLSM)
as become the tool of choice for high-resolution fluorescence

maging in intact neural tissues. Compared with other optical
echniques, TPLSM allows high-resolution imaging and efficient
etection of fluorescence signal with minimal photobleaching
nd phototoxicity. The advantages of TPLSM are especially
ronounced in highly scattering environments such as the
rain slice. Here we describe our approaches to imaging vari-
us aspects of synaptic function in living brain slices. To com-
ine several imaging modes together with patch-clamp elec-
rophysiological recordings we found it advantageous to
ustom-build an upright microscope. Our design goals were
rimarily experimental convenience and efficient collection of
uorescence. We describe our TPLSM imaging system and its
erformance in detail. We present dynamic measurements of
euronal morphology of neurons expressing green fluorescent
rotein (GFP) and GFP fusion proteins as well as functional

maging of calcium dynamics in individual dendritic spines.
lthough our microscope is a custom instrument, its key ad-
antages can be easily implemented as a modification of
ommercial laser scanning microscopes. © 1999 Academic Press

To gain an understanding of the dynamics of neuro-
al circuits, neurons have to be studied in preparations
hat are as intact as possible. For many questions of
ubcellular physiology, the living brain slice offers an
ttractive compromise between the obvious limitations
f cultured neurons and the experimental difficulties
ncountered when working with intact animals. One
roblem with brain slice physiology has been that scat-
ering makes traditional optical microscopies difficult
n living tissues (1). However, over the last 10 years,
he development of new optical techniques with an
t
s

1 To whom correspondence should be addressed. Fax: (516) 367–
805. E-mail: svoboda@cshl.org.
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bility to penetrate scattering tissues has contributed
o a revolution in quantitative cellular physiology in
rain slices. Infrared differential interference contrast
icroscopy (IRDIC) allows the visualization of neuro-

al somata and dendrites up to ;80 mm deep in brain
lices, facilitating high quality whole cell patch clamp
ecordings under visual control (2, 3). Two-photon ex-
itation laser scanning microscopy (TPLSM) (4) allows
igh resolution fluorescence imaging in brain slices up
o several hundred micrometers deep with minimal
hototoxicity and photobleaching (1, 5–8). In our lab-
ratory we use IRDIC, TPLSM, and a laser-based DIC
echnique, implemented on a custom-built microscope,
o study synaptic function in neocortical and hippocam-
al brain slices. In this article we describe our instru-
ent and discuss its performance. To appreciate our

esign decisions, a brief review of imaging in scattering
issues is given. For more complete discussions see Ref.
1, 9).

Brain slices are hostile to traditional microscopies.
n conventional wide-field fluorescence microscopy,
cattering degrades resolution and contrast. In confo-
al microscopy, resolution and contrast are recovered
y placing an aperture in front of the detector. The
perture will reject off-focus light, but it will also reject
ignal that has been scattered on its way out of the
issue. This is a severe drawback because a vast ma-
ority of signal photons can be scattered. Compensating
or the signal loss by increasing the illumination inten-
ity leads to increased photodamage. The result is that
or a given signal level more excitation events have to
ccur, producing increased phototoxicity and photo-
leaching. For many applications requiring high reso-
ution imaging in slices, the compromise between effi-
ient signal detection and high-resolution is not
ractical and that is where TPLSM comes in.
In TPLSM, two long-wavelength (IR) excitation pho-
ons combine to excite a visible fluorophore. This re-
ults in a nonlinear relationship between excitation
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232 MAINEN ET AL.
IG. 1. (A) Measurement of synaptic transmission at individual dendritic spines using the movie mode. Single trial is measured using a
ime series of fluorescence images (128 3 128 pixels) acquired at 256 ms/frame. At the beginning of the third frame, transmission was evoked
ith an electrical shock (arrow). The Ca21 indicator was OGB-1 (400 mM). (a) Raw fluorescence image. (b) Normalized change in fluorescence.

