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Selective fura-2 loading of presynaptic terminals and nerve cell
processes by local perfusion in mammalian brain slice
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We describe a method for filling presynaptic terminals and cell dendrites in adult brain slices with the fluorescent calcium
indicator fura-2 by localized perfusion of the acetoxymethyl (AM) ester derivative. The method provides labeling selectivity, similar
to that produced by intracellular microinjection of fura-2. with the simplicity of bath application of membrane-permeant AM esters.
Application of the method to mossy fiber tracts in hippocampal region CA3 and parallel fiber tracts in cerebellum resulted in distant
presynaptic terminals well labelled with fura-2 without concomitant postsynaptic labelling, allowing optical measurements of calcium
concentration in individual presynaptic terminals. Application of the method to CA1 pyramidal cells produced intracellular loading
of apical dendrites with fura-2. Dendritic calcium changes produced by afferent fiber stimulation were similar to those determined
from cells filled with fura-2 by intracellular microinjection. The method appears to be general, and should provide a means to fill
projecting axons and dendritic processes in many areas of the brain with fluorescent indicators. allowing optical measurements of ion
concentration dynamics to be performed in brain slice that were previously impractical.

Introduction

Optical imaging of fluorescent indicators like
fura-2 (Grynkiewicz et al., 1985) i1s a powerful
method for measuring the spatio-temporal dy-
namics of intracellular ion concentrations. (For a
review of fluorescent indicators see Tsien (1989).)
Important questions on the role of intracellular
ions in cellular physiology, synaptic plasticity, and
neural circuit properties can be answered by the
application of optical imaging of fluorescent indi-
cators to intact neural systems such as mammalian
brain slice.

To apply indicator imaging to mammalian brain
slice the indicator molecule must be loaded into

Correspondence: D.W. Tank, Room 3L-408. AT&T Bell
Laboratories, 600 Mountain Ave.. Murray Hill, NJ 07974,
U.S.A.

the neurons or glial cells of interest. Two methods
have been explored: (1) bulk loading of cells with
bath-applied membrane permeant derivatives of
the indicator, such as fura-2 AM, and (2) microin-
Jection of the indicator molecule into the celi(s).
These two methods differ both in their technical
simplicity and the degree to which they provide
optical specificity by labelling only the cells or cell
processes of interest.

Bulk loading of fura-2 AM is simple in concept
and has been widely applied to cultured cells
(Connor, 1986; Kudo and Ogura, 1986: Lips-
combe et al., 1988; Miller, 1988). In this method
fura-2 AM is dispersed in saline using an organic
solvent /detergent mixture such as DMSO/
Pluronic acid and the labelling solution is bath
applied to the cell preparation. The indicator
molecule is trapped intracellularly when de-esteri-
fication of the membrane permeant derivative by
intracellular esterases occurs. Although conceptu-



112

ally simple it has been difficult to apply this
method to load cells in adult brain slice. For
example, although good intracellular loading of
cortical pyramidal cells can be accomplished in
neonatal and early postnatal rat (Yuste and Katz,
1989), neuronal cell bodies and dendrites label
very poorly after P7.

Intracellular microinjection of indicator has
been successfully applied to mammalian brain slice
but is technically demanding and often impracti-
cal. Examples include the study of dendritic
calcium accumulations in Purkinje cell dendrites
(Ross and Werman, 1987; Tank et al., 1988) and
hippocampal pyramidal cells (Regehr and Tank,
1990) following intrasomatic injection of the acid
form of fura-2 in brain slice preparations. A simi-
lar approach has been taken with squid (Charlton
et al., 1982) and crayfish preparations (Delaney et
al., 1989) where intra-axonal microinjection of
fura-2 acid labels the entire axonal arbor, includ-
ing synaptic boutons and branches, allowing mea-
surement of calcium accumulations during syn-
aptic transmission. Although an extremely useful
method, injection requires delicate intracellular
microelectrode techniques that are in some cases
impractical. For example, in order to study calcium
changes in presynaptic terminals, individual pre-
synaptic cells must be injected with fura-2, the
entire length of axon must be located in the plane
of the brain slice, and the labelled terminals must
rise close enough to the slice surface to be imaged
without scattering distortion. Because of the low
probability of success in attaining all three condi-
tions experiments like this are impractical.

