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Abstract--Understanding the spatio-temporal features of the information processing occurring in any
complex neural structure requires the monitoring and analysis of the activity in populations of neurons.
Electrophysiological and other mapping techniques have provided important insights into the function of
neural circuits and neural populations in many systems. However, there remain limitations with these
approaches. Therefore, complementary techniques which permit the monitoring of the spatio-temporal
activity in neuronal populations are of continued interest. One promising approach to monitor the electrical
activity in potmlations of neurons or on multiple sites of a single neuron is with voltage-sensitivedyes coupled
with optical r~cording techniques. This review concentrates on the use of voltage-sensitive dyes and optical
imaging as tools to study the activity in neuronal populations in the central nervous system. Focusing on
'fast' voltage.sensitive dyes first, several technical issues and developments in optical imaging will be
reviewed. These will include more recent developments in voltage-sensitive dyes as well as newer
developments in optical recording technology. Second, studies using voltage-sensitive dyes to investigate
information processing questions in the central nervous system and in the invertebrate nervous system will
be reviewed. Some emphasis will be placed on the cerebellum, but the major goal is to survey how
voltage-sensitive dyes and optical recordings have been utilized in the central nervous system. The review
will include optical studies on the visual, auditory, olfactory, somatosensory, auditory, hippocampal and
brainstem systems, as well as single cell studies addressing information processing questions. Discussion of
the intrinsic optical signals is also included. The review attempts to show how voltage-sensitive dyes and
optical recordings can be used to obtain high spatial and temporal resolution monitoring of neuronal
activity.
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1. INTRODUCTION

Understanding the spatio-temporal features of the
information processing occurring in any complex
neural structure requires the monitoring and analysis
of the activity in populations of neurons. Classical
intracellular and extracellular electrophysiological
techniques, including single cell and extracellular field
recordings, have provided important insights into the
function of neural circuits and neuronal populations
in many systems. Even with the significant strides
made using single and multiple electrode recordings
there remain limitations. For example, it is difficult to
achieve high density maps of neuronal activity using
extracellular recording techniques. Monitoring
changes in membrane potential in small cells or fine
processes, or recording from embryonic or developing
neurons is also extremely problematic. Therefore,
complementary techniques which permit the monitoring of the spatial-temporal activity in neuronal
populations are of continued interest.
Any technique that will allow recording of the
underlying electrophysiological events of populations
of neurons or equivalently, at many sites on a single
neuron, would add considerably to our neurobiological experimental armamentarium. The ideal technique
would be non-invasive and would have a spatial
resolution at the single cell level or at the level of the
processes of single cells. The ideal temporal resolution
would be in the tens of microseconds range, sufficient
to study action potentials and synaptic potentials.
Practically, however, what is required is a spatial and
temporal resolution sufficient to answer the question
being addressed. Many of the approaches developed
and used over the last two decades to address this need
have relied on indirect measurements of neuronal
activity. Prominent examples include the 2-deoxyglucose method (Sokoloff, 1977), positron-emission
tomography (Raichle, 1994), c-fos and other immediate early gene activation assays (Hoffman et al., 1993),
and magnetic encephalographic techniques (Kaufman
and Willimson, 1982). Most recently, magnetic
resonance imaging of the changes in blood oxygenation level has emerged as a new, non-invasive tool for
imaging activation in the central nervous system
(Ogawa et al., 1990; Kwong et al., 1992; Ellermann
et al., 1994). All are powerful techniques with inherent
advantages and disadvantages, but all rely on indirect
assays of neuronal activity.
A slightly older, yet promising approach has been
the use of voltage-sensitive dyes coupled with optical
recording techniques to monitor the electrical activity
in populations of neurons or in multiple sites of a single
neuron. Ushering in this methodology was the initial
observation that the action potential produces
intrinsic optical signals consisting of light scattering
and birefringence (Hill and Keynes, 1949; Cohen et al.,
1968). The next crucial step was the demonstration of
extrinsic, fast, dye-related fluorescence, birefringence,
and absorption changes (Tasaki et al., 1968; Cohen
et al., 1974; Davila et al., 1974; Ross et al., 1974). The
subsequent pioneering efforts of Cohen, Salzberg,
Grinvald, and their respective co-workers laid the
groundwork for what has become a rapidly maturing
and growing field (see Cohen, 1993 for historical
review). What was, and remains, so attractive about