B) Optical train of our brain slice microscope. The entire microscope is translated on an X–Y table, while the laser is fixed on the optical
ench (not shown). Using routing mirrors (not shown) the IR laser excitation beam is directed to a pair of scan mirrors (SM). The scan mirrors
re imaged into the backfocal plane of the objective (OB) using the scan lens (SL) and tube lens (TL). The beam also passes through a
ollaston prism (WP). In our setup the WP serves to implement wide-field IRDIC microscopy and is also involved in laser scanning DIC

LSDIC). The objective focuses the laser to a diffraction-limited spot in the specimen plane (SPEC), where the fluorescence signal is
enerated. The IR laser light is used further for LSDIC. The light is collected by the condenser (CO). The condenser backfocal plane is imaged
hrough a second Wollaston prism and a polarizer (P1) onto a photodiode detector (D4) using a lens (L2). The dichroic mirror (DM3) directs

he IR light to the photodiode and also helps to reduce background due to IR light on the PMT (DT3). Fluorescence is detected in either
pifluorescence (DE1, DE2) or transfluorescence (DT3) mode (of course, both wavelengths could be detected in trans- and epifluorescence
odes). In epifluorescence the signal is reflected by a dichroic mirror (oriented at 22.5° to minimize aberrations in the laser beam) and focused
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233TWO-PHOTON IMAGING
ates and incident light flux with several useful conse-
uences. First and foremost, excitation is localized to
he tiny focal volume (,1 mm3), which by itself is suf-
cient to produce three-dimensional, diffraction-

imited resolution and sectioning. Scattered excitation
ight bounces around, too dilute to excite. In addition,
ompared with one-photon microscopic techniques, the
onger wavelength of the excitation light is scattered
ess and leads to better penetration into the tissue.
ecause of the localization of fluorescence, a pinhole is
ot necessary to reject off-focus radiation, and both
cattered and ballistic fluorescence photons can be col-
ected as useful signals. The excellent photodamage
roperties of TPLSM allow functional imaging of cal-
ium concentration ([Ca21]) at individual dendritic
pines (Fig. 1) over hundreds of trials. Tissue penetra-
ion depths up to 500 mm have been demonstrated,
ven in the intact brain (10, 11).

NSTRUMENTATION

Although commercial instruments are becoming
vailable (Bio-Rad), custom design allowed us to opti-
ize our microscope for slice imaging at relatively low

ost. The key issues for imaging in slices will be explic-
tly described; all of these can be implemented rather
asily by modifying commercial confocal laser scanning
icroscopes. The basic light train is shown in Fig. 1

see figure legend for details).

eneral Setup
The microscope is based on a vertical rail (Newport,

-95) mounted on a sturdy X–Y stage (NEAT, XYR
0-80). The optical components can easily be adjusted
p- and downward along the rail. The specimen and
lectrophysiological manipulators are rigidly attached
o the optical bench for maximal stability. This ar-
angement can offer excellent access for electrode
lacement Focusing is achieved by moving the objec-
ive. Our IRDIC setup does not differ substantially
rom published versions (2) and will therefore not be
escribed in detail.

xcitation Light
A TPLSM microscope is essentially a simplified laser

canning confocal microscope, where the light source is

nto a pair of detectors using a focusing mirror (FM). The coating of th
hile transmiting infrared radiation, helping to reduce background
mission wavelengths (blue and green) to detectors (DE1 and DE2, re
irror (DM3) and focused onto a PMT (DT3). PMTs DE1, DE2, and DT

or green light, color glass filters offer cheap alternatives to dielectr

he IR (;1024). For red fluorescence we use custom bandbass filters (Ch
ide-field IRDIC using a tungsten light source (L) and laser scanning

ection for reproduction in color.
mode-locked pulsed laser (12). Lasers producing sub-
icosecond pulses at ;100 MHz are the only light
ources that provide sufficient excitation for TPLSM.
or slice imaging, 5- to 100-mW laser power has to be
elivered to the specimen; of course, due to scattering
nly a small fraction remains to form the focus. This
equires lasers producing .200-mW average powers.
e used a commercial Ti:sapphire laser (Mira 900F,
oherent) pumped by an 8-W argon ion laser (Innova
10, Coherent). Using a single filter set (Mid-Wave),
his laser can be conveniently tuned from l 5 780 nm
o 910 nm. This is a useful feature since different
uorophores might require different excitation wave-

engths. For example, to image either dynamics using
alcium Green 1 and Oregon-BAPTA Green 1 (Molec-
lar Probes, Eugene, OR) we tune the laser to l ; 800
m; to image EGFP, l ; 900–910 nm (13) works best.
he laser delivers ;100-fs pulses at the rate of 76
Hz. In our experiments, one-photon damage due to