In addition to the differences of technical sim-
plicity and successful application to mammalian
brain slice, an extremely important distinction be-
tween bath application and microinjection of indi-
cator molecules is the degree to which they pro-
vide labelling selectivity of only the cells or cell
processes of interest. Selective labelling allows un-
ambiguous attribution of fluorescence to specific
cell structures. In general bath applying fura-2
AM non-selectively labels the entire population of
cells. In intact tissue, with all cellular elements
labelled, it would be extremely difficult to inter-
pret fluorescent signals and to attribute them to a

particular cell type or substructure. Microinjection
implicitly provides selectivity because only the cell
of interest is filled with indicator molecule. Al-
though non-selective labelling may be preferable
in some experiments, for example determining the
spatial geometry of cells that respond to a particu-
lar neurotransmitter, there are many cases where
specificity is necessary.

We demonstrate here a labelling method that
combines the simplicity of buik labelling methods
with aspects of the optical specificity previously
obtained only by single cell microinjection. The
method is based upon providing a local continu-
ous stream of extracellular labelling solution con-
taining fura-2 AM by micro-perfusion methods.
Nerve cell processes near the perfusion site fill
with fura-2, overcoming a barrier to intracellular
labelling with fura-2 AM that exists in adult brain
slice incubated with bath applied label. Intraceliu-
larly trapped fura-2 then diffuses, filling cellular
processes distant from the perfusion site.

Materials and methods

Slice preparation and maintenance followed
standard procedures (Regehr et al, 1989;
Schwartzkroin, 1975). For labelling, slices were
bathed in a submersion chamber, maintained at
30-32°C, and perfused (1 ml/min) with artificial
cerebral spinal fluid (ACSF) equilibrated with 95%
O, and 5% CO,. For experiments involving mossy
fiber and parallel fiber presynaptic terminals
ACSF contained (in mM): 124 NaCl, 3 KCl, 4
CaCl,, 4 MgCl,, 26 NaHCO,, and 10 p-glucose,
while for experiments measuring dendritic calcium
accumulations in CA1 pyramidal cells ACSF con-
tained (in mM): 124 NaCl, 5 KCl, 2 Ca(l,, 1.6
MgCl,, 26 NaHCO,, and 10 D-glucose. Small
areas of the slice were labelled with a local perfu-
sion method consisting of a delivery pipette con-
taining labelling solution and a suction pipette as
described below. The labelling solution was pre-
pared as follows: (1) 50 pg of fura-2 AM (Molecu-
lar Probes, Eugene, OR) was dissolved in a solu-
tion of 10 pl 75% DMSO/25% pluronic acid, (2)
240-990 pl of ACSF and 10 ul of 1% Fast Green
was added to this solution, (3) this mixture was



vortexed for 1 min, sonicated for 1 min (Labora-
tory Supply, NY), and then filtered (0.2 pm, Gel-
man #4192 or 0.2 pm Rainin #38-159mm). The
prefiltered solution contained 1-4% DMSO/
pluronic acid, and 5-20 pM fura-2 AM. Labelling
solution was prepared each day and used within
4 h.

Fura-2 measurements of intracellular calcium
concentration were performed using the ratio
method (Grynkiewicz et al., 1985) on an inverted
epifluorescence microscope (Zeiss IM35) with a
computer controlled (MaclIx) cooled CCD camera
(CH220, Photometrics, Tucson, AZ) as described
previously (Regehr et al., 1989). In order to view
the spread of fluorescent label during local perfu-
sion, the normal transmitted light illumination
system on the inverted microscope was replaced
with a dissecting microscope. Perfusion was per-
formed on the top surface of the slice as described
in the text. By illuminating the brain slice from
below using the standard epi-fluorescence system
of the inverted microscope, but observing the fluo-
rescence through the dissecting microscope, the
progress of the local labelling could be followed.
For imaging experiments the slices were then
turned over and viewed through the inverted mi-
croscope. In some cases fiber tracts ran obliquely
through the slice and labelled presynaptic termi-
nals following perfusion were best observed on the
slice surface opposite to that used for local perfu-
sion.