voltage-sensitive dyes and optical imaging is that they
come close to achieving some of our ideals:
non-invasive with high spatial and temporal resolution.
This review concentrates on the use of voltage-sensitive dyes and optical imaging as tools to study the
activity in neuronal populations in the central nervous
system. Focusing on 'fast' voltage-sensitive dyes first,
several technical issues and developments in optical
imaging will be reviewed. Second, studies using
voltage-sensitive dyes to investigate information
processing in the central nervous system and in the
invertebrate nervous system will be reviewed. Some
emphasis will be placed on the cerebellum, but the
major goal is to survey how voltage-sensitive dyes and
optical recordings have been utilized. Discussion of the
so-called intrinsic optical signals is included but the
reader is also directed to recent reviews encompassing
this topic (Grinvald et al., 1988; Lieke et al., 1989).
Optical studies of skeletal and cardiac muscle will not
be included (see Baylor, 1983; Kamino, 1991;
Ahammer et al., 1993), nor will the work on
neurosecretion (Salzberg, 1989). Earlier reviews on
voltage-sensitive dyes and optical monitoring include
Waggoner and Grinvald, 1977; Cohen and Salzberg,
1978; Cohen et al., 1978; Waggoner, 1979; Salzberg,
1983; and Grinvald, 1985. More recent general and
topical reviews include Grinvald et al., 1988; Blasdel,
1989; Gross and Loew, 1989; Lieke et al., 1989;
Salzberg, 1989; and Cinelli and Kauer, 1992.
2. THE TECHNOLOGY

2.1. Slow Voltage-Sensitive Dyes
In general, there are two broad classes of
voltage-sensitive dyes, 'slow' and 'fast' (Waggoner,
1979). Most slow dyes utilize a potential-dependent
redistribution mechanism (Waggoner, 1979, 1988;
Chen, 1988; Freedman and Novak, 1989). Slow dyes
have been referred to as 'Nernstian' dyes (Gross and
Loew, 1989), since dye distribution follows the Nernst
equation. A slow dye must be permeable to the cell or
organelle membrane. The higher the permeability, the
faster the dye's time course. Several permeant
positively charged cyanine dyes and negatively
charged oxonol dyes have been found useful (see
Waggoner, 1979, 1988; Chen, 1988; Freedman and
Novak, 1989). Dye fluorescence depends on several
factors, including dye aggregation and binding to cell
constituents (Sims et al., 1974; Hladky and Rink, 1976;
Freedman and Hoffman, 1979). For some cyanine and
rhodamine dyes this involves quenching as the dye
concentration in the cell increases and dye aggregation
occurs or binding to cell constituents (Sims et al., 1974;
Hladky and Rink, 1976; Emaus et al., 1986). For
example, the dithiodicarbocyanine dye, diS-C3-(5),
increases its entry into a cell with hyperpolarization,
and on depolarization the dye leaves the cell. Since
bound dye gives a very reduced fluorescent signal, the
fluorescence decreases with hyperpolarization. Some
slow dyes can also be sensitive to internal pH changes
(Sims et al., 1974; Tsien and Hladky, 1978). Other
carbocyanine dyes such as JC-I increase fluorescence
on formation of multimers (J-aggregates) (Reers et al.,

Voltage-Sensitive Dyes and Optical Recordings
1991). In this case dye aggregation is exploited to
measure membrane potential (Reers et al., 1991;
Smiley et al., 1991). As a result of these non-Nernstian
factors no universal calibration curve exists, but
instead empirical, system-dependent calibration
curves are required. Slow dyes may also interfere with
ion channels and V~Lriouscell functions (see Freedman
and Novak, 1989).
Recently, Loew and colleagues have described two
new Nernstian dyes, tetramethylrhodamine methyl
and ethyl esters (Fihrenberg et al., 1988). With the
extreme brightness of these dyes very low concentrations can be used, therefore avoiding dye
aggregation. Furthermore, with their limited binding
to intracellular components, these reversible dyes
should prove to be extremely useful (Loew, 1993;
Loew et al., 1993). Initial reports suggest that
calibration of these dyes is relatively simple (Loew,
1993). Slow dyes h,,ve voltage sensitivity of the order
of 1-2% change in light intensity per millivolt change
in membrane potential (see Freedman and Novak,
1989). Slow dyes have time constants of 1-20 see and,
therefore, are of limited utility for information
processing questions. A large number of studies have
used slow voltage-sensitive probes to assay membrane
potential in small cells or organelles (for reviews see
Waggoner, 1979; Freedman and Novak, 1989; Chen,
1988). Dasheiff has used cyanine dyes as histologic
markers of membrane potential by determining the
accumulation of a dye over a standardized time
interval (Dasheiff, 1!985, 1988). For example, using this
approach, a 'voltage' map of a seizure pathway was
traced (Dasheiff, 1989; Sacks and Dasheiff, 1992). One
advantage of this approach over a 2-deoxyglucose
map is the high spatial resolution obtainable. Still,
only one endpoint can be measured. Additional
studies using Nernstian dyes as histological tracers to
map the state of the membrane potential in various
pathological states are warranted.