he excitation laser or lack of two-photon excitation
ower was never limiting. We therefore did not use
ispersion compensation (14, 15). Before entering the
icroscope, the beam diameter was increased to 2–3
m with a mirror-based telescope. A pair of coupling
irrors were used to transfer the beam from the ref-

rence frame of the optical bench onto the X–Y stage
arrying the microscope and into a pair of scanning
irrors (Cambridge Instruments, 6800). Each of the

oupling mirrors moves with one direction of the stage;
he result is that the beam remains aligned in the
eference frame of the stage when the stage is moved.
he scan mirrors were imaged into the backfocal plane
f the objective (603, 0.9 NA) by a scan lens and the
icroscope tube lens (both from Zeiss). Using appro-

riate components (mirrors and lenses optimized for
ear IR), more than 70% of the laser power can be
elivered into the back of the objective. When convert-
ng a commercial scanner for TPLSM, dichroic mirrors
nd some types of dielectric mirrors have to be re-
laced. One can also be surprised by very strong ab-
orption in objectives and scan and tube lenses that are
ot optimized for IR transmission, especially at l .
50 nm. Microscope manufacturers nowadays reluc-
antly release transmission and reflection curves for
ost optical components. Some companies (notably
lympus and Zeiss) produce lines of optics optimized

or the near-IR wavelength regime.

dielectric mirror (BD1, Newport) efficiently reflects the visible signal
e to the IR laser light. A dichroic mirror (DM2) is used to send two
ctively). In transfluorescence the signal is passed through a dichroic
e all protected from IR stray light using appropriate blocking filters.
irrors with excellent transmission in the visible (;98%) but not in
is
du
spe
3 ar
ic m
roma Technologies). A sliding mirror (M1) serves to switch between
modes. Reproduced here in black and white. See special color plate
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234 MAINEN ET AL.
eam Scanning and Data Collection

In terms of beam scanning and data collection,
PLSM does not differ much from confocal microscopy

see, e.g., Ref. (16) for a collection of reviews]. A notable
xception involves scanning by acousto-optic deflector,
s implemented in some fast confocal microscopes (No-
an). Unfortunately these fast devices are not readily
ell suited for TPLSM because severe dispersion will
estroy the pulse train.

etection

Since two-photon excitation produces true localiza-
ion of excitation, all fluorescence constitutes useful
ignal and a pinhole is not necessary to reject off-focus
ignal. This implies that in TPLSM the photodetector
oes not need to be located in a conjugate image plane.
luorescence is typically detected through the objective

epifluorescence). As has been pointed out before (9), it
s actually advantageous to directly image the backfo-
al plane onto the detector (whole-field detection). In
his way, all of the light collected by the objective can
e directed to the detector and the image on the detec-
or does not move. Whole-field detection is probably the
ost important modification when converting a confo-

al microscope for TPLSM.
A more ambitious but equally advantageous im-

rovement can be achieved by collecting additional
uorescence signal through the condenser (transfluo-
escence). This falls into the category of “external de-
ection” (9). Since the collection efficiency is propor-
ional to ;NA2, approximately twice as much signal
an be collected through our condenser (NA 5 1.4,
eiss) as through the objective (typical NAs for water

mmersion objectives are ,1.0). For optimal signal-to-
oise ratio improvements the gains for both channels
ave to be matched. However, for the same photomul-
iplier (PMT) voltage one cannot assume the same
MT gain (i.e., charge per photon). We have seen vari-
tions as large as 40% in our small sample of tubes
Hamamatsu R3896). We do the tweaking at the level
f the preamplifier; alternatively, two separately con-
rolled high-voltage power supplies can be used. The
ignals from the PMTs can be combined using a simple
umming amplifier (17).
An evaluation of epifluorescence and transfluores-

ence detection is shown in Fig. 2. Dendritic structures
abeled with EGFP were imaged with transfluores-
ence and epifluorescence detection (E1T) or epifluo-
escence (E) or transfluorescence (T) detection alone.
he T signal was larger than the E signal by a factor of
2.8. Part of this difference (;25%) is due to differing
etector quantum efficiencies in our setup. For the E
ignal we used an off-the-shelf PMT, while the T signal
as detected using a custom-selected PMT. The re-