Results

Localized perfusion of fura-2 AM

Our local perfusion method is schematically
illustrated in Fig. 1. The brain slice is contained in
a submersion chamber and a delivery pipette with
a tip diameter of about 10 pm is positioned on the
slice surface in the region to be intracellularly
labelled. A larger tip-diameter suction pipette is
positioned nearby. The delivery pipette, which
contains labelling solution, is first used to clean
the surface of the slice by alternating mouth-ap-
plied pressure and suction (Edwards et al., 1989).
A pressure head of about 15 cm of solution is then
applied to the delivery pipette, providing a steady
thin stream of labelling solution. Under a dissect-
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Fig. 1. Localized perfusion of fura-2 in brain slice. A steady

stream of labelling solution is pressure ¢jected from the tip of a

delivery pipette positioned at the slice surface in the region to

be labelled. This stream flows into the orifice of a larger
suction pipette positioned nearby.

ing microscope the position of the suction pipette
and its vacuum are adjusted so that the stream of
labelling solution (visualized using bright field il-
lumination by the addition of fast green dye, or
using fura-2 AM fluorescence) hits the slice surface
but flows as a continuous stream into the orifice
of the suction pipette. Since most of the dye
solution is immediately washed out of the bath,
perfusion of the brain slice with fura-2 only occurs
locally.

Loading presynaptic terminals by localized perfusion

Application of this method to label presynaptic
mossy fiber terminals in region CA3 of the adult
guinea pig hippocampus is illustrated in Fig. 2.
The mossy fibers are a distinct band of efferents
from dentate granule cells that synapse on prox-
imal apical dendrites of CA3 pyramidal cells (Fig.
2b). Large en passant synaptic terminals (approx.
1-5 pm diameter) are present along the lengths of
the mossy fibers (Amaral, 1979; Claiborne et al.,
1986).

When the delivery pipette was positioned over
the proximal apical dendrites of a group of CA3
pyramidal cells (Fig. 2b), local perfusion of fura-2
AM (30 min at 32°C) labelled both CA3 pyra-
midal neurons and a band of mossy fibers. Under
low magnification (10 X objective, Fig. 2¢) fluo-
rescent regions that extended away from the per-
fusion site were produced in a direction parallel to
the apical dendrite and also in a direction parallel
to the cell body layer. Although we did not de-
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Fig. 2. Fura-2 loading of mossy fibers by localized perfusion. a: low power transmitted light image of hippocampal slice. The box
outlines the area shown in (c). b: schematic diagram illustrating the site of localized perfusion in the mossy fiber tract in region CA3.
¢: low-power fluorescence image montage (380 nm excitation) following localized perfusion of fura-2. The band of fluorescence
parallel to the cell body layer is produced by labelled mossy fibers. At high magnification, individual mossy fiber presynaptic
terminals are observed (d, e) at a site distant from the localized perfusion area where background fluorescence is minimized and no
postsynaptic cell processes are labelled. The morphology of these terminals 1s similar to that observed (f, g) in individual mossy fiber
presynaptic terminals loaded by iontophoretic microinjection of the pentapotassium salt of fura-2 into dentate granule cells.



termine the origin of the fluorescent labelling ex-
tending parallel to the apical dendrite, by analogy
to experiments performed on CA1l pyramidal cell
dendrites (see below) it is likely that it was pro-
duced by intracellular diffusion of fura-2 within
CA3 cell apical dendrites.

The fluorescent band that extended in the di-
rection parallel to the cell body layer is produced
by labelled projections of nerve cell fibers. When
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observed under higher power magnification (40 X
objective) at a site distant from the perfusion site,
the fibers had the characteristic appearance of
mossy fibers. As shown in Fig. 2d.e the labelled
fibers had large boutons 1-5 pm in diameter that
were located en passant along the fibers. To di-
rectly demonstrate the morphology of mossy fibers
in our slice preparations, dentate granule cells
were filled by intracellular iontophoresis of fura-2
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Fig. 3. Fluorescence ratio changes produced by brief tetanic stimulation in fura-2 filled mossy fiber and parallel fiber presynaptic

terminals. a: time course of ratio of 340 nm excited fluorescence to 380 nm excited fluorescence measured in individual mossy fiber

presynaptic terminals produced by 50 Hz 2 sec electrical stimulation. b: time course of ratio change (340 nm/380 nm) in a

population of cerebellar parallel fibers produced by 50 Hz 2 sec electrical stimulation. In both the mossy fibers and the parallel fibers,

the decay of intracellular calcium is composed of at least two characteristic decay times and well approximated by a sum of two
exponentials.
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acid using previously described methods (Regehr
and Tank 1990). Although axons of filled dentate
cells frequently left the slice or were not located
near enough to the slice surface to image in region
CA3, in several cases we were able to directly
image mossy fiber terminals, labelled by ante-
rograde movement of fura-2 in the granule cell
axon. These known mossy fiber terminals were

located in the same dendritic region as those
labelled by the local perfusion method and had a
similar morphology (Fig. 2f,g). The characteristic
morphology and defined anatomical position of
mossy fibers, and the similarity between perfusion
labelled and iontophoretically filled fibers, to-
gether demonstrate that the fibers labelled by lo-
cal perfusion are mossy fibers.