2.2. Fast Voltage-Sensitive Dyes
Of considerably more interest for investigations into
the central nervous system are the fast voltage-sensitive dyes. These are amphipatic molecules that bind to
membranes with potential-dependent fluorescence
and/or absorption clhanges that follow, in many cases
linearly, membrane potential (Cohen et al., 1974; Ross
et al., 1977; Gupta et al., 1981; Chien and Pine, 1991a).
Voltage-sensitive dyes act as molecular transducers,
transducing membrane potential into optical signals.
Early studies demonstrated that optical signals are not
due to changes in membrane conductance or current
flow (Cohen et al., lC)74; Ross et al., 1977; Gupta et al.,
1981). The response time for these 'fast' dyes is less
than a millisecond, the ideal temporal resolution.
Therefore, these fast dyes have the capability of
following faithfully synaptic and regenerative membrane potential changes. Four useful classes of
voltage-sensitive probes have emerged from more than
2000 dyes synthesized and/or screened: (1) merocyanine-oxazolone, (2) merocyanine-rhodanine, (3)
oxonol and (4) styryl (aminostyryl pyridinium) dyes
(Cohen et al., 1974; Ross et al., 1977; Gupta et al.,
1981; Loew and Simpson, 1981; Grinvald et al., 1982a,
1994;Hassner et al., i[984; Fluhler et al., 1985). As will
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be described, several dyes have been identified with
adequate signal-to-noise ratio and limited pharmacological or photodynamic toxicity which have proven
useful in a variety of CNS structures (Table 1 and
Table 2).
The exact biophysical mechanism of the voltage
sensitivity of any of the fast dyes has not been
elucidated. Molecular motion and electron motion
(i.e. charge shift mechanisms) are the major potential
candidates (for review see Waggoner and Grinvald,
1977; Cohen et al., 1978; and Gross and Loew, 1989).
Several schemes involving molecular motion have
been postulated as mechanisms for these impermeant
probes (see Waggoner and Grinvald, 1977; Waggoner,
1979). These include (1) shifts in the membrane depth
of a charged dye or rotation of the dye within the
membrane (Conti, 1975; Waggoner and Grinvald,
1977), (2) a charged dye moving on or off the
membrane (Waggoner et al., 1977), (3) changes in the
dye aggregation as the result of molecular movement,
and (4) a rotation-dimer mechanism by which the
change in potential shifts the equilibrium between
monomeric dye molecules oriented perpendicular to
the membrane surface and dimeric dye molecules
oriented parallel to the membrane surface (Ross et al.,
1974, 1977).
The rotation-dimer hypothesis has received considerable experimental support as the mechanism
underlying the absorption changes of merocyanine
(Ross et al., 1977; Dragsten and Webb, 1978; see
Waggoner, 1979). Support for an on-off mechanism
for cyanine and oxonol dyes (Waggoner et al., 1977)
has been put forth, but initially it was questioned
whether the kinetics of such a mechanism were
adequate (Waggoner, 1979). Recent evidence suggests
that the negatively charged oxonol dyes, WW 781 and
RGA 461, use an on-off mechanism by moving the
chromophore between the aqueous phase and sites
within the membrane (George et al., 1988a). Major
evidence supporting this hypothesis are: (1) a lack of
concentration dependence (George et al., 1988a), (2)
the difference in the absorption spectrum of RGA 461
between aqueous and non-polar solvents is nearly
identical to its absorbance spectrum in a bilipid
membrane (George et al., 1988a), (3) dependence on
the chain length of the alkylgroups for the oxonol dyes
(Nyirjesy et al., 1988), and (4) dependence of the signal
on the membrane voltage including sensitivity to the
DC offset voltage from which a potential step
originated (George et al., 1988b). These authors
hypothesized that many of the impermeant oxonol
dyes operate by an 'on-off" mechanism (George et al.,
1988b).
Ephardt and Fromherz,in a recent study of the
styryl dyes, provided evidence for both a direct and
indirect change in the quantum yield in different
environments (Ephardt and Fromherz, 1989). Both
the direct and indirect effects are hypothesized to be
due to a form of intramolecular motion. In the direct
mechanism, the electrical field across the membrane is
hypothesized to modulate the horizontal transfer of
charge by altering the 'twist' of the molecule, the
concept of twisted internal charge transfer. The
indirect mechanism involves the electrical field
dislocating the dye, so that the environment is
changed. For the indirect yield mechanism the electric