ainder of the difference, a factor of ;2, is due to the

arger NA of our oil immersion condenser compared

I
s
(

ith our objective. To assess the effects of scattering on
ignal detection, we compared the collection efficien-
ies of the E and T pathways at the upper surface of the
lice and deep in the slice (;200 mm) (data not shown).
f scattering were to reduce our collection efficiency,
he ratio should decrease as a function of depth in the
lice. In other words, the T pathway should perform
elatively better deep in the slice, while the E pathway
hould perform better close to the surface. Our exper-
ments revealed that E signal/T signal is essentially
onstant, independent of imaging depth up to 200 mm
elow the surface of the slice. Thus, scattering does not
eem to reduce collection efficiencies.

ew Detector Technologies

PMTs have significant shortcomings as photodetec-
ors. Their quantum efficiency is limited (,30% at
eak for “selected tubes”; significantly less above 600
m). In addition they generate considerable multipli-
ative noise due to pulse height variability. This mul-
iplicative noise is equivalent to a signal loss of 30–
0% compared with a noiseless detector. But a clear

IG. 2. Comparison of signal levels with epifluorescence (E) and
ransfluorescence (T) detection. (Top) Dendritic structures labeled
ith EGFP imaged with epi- and transfluorescence detection (E1T);

ransfluorescence detection (T); and epifluorescence detection (E).
Bottom) Distributions of pixel values for the three detection modes.

n addition, the plot also shows the distribution of pixel values for the
um of images acquired with epi- and transfluorescence alone,
T1E)*.
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235TWO-PHOTON IMAGING
lternative detector technology has not emerged. Ava-
anche photodiodes (EGG Canada) have much im-
roved quantum efficiencies (.50%), but they have to
e used in photon counting mode at low count rates (,5
Hz), not sufficiently fast for many applications. In

ddition, their sensitive areas are small (,0.5 mm),
reating a difficult optical problem in cramming all
uorescence photons onto the detector. The so-called
ntensified Photodiode (Intevac) also produces im-
roved quantum efficiencies and reduced multiplica-
ive noise. But its gain is small (1000 electrons/photon)
nd it produces spurious large events at appreciable
ates. In addition its cost is high.

aser Scanning DIC

Since the polarized light of the infrared laser is
assed through the Wollaston prisms used by the
RDIC, only one additional polarizer and photodetector
re necessary to implement laser scanning DIC (LS-
IC) (Fig. 1). This imaging mode has drawbacks com-
ared with wide-field IRDIC; for example, the rela-
ively slow refresh rate makes it inconvenient for
isually guided whole-cell recordings. But some fea-
ures of LSDIC make it complementary to IRDIC. In
articular, The LSDIC image is automatically aligned
o submicrometer precision with the fluorescence im-
ge; it therefore allows precise placement of a stimu-
ating electrode with respect to fluorescent structures
see below).

IG. 3. High-resolution image of dendritic branches from CA1
yramidal neurons expressing EGFP. Note numerous synaptic

pines. The image is the maximum value projection of an image stack
30 images collected in 0.5-mm steps) that was acquired ;100 mm
elow the slice surface.

m
d
m

MAGING GREEN FLUORESCENT PROTEIN

Expression of the recombinant green fluorescent pro-
ein (GFP) alone and as part of fusion proteins affords

number of exciting possibilities in cellular neuro-
cience. Today, wild-type GFP is rarely used. A mutant
ith improved fluorescence, “enhanced GFP” (EGFP),
ffers superior performance (18). Other mutants with
ther useful absorption and emission wavelengths also
ave been developed (19, 20). In addition, a number of
unctional GFPs have recently been described, de-
igned to report either [Ca21] levels (21), membrane
otentials (22), or pH (23). We have used EGFP as a
ytoplasmic dye and as a part of fusion proteins to
onitor their cellular distribution over time.

ultured Slice Preparation
Hippocampal slice cultures were made from 6- to

-day-old Sprague–Dawley rat pups as described (24).
he brain was dissected out in ice-cold Hepes-buffered
anks’ solution (pH 7.35). Dissection of the hippocam-
us was carried out in a laminar-flow hood under ster-