Fig. 4. Fura-2 loading of CA1 pyramidal cell dendrites by local perfusion. A: low power transmitted light image of hippocampal slice.

The box outlines the area shown in (B), and the circle indicates the site of local perfusion (s.m., stratum moleculare; s.r., stratum

radiatum; s.p., stratum pyramidale; s.o., stratum oriens). B: low power fluorescence image (380 nm excitation) of hippocampal region

CA1 following localized perfusion of fura-2 AM in the cell body layer. An expanding sector of fluorescence is observed in the region

of the apical dendrites. This fluorescence is produced by CA1 dendrites filled with fura-2. Apical dendrites that rise to the surface of
the slice can be individually observed (C) under high magnificiation.



Calcium measurements determined from fura-2
fluorescence excited at 340 nm and 380 nm by the
ratio method were performed on microperfusion
labelled and microinjection labelled mossy fibers.
Unstimulated terminals had resting calcium levels
in the range of 40-80 nM, similar to resting levels
measured in CAl pyramidal cell bodies and den-
drites (Regehr et al., 1989). Fibers were stimulated
by bipolar tungsten electrodes positioned in the
mossy fiber band 400-500 pm proximal to the
imaged terminals. For local perfusion labelling,
this corresponded to the perfusion site. For both
labelling methods tetanic stimulation (50 Hz, 2
sec: 100 Hz, 1 sec) produced a rapid increase in
the ratio of fura-2 fluorescence excited at 340 nm
to that excited at 380 nm measured in individual
terminals. This is illustrated in Fig. 3a for local
perfusion labelled terminals. This ratio increase
indicates an increase of intracellular free calcium
in the presynaptic terminals. The elevated in-
tracellular calcium level decayed following stimu-
lus train termination, with the kinetics of termi-
nals filled by both local perfusion and intracellu-
lar injection being indistinguishable. The kinetics,
pharmacology, and dependence on PTP/LTP in-
duction will be described elsewhere (Regehr, Dela-
ney and Tank, in preparation). The qualitative
characteristics of this calcium accumulation are
similar to those previously measured in presyn-
aptic terminals at the crayfish neuromuscular
junction (Delaney et al., 1989). The results demon-
strate that the local-perfusion-labelled terminals
respond to electrical stimulation qualitatively in
the manner expected, and that no alteration in
calcium dynamics is observed in local perfusion
labelled vs microinjected terminals.

Local perfusion also successfully labelled paral-
lel fibers in cerebellar slice. Adult guinea pig
cerebellum was sectioned in the coronal plane so
that parallel fiber orientation was parallel to the
brain slice surface. A band of parallel fibers was
selected for labelling by placing the delivery pipette
in the Purkinje cell dendrite region, about 100 um
from the cell body layer. Following 30 min of
local perfusion and 1 h of post-perfusion incuba-
tion, a narrow band of fluorescence was visible
perpendicular to the axis of the Purkinje cell den-
drites. Under high magnification (40 X objective),
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this band was observed to consist of extremely
thin fibers with en passant synapses similar to
those reported for parallel fibers (Palay and
Chan-Palay, 1974). Electrical stimulation using a
bipolar electrode positioned near the perfusion
site produced increases in intracellular calcium in
fibers several hundred pm from the local perfu-
sion site. In response to brief tetanic stimulation
(50 Hz, 2 sec), the fura-2 fluorescence ratio (Fig.
3b) quickly rose and subsequently decayed follow-
ing termination of stimulation. As observed with
mossy fiber stimulation, the decay phase of the
ratio was characterized by at least two time con-
stants. Although individual terminals are not
imaged in these experiments, the measured fluo-
rescence changes primarily reflect calcium changes
in presynaptic terminals, since the intracellular
volume of presynaptic terminals comprises about
90% of the volume of parallel fibers (Palay and
Chan-Palay, 1974).