Model membrane
Leech neurons, VT
Leech Retzius cells, VT
Mouse neuroblastoma cells, VT

Mouse neuroblastoma cells, VT

Rat SCGneurons, VT

Guinea pig piriform cortex, VV
Skate cerebeUar slice

Modelmembrane

Aplysia abdominal ganglion, VT

RH 160 Styryl AF

RH423 Styryl AF

RH482 Oxonol AR

RH460 Styryl AF

RH 479 Oxonol AA

0.1 ~ 0.5

Rat cerebellum, VV

RH 421
Styryl
MW: 499
AF

12/100 mV
12
0.4 ~ 2

Leech ganglion, VT
Mouse neuroblastoma cells, VT
Rat hippoeampal slice

5/100mV

~ 0.05

1/100mV

12/100 mV

8.3
21 / 100 mV

3/100 mV

0.15
0.154).3

~ 0.002

0.005

~ 0.008
0.002

5

~ 0.005

0.2 ~ 0.5
0.18 ~ 0.88
0.005
0.18 ~ 0.88
0.001
0.53 ~ 10.54

0.5 ~ 1.5
0.02 ~ 0.5
I
0.5
0.1

1.8 ~ 2.8

4.0
1.8
0.6
0.18

0.11 ~ 1.8

0.18 ~ 0.88
0.00 !
1.8
0.4 ~ 1.8

20
60

5 ~ 10

5

5

60 ~ 120

1
15 ~ 30
20
>60
30
30 ~ 100

15 ~ 75

60
60 ~ 90
60 ~ 90
60 ~ 120

60

60
15 ~ 30
60
60 ~ 90

Staining
Cone. (raM)
Time (min)

0.5 ~ 1.5

RH 237
Styryl
MW: 497
AF

0.45
0.03 ~ 0.05
0.5 ~ 1.5
0.05

0.1 ~ 1

0.5
0.25
0.4
0.15 ~ 0.3

Signal size
%

Salamander olfactory bulb,
VT**, VV
Goldfish optic tectum, VT
Frog optic nerve, tectum, VV, VT
Guinea pig hippocampal slice
Guinea pig neocortical slice
Rat hippocampal slice
Rat somatosensory, visual cortex, VV

Rat visualcortex, V V
Rat somatosensoryeortex, VV
Rat cerebellum, VV
Monkey visual cortex, VV

Rat olfactory cortex, VV

Guinea pig neocortical slice
Rat occipital slice
Hamster gustatory cortex, V V *
Guinea pig auditory cortex, VV

Preparation

RH414
Styryl
MW: 569
AF

RH 795
Styryl
MW: 543
AF

Dyes

Table 1.

720

550

610,700
630,750

546

546

540
541
541 ___20

615

>610

> 590

625
> 590
> 590

>590

> 590

546
520

> 590

> 580
> 630
> 610
>590
> 590
> 610

>610

>610
>610
> 590
>630

> 590

> 590
> 590
>610
> 590

546

540
540
540
541 + 20
546
520

520 ~ 540

520 __+90
520,530
540
540

520,535

541 4- 20
546
525 _+ 45
460

Wavelength (nm)
Illumi/Ex.
Em.