IG. 4. CA1 pyramidal cells expressing GluR1–EGFP imaged in a
ultured hippocampal brain slice. (Left) A cluster of neurons showing
uclear exclusion of the GluR1–EGFP construct. The image is a
rojection of four sections collected 0.5 mm apart. (Right) High-

agnification image showing distribution of GluR1–EGFP in a den-

ritic branch. The image is a projection of 10 sections collected 0.5
m apart.
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236 MAINEN ET AL.
le conditions under a dissecting microscope. Hip-
ocampi were sectioned on a tissue chopper and
xplanted onto a membrane (Millicell-CM, 0.4-mm pore
ize; Millipore). The membranes were then placed in
.750 ml of culture medium for organotypic slices
MEM (Gibco 41200-072), 30 mM Hepes, 20% heat-
nactivated horse serum, 1.4 mM glutamine, 16.25 mM
-glucose, 5 mM NaHCO3, 1 mM CaCl2, 2 mM MgSO4,
mg/ml insulin, 0.012% ascorbic acid, pH 7.28, osmo-

arity 320]. Cultured slices were maintained at 35°C, in
humidified incubator (ambient air enriched with 5%
O2). Culture medium was replaced every second day.
lices were cultured on the interface membrane for up
o 3 weeks.

iral Gene Delivery

The EGFP and EGFP fusion constructs were intro-
uced into neurons using a Sindbis viral vector expres-
ion system (25). Cultured hippocampal slices were
nfected with the virus after 2–10 days in vitro by
ressure injection (26). Expression of the recombinant
GFP was allowed for 1–4 days. A piece of membrane
ith an infected slice was cut out and transferred to a
erfusion chamber under the TPLSM microscope.
lices were continuously perfused with preheated (28–
2°C), oxygenated artificial cerebrospinal fluid (ACSF)
ontaining 119 mM NaCl, 2.5 mM KCl, 4 mM MgCl2, 4
M CaCl2, 1 mM NaH2PO4, 26.2 mM NaHCO3, 11 mM

lucose, and 100 mM picrotoxin. A cut was made be-

IG. 5. CA1 pyramidal cell filled with OGB 1 (200 mM) via a patch
stack of images (50 sections at 0.5-mm spacing, 512 3 512 pixels/se
stack of 20 images at 0.5-mm steps; the location and size are indicated
or locating active synapses. Also shown is the corresponding LSDIC im
f fluorescence stack and LSDIC images (bottom).
ween CA3 and CA1 regions to prevent epileptiform
ctivity. Depending on the titer of the virus, from a few
o most neurons in a slice can be infected in this man-
er.

FP as a Cytoplasmic Dye

EGFP by itself is a soluble protein and appears to be
omogeneously distributed within the cytosol of hip-
ocampal neurons when expressed (Fig. 3). EGFP has
ajor advantages compared with synthetic cytoplas-
ic dyes. Under our conditions, EGFP fluorescence is

xtremely bright, unveiling detailed structure includ-
ng tiny dendritic spines, axonal boutons, and filopodia
Fig. 3) EGFP also appears to be very photostable com-
ared with xanthene-based dyes (27), and produces
ery low levels of phototoxicity. In addition, dye deliv-
ry using genetic techniques leaves neurons relatively
nperturbed, at least compared with the insult pro-
uced by microelectrode penetration required for deliv-
ry of synthetic dyes. Thus EGFP is an ideal tool for
ong-term imaging of morphological dynamics at high
esolution in living tissue.

FP Fusion Proteins

The distribution of EGFP fusion proteins can reveal
he distribution of endogenous proteins. Care should be
aken to avoid placing the EGFP tag near regions of the
rotein expected to confer targeting functions. For in-
tance, we have placed EGFP at the amino terminus of

et. The whole-cell image at left is the maximum value projection of
on). The right panels show a thin spiny dendrite from the same cell
pip
cti
by the white box in the left panel) at the higher magnification used
age of the stimulating electrode (arrow, middle) and superposition
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237TWO-PHOTON IMAGING
he AMPA receptor subunit GluR1 (Fig. 4). This region
f the protein is predicted to be extracellular (28). In
ontrast, the targeting regions of GluR proteins have
een mapped to the C terminus. In our experience,
GFP fusion proteins are expressed at relatively low

evels compared with plain EGFP; low signal levels can
herefore be a problem. This is especially true with
embrane proteins. For example, if every glutamate

eceptor in a synapse was tagged by an EGFP molecule
ach synapse would light up with only about 10–100
uorophores. In the case of free EGFP, the cytoplasm
f a dendritic spine can be filled up with thousands of
uorophores. The imaging of subcellular distributions
f EGFP-tagged proteins therefore requires careful at-
ention to detail with respect to signal detection, espe-
ially in the slice. In the images of Fig. 4, an inhomo-
eneous distribution of the fusion protein (GluR1–
GFP) can clearly be made out.