Loading dendrites by localized perfusion

Local perfusion also successfully labelled CA1l
pyramidal cell dendrites. Following local perfu-
sion of fura-2 AM from a delivery pipette posi-
tioned in the cell body layer in region CAl of
adult guinea pig hippocampus (Fig. 4a), an expan-
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Fig. 5. Fura-2 measurements of intracellular calcium con-
centration in CA1 cell dendrites loaded by localized perfusion
of fura-2 AM in the cell body layer. Following tetanic stimula-
tion (100 Hz, 1 sec) of the Schaffer collateral fibers, an
accumulation and decay of intracellular calcium is measured in
distal apical dendrites. The accumulation is partially blocked
by APS5 and completely eliminated by AP5+ CNQX, demon-
strating that it is produced by postsynaptic calcium accumula-
tions. The accumulations are similar to those measured by
intracellular injection of fura-2 acid in CAl pyramidal cell
somata (Regehr and Tank, 1990)
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ding sector of fluorescence was observed in the
apical dendritic region (Fig 4b). Under high power
magnification, individual dendrites could be ob-
served (Fig. 4c) if the dendrites came close enough
to the slice surface to be optically resolved. The
response of dendritic intracellular calcium to
afferent fiber stimulation was measured and com-
pared to those previously measured following in-
trasomatic injection of the pentapotassium salt of
fura-2 (Regehr et al., 1989; Regehr and Tank,
1990). Synaptic activation of Schaffer collateral
fibers with a brief tetanus (100 Hz, 1 sec) pro-
duced a rapid accumulation of intracellular
calcium in dendritic areas postsynaptic to stimu-
lated afferents (Fig. 5). In saline containing the
NMDA-receptor antagonist APS (100 uM), the
response was greatly diminished. In saline con-
taining both AP5 (100 pM) and the non-NMDA
glutamate receptor antagonist CNQX (20 uM) no
changes in intracellular calcium were observed.
These results are similar to those previously mea-
sured by intracellular microinjection of fura-2 (cf.
Fig. 2b, Regehr et al., 1989; Fig. 4Ba, Regehr and
Tank, 1990). They demonstrate that the fura-2
fluorescence is produced by indicator located in
postsynaptic CA1 pyramidal cell processes, and
that localized perfusion loading does not alter the
calcium dynamics of labelled cell dendrites rela-
tive to those measured by microinjection of indi-
cator.

Discussion

We have described a fura-2 labelling procedure
which provides selective intracellular labelling of
nerve cell processes distant from a local perfusion
site. The technique relies upon the ability to per-
fuse localized regions of brain slice using an in-
flow-outflow dual pipette perfusion system. Sim-
ple incubation of adult slice in ACSF containing
fura-2 AM does not label cell body somata and
dendrites (Yuste and Katz, 1989). Since applica-
tion of the local perfusion method to cell body
layers does label, we hypothesize that the stream
of solution makes physical access of the solvent
dispersed dye molecules to the cell membrane
possible. This may be analogous to the methods
used to “clean” soma surface membranes of corti-

cal neurons in brain slice in preparation for patch
electrode seal formation (Edwards et al., 1989).
Following de-esterification-induced entrapment,
intracellular diffusion leads to areas of dendrite or
axon (synaptic terminals) loaded with indicator in
tissue regions containing no other labelled struc-
tures, similar to that obtained with intracellular
injections.

The response properties of fura-2 loaded pre-
synaptic terminals and CAl pyramidal cell den-
drites to electrical stimulation suggest that the
local perfusion method does not damage the
labelled neurons. Preliminary experiments do indi-
cate, however, that fura-2 fluorescence ratios for
cells at rest are slightly elevated at the cell soma
compared to levels measured by fura-2 acid micro-
injection. Whether or not this difference i1s due to
loading of internal organelles by AM fura-2 that
are not labelled by fura-2 acid injection, back-
ground errors due to extracellularly bound fura-2
molecules, or physical injury to the cell somas
produced by the perfusion procedure is unknown
at present. At dendritic and axonal sites distant
from the perfusion sites, we have no evidence for
altered cell physiology.

The application of the local perfusion methods
will make it possible to measure intracellular
calcium concentrations in presynaptic terminals in
brain slice that cannot be selectively labelled by
other methods, or that can only be selectively
labelled with great difficulty. For example, al-
though granule cell axons (mossy fibers) originat-
ing from the dentate gyrus can be loaded by
intracellular injection of fura-2, the method is
often impractical because the success rate of label-
ling terminals in the mossy fiber layer of CA3 that
are amenable to high resolution imaging (i.e..
within about 50 pm of the slice surface) is quite
low. The local perfusion method, however, makes
experiments such as that illustrated in Fig. 3 quite
easy. Our ability to also label cerebellar parallel
fibers suggests that this method is general, and
that it will provide a practical method of labelling
projecting axons in many areas of the brain.