2

3

3

3
2

2

0-2

Toxicity

References

Wu et al., 1994b

Fluhleretal., 1985

Sugitanietal., 1994a,b
Konnerth et al., 1987

Chienand Pine, 1991a,b

Grinvald et al., 1982a

Fluhler et al., 1985
Fromherz and Vetter, 1992
Fromherz and Vetter, 199 !
Grinvald et al., 1983

continued

Grinvald et al., 1982a
Grinvald et al., 1983
Bonhoeffer and Volker, 1988; Bonhoeffer
et al., 1989; Plenz and Aertsen, 1993
K i m e t a l . , 1989

Orbach and Cohen, 1 9 8 3 ; K a u e r e t a l . , 1987;
Kauer, 1988; Wellis and Kauer, 1993, 1994
Manis and Freeman, 1988
Grinvald et al., 1984; Konnerth et al., 1988
Sagga u et al., 1986
Albowitzand Kuhnt, 1993
Bonhoeffer and Volker, 1988
Orbach et al., 1985

Albowitz and Kuhnt, 1993
Bolz et al., 1992
London, 1990
Fukunishi et al., 1992;
Taniguchi et al., 1992; U n o et al., 1993
Cattarelli and Cohen, 1989;
Litaudon and Cattarelli, 1992, 1994
Orbach and Van Essen, i 993
Grinvald et al., 1986; London et al., 1989
Elias et al., 1993
Ratzlaff and Grinvald, 1991;
Grinvald et al., 1994
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Table i (continued).
Di-4-ANEPPS
Styryl MW:
480 AF, AA

Model membrane

Hella cells, cell culture, VT
Leech Retziuscells, VT
Red cell, VT

AF: ~ 10/100mV
AA: 0.05/100 mV
AA: 9/100 mV
AF: l 1/100 mV
AF: ~ 10/100 mV
AF: 10
AF: 7

Heart

A R. ~. ~ q

Squid axon, VT

mtls¢le slice

Di-8-ANEPPS MW: 593

Mouse neuroblastoma ceUs, VT

RH 155 (NK3041)
Oxonal
MW: 638
AA

Navanax buccal ganglion, VV
Necturus optic nerve, VT
Aplysia abdominal ganglion,

NS2761 Merocyanine~
rhodanine MW: 768 AA

WW 781 Oxonol MW:
757 AA or AF

10

0.01
~ 0.008

10

tq 0 , 0 9 7

~.

n

cq

0.04 ~ 0.1

0.78
0.16
0.15 ~ 0.78

Fluhleretal., 1985;
Lojewska et al., 1989; Loew et al., 1992
Loew et al., 1992

540

>>610

546
541 + 20
492

>>590
>>590
>>630

3

Gross et al., 1986; Ehrenberg et al., 1987
Fromherz and Vetter, 1991
Loew et al., 1992

>> ~

l

~,~vlucu~o,

<

, s a n ¢'~n

30
60
10 ~ 30

705 + 25
705
700,720

0.62
1.57
0.62
0.31

!

0-3

20 ~ 40
15
20 ~ 40
60
60 ~ 120

705 _+ 25
720 _ 15
705
705
705 _+ 25

0
13

Squid giant axon, VT
Barnacle ganglion, VT

AA: 0.05 ~ 0.3

0.81 ~ 0.91
0.36 ~ 1.83

20
10 ~ 30

722 _ 21
720, 725, 750

Frogoptic nerve, VT

AA:0.3

0.18 ~ 0.73

15 ~ 25

540,570,660

Monkey visual cortex, VV

AF: 0.03
AR: 0.2

0.18 ~ 0.73
1.82

15~25
30 ~ 60

6 3 0 + 15
720 _ 25

1 ~'7/.~ L, U e W e l t.ll., I ~ ' ~ /

Bedlacketal., 1992

450,510

VT, VV

1

0

London et al., 1987
Astion et al., 1989
Grinvaldet al., 1984;
Parsonsetal., 1989, 1991;Zecevicetal., 1989;
Nakashimaet al., 1992, W u e t al., 1994a,b
Cinelli and Salzberg, 1992
Rossetal., 1987
Cinelli and Salzberg, 1990
Konnerth et al., 1987
Shrageretal., 1987

Ross and Krauthamer, 1984
Konnerth and Orkand, 1986;
Konnerth et al., 1988
Konnerth and Orkand, 1986
Blasdel and Salama, 1986; Blasdel, 1992a,b