UNCTIONAL SYNAPTIC IMAGING USING [Ca21]
NDICATORS

TPLSM allows the imaging of [Ca21] dynamics in
ndividual spines in brain slices. This is of profound
nterest for at least two reasons: First, synaptic acti-
ation can produce postsynaptic Ca21 influx, and the
esulting Ca21 accumulation is thought to trigger the
iochemical cascades underlying the induction of long-
erm potentiation (LTP) and other forms of plasticity
29). Second, synaptically evoked spine [Ca21] reports
he release of a presynaptic vesicles and can therefore

IG. 6. Fast line-scan measurements of synaptic [Ca21] transients
hree spines. The line indicates the location of the line scan. The ac

rials in which pairs of synaptic stimuli were delivered at 256-ms inter
ne time dimension (horizontal). (c) The data shown in (b) are averaged
ime series for the numbered spines.
e used to measure the stochastic properties of individ-
al synapses (30).

cute Slice Preparation

Hippocampal slices were prepared from juvenile rats
r mice (14–28 days postnatal). The brain was re-
oved, sections of brain containing the hippocampus
ere blocked, and 300- to 400-mm-thick slices were cut
n a Vibratome. These procedures were all carried out
ith the brain submerged in a choline chloride-based,

hilled (2–5°C) ACSF bubbled with carbogen (95%
2/5% CO2). The cutting solution, which was designed

o maximize slice health (31), was composed of (in mM)
10 choline chloride, 25 NaHCO3, 25 D-glucose, 11.6
odium ascorbate, 7 MgSO4, 3.1 sodium pyruvate, 2.5
Cl2, 1.25 NaH2PO4, and 0.5 CaCl2. Slices were then

ransferred to a submerged holding chamber contain-
ng normal ACSF and incubated at 35°C for ;1 h and
hen held at room temperature until used. The compo-
ition of the normal ACSF was (in mM) 127 NaCl, 25
aHCO3, 25 D-glucose, 2.5 KCl, 2 CaCl2, 1 MgCl2, 1.25
aH2PO4. The MgCl2 was increased to 2 mM in the
olding chamber and decreased to 0.1 mM in some
xperiments. Picrotoxin (0.1 mM) was routinely added
o block GABAA receptors; a cut was made between the
A3 and CA1 regions to prevent epileptiform activity.

erfusion and Temperature Control

For electrical and optical recording, slices were
laced in a submerged chamber (0.5 ml) and perfused
ith temperature-controlled ACSF using a recirculat-

ng system (50-ml total solution volume). In a 50-ml

ndividual spines. (a) Fluorescence image of a tertiary dendrite with
spines are numbered (1, 2). (b) Raw line-scan images showing two
in i
tive
vals. The line-scan images have one space dimension (vertical) and
over a small window in the vertical dimension and plotted as DF/F
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238 MAINEN ET AL.
eservoir, the ACSF was bubbled with carbogen and
reheated to prevent later degassing. The solution was
ravity fed (2–3 ml/min) to the recording chamber and
eturned to the reservoir by a peristaltic pump. Final
emperature control (e.g., 35 6 1°C) was maintained
sing an in-line heater (Warner Instruments) equipped
ith a feedback thermistor placed in the recording

hamber.