The loading method we have described could
potentially be adapted for other uses. In principle
the method i1s not restricted to use with fura-2 and
could be used with other membrane-permeant



chemically-trapped molecules that are difficult to
load in adult neurons by simple microinjection. [t
may also be possible to extend this method to
label neurons in vivo.

Acknowledgements

We thank Kerry Delaney, Rafael Yuste, and
Larry Katz for helpful discussions on fura-2 label-
ling procedures. We also thank Richard Miles for
help with the procedures used for preparation of
hippocampal slices used in CA3 experiments.

References

Amaral, D.G. (1979) Synaptic extensions from mossy fibers of
the fasia dentata. Anat. Embryol., 155: 241-251.

Charlton, M.P., Smith, S.J. and Zucker, R.S. (1982) Role of
presynaptic calcium ions and channels in synaptic facilita-
tion and depression at the squid giant synapse. J. Physiol.
(Lond.). 323: 173-193.

Claiborne, B.J., Amaral, D.G. and Cowan, W .M. (1986) A light
and electron microscopic analysis of the mossy fibers of the
rat dentate gyrus. J. Comp. Neurol., 246: 435-458.

Connor. J.A. (1986) Digital imaging of free calcium changes
and of spatial gradients in growing processes in single,
mammalian central nervous system cells. Proc. Natl. Acad.
Seci. USA. 83: 6179-6183.

Delaney, K.R.. Zucker, R.S. and Tank, D.W. (1989) Calcium
in motor nerve terminals associated with posttetanic
potentiation. J. Neurosci., 9(10): 3558-3567.

Edwards. F.A.. Konnerth, A.. Sakmann, B. and Takahashi, T.
(1989) A thin slice preparation for patch clamp recordings

119

from neurones of mamalian central nervous system. Pflugers
Arch., 414: 600-612.

Grynkiewicz, G.. Poenie, G. and Tsien. R.Y. (1985) A new
generation of Ca**' indicators with greatly improved fluo-
rescence properties. J. Biol. Chem., 260(6): 3440-3450.

Kudo. Y. and Ogura, A. (1986) Glutamate-induced increase in
intracellular Ca™ " concentration in isolated hippocampal
neurons. Br, J. Pharmacol.. §9: 191-198.

Lipscombe. D.. Madison. D.V.. Poenie, M.. Reuter. H., Tsien,
R.Y. and Tsien, R.W. (1988) Spatial distribution of calcium
channels and cytosolic calcium channels in growth cones
and cell bodies of sympathetic neurons. Proc. Natl. Acad.
Sci. USA, 85: 2398-2402.

Miller. R.J. (1988) Calcium signalling in neurons. Trends Neu-
rosci., 11(10): 415-419.

Palay. S.L. and Chan-Palay, V. (1974) Cerebellar Cortex.
Springer-Verlag. New York.

Regehr. W.G., Connor, J.A. and Tank. D.W. (1989) Optical
imaging of calcium accumulation in hippocampal pyra-
midal cells during synaptic activation. Nature, 341: 533-
536.

Regehr, W.G. and Tank, D.W. (1990) Postsynaptic NMDA
receptor-mediated calcium accumulation in hippocampal
CA1 pyramidal cell dendrites. Nature. 345: 807-810.

Ross. W.N. and Werman, R. (1987) Mapping calcium tran-
sients in the dendrites of purkinje cells from guinea-pig
cerebellum in vitro. J. Physiol. (Lond.). 389: 319--336.

Schwartzkroin, P.A. (1975) Characteristics of CAl neurons
recorded intracellularly in the hippocampal in vitro slice
preparation. Brain Res.. 85: 423-436.

Tank, D.W.. Sugimori. M., Connor. J.A. and Llinas. R.R.
(1988) Spatially resolved calcium dynamics of mammalian
Purkinje cells in cerebellar slice. Science. 242: 773..777.

Tsien. R.Y. (1989) Fluorescent probes of cell signaling. Annu.
Rev. Neurosci., 12: 227-253.

Yuste, R.M. and Katz. L.C. (1989) Transmitter-induced
changes in intracellular free calcium in brain slice of devel-
oping neocortex. Soc. Neurosci. Abstr.. 4.5(15): 2.