hole-Cell Recording

Whole-cell recordings were used to introduce the
Ca21] indicator into the cell, monitor synaptic trans-
ission, and control the postsynaptic holding poten-

ial. Recordings were obtained under visual guidance
sing IRDIC optics with a CCD camera (Hamamatsu).
SDIC was not used to guide recordings due to limita-

ions of the image acquisition rate. The patch elec-
rodes (2–4 MV) were filled with a solution containing
in mM) 135 cessium methylsulfonate or potassium
ethylsulfate, 10 Hepes, 10 sodium phosphocreatine, 4
gCl2, 4 Na2-ATP, 0.4 Na-GTP, as well as 0.1 to 1 mM

f a chosen [Ca21] indicator. Voltage-clamp recordings
nd the Cs1-based internal solution were used to pre-
ent spiking of the postsynaptic cell and to control the
olding potential of the cell. Current-clamp recordings
nd the K1-based internal solution allowed more phys-
ologically neutral recordings. A K1-based solution was
lso used to patch the cell temporarily, allowing intra-
ellular delivery of the Ca21 indicator. With such a
rotocol it was possible to continue imaging without
imultaneous electrical recording for periods of several
ours.

ynaptic Stimulation

To maximize the chances of locating active synapses,
ransmission was evoked using an extracellular elec-
rode placed within a few micrometers of a target den-
rite. We used a glass pipet filled with ACSF (tip
iameter 2–4 mm), through which 1- to 10-V, 0.1-ms
onstant-voltage pulses were delivered. To facilitate
lacement of the electrode, a bend was made using a
icroforge (Narashige) so that the last ;200 mm of the

haft was perpendicular to the surface of the slice.
sing a motorized micromanipulator (Sutter) with or-

hogonal Z axis allowed the electrode tip to be easily
ositioned to within 5–10 mm of a desired location and
inimized disurbance of the tissue when lowering the

lectrode into the slice. Before recording, the tip of the
timulating pipet was positioned above the soma of the
arget cell. After gaining whole-cell access under
RDIC, we switched to TPLSM (Fig. 5). As the cell filled
ith Ca21 indicator, baseline measurements of action
otential-evoked [Ca21] transients were taken to esti-
ate free Ca21 and indicator levels. After 5–15 min for

lling, a target secondary or tertiary dendritic branch
50–200 mm from the cell body) was located by moving

n
r
d

he scanning field (;10 3 10 mm) away from the soma
ollowing the dendrite. Movement of the field was
chieved by moving the microscope stage. The coordi-
ates of the region of interest were determined by
igital micrometers (X,Y axis) and a computer-
ontrolled focus motor driver (Z axis). Using the soma
s a reference location, the stimulation pipet was ma-
euvered to the target dendritic location (X,Y) and
hen lowered (Z) to the target branch (see Fig. 5).
ctive spines were identified by imaging at intermedi-
te temporal and spatial resolution (128 pixels square,
frames at 256 ms/frame) as the stimulus intensity
as gradually increased. This procedure gave high “hit

ates” (i.e., locating active spines within the target
endritic region). Based on the size and fluctuations of
ynaptic currents evoked, we estimate that synaptic
ctivation also occurred outside of the field of view.

easurement of Synaptic Function

Limitations in the number of photons emitted from
mall structures such as dendritic spines and in the
cquisition and/or scanning rates of most imaging sys-
ems necessitate a compromise between spatial and
emporal resolution when measuring synaptic [Ca21]
ignals. When temporal resolutions on the order of ;10
z are acceptable, it is preferable to monitor transmis-

ion at multiple individual synaptic sites by acquiring
ovies. This allows measurements of [Ca21] over a
hole dendritic branch and brings the additional ben-
fit of a substantial reduction in peak laser dosage.
ith this method, synaptic transmission can be mon-

tored over the course of hundreds of stimulation trials
ithout damaging the imaged structures (Fig. 1a). The
ain limiting factor on the number of measurements

hat can be collected from a single field is the mainte-
ance of a low background Ca21 level. Even relatively
mall increases in resting [Ca21], which typically ac-
ompany deteriorating cellular health, can signifi-
antly compromise the dynamic range of high affinity
a21 indicators. When electrical measurements or volt-
ge control is not necessary, long-term viability can be
mproved by terminating the whole-cell recording by
areful withdrawal of the pipet. When high temporal
esolution is necessary, the preferred acquisition
ethod is the so-called “line-scan” mode in which scan-

ing in the slow axis is turned off (Fig. 6). Temporal
esolutions in the millisecond range can be achieved.

ONCLUSIONS

TPLSM is rapidly becoming a mature tool in cellular
euroscience. Simple TPLSM microscopes allow high-

esolution fluorescence imaging with minimal photo-
amage deep in scattering tissue. We expect that fu-
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