660 _+ 15

Frog neurohypophysis, VT
Chick vagus nerve, ganglion, VT
Chick brainstem, VT

0.2 ~ 0.3
0.3
~ 0.8
0.1 ~ 0.2

0.13
0.13
0.1 ~ 0.2
0.13 ~ 0.26

25
25
15 ~ 25
15 ~ 25

722 __+21
700
702,720
702,720

Barnacle ganglion, VT
Frog optic nerve, VT

AA: ~ 0.02
AA: 0.3

2.6
0.13 ~ 0.53

20
15 ~ 25

720, 750
570, 660

AF:0.03

0.13 ~ 0.53
0.05

15 ~ 25
20

630 + 15
610 +__ 18

Grinvald et al., 1981 a
Konnerth and Orkand, 1986;
Konnerth et al., 1988
K o n n e r t h a n d O r k a n d , 1986
Kent and Mozell, i 992

0.43
1.1 ~ 8.7

10 ~ 30
15

725,750
660 _ 15

Xenopusneurohypophysis, V T

Barnacle ganglion, VT
Rat SCG neurons, VT

0.015

660 __+ 15

1
3

<
o

_~.

=.

Salzbergetal., 1993
Salzbergetal., 1977; Rossand Reichardt, 1979;
Grinvald et al., 198 i a,

Salzberg et al., 1983
Obaid etal., 1989
Sakaietal., 1985, 1991
Kamino et al., i 989, 1990;
K o m u r o et al., 1991, 1993

Salamander, frog olfactory sac,
VT, VV
WW 375(XVII)
Merocyanine-rhodanine
MW: 462 AA

0.02

0.00005

Salamander olfactory bulb, VT
Leech ganglion, VT
Skate olfactory bulb slice
Skate cerebellar slice
Frog sciatic nerve, VT
N K 2367(XXII)
Merocyanine--oxazolone
MW: 548 AA, AF, AR

0.0003

t~
O
E
ga
I~
O

Ross and Kxauthamer, 1984
Ross and Reichardt, 1979

*VV: in vivo, **VT: in vitro. Signal size is either AA, AF or AR relative to background unless sensitivity explicitly given in %/100 mV. Toxicity includes either pharmacological or photodynamic
damage if described explicitly. 0 = none, 1 = mild, 2 = moderate, 3 = severe.
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field would tilt the charged naphthalene group toward spectrum for these probes (Loew et al., 1978; Loew
the aqueous phase, in turn modulating the rate of and Simpson, 1981; Fromherz and Lambacber, 1991).
horizontal transition of charge. Fromherz and Furthermore, the lack of a general decrease in
colleagues have described dyes related to the quantum yield argues against dye aggregation as a
aminostyryl pyridinium chromophore in which major mechanism (Loew and Simpson, 198 I). It is also
rotation (i.e. twist) of the molecule can markedly effect possible to exploit the wavelength shift of di-4quantum yield (Fromherz and Heilemann, 1992) and ANEPPS for dual wavelength, ratiometric measureshift the absorption and fluorescence spectra (Ephardt ments (Montana et al., 1989). Ratio imaging is
and Fromherz, 1991). By manipulating the capacity of extremely attractive, helping to remove any concenthe molecule to twist, the goal is to produce a dye with tration dependency due to variable staining and
high quantum yield and limited bleaching.
providing an internally standardized assay of
Eiectrochromism is due to a charge shift mechanism membrane potential.
which is sensitive to a properly oriented external
A strong case has been made for dye design based
electrical field (Waggoner and Grinvald, 1977; Loew on a charge shift mechanism (Loew and Simpson,
et al., 1978, 1979; Loew and Simpson, 1981; Gross and
1981). However, even the aminostyryl pyridinium dyes
Loew, 1989). Also known as the Stark effect, exhibit non-electrochromic components (Loew et al.,
electrochromism involves a frequency shift of the 1985, 1992; Fromherz and Lambacher, 1991). For
absorption peak due to the electrical field. There are di-4-ANEPPS the non-electrochromic effects are
both linear effects which depend on the orientation of attributed to a field-induced 'resolvation' that moves
the molecule in the electrical field and quadratic field the charged naphthalene group towards the surface of
effects which are orientation independent (Waggoner the membrane and twist of the molecule (Fromherz
and Grinvald, 1977). Since there is no movement of the and Lambacher, 1991). The net effect is the weaker
chromophore, electrochromic shifts occur on a blueshift in the fluorescence spectrum, a decreased
subnanosecond time scale. The voltage-sensitive quantum yield, and broadening of the spectrum
properties of the early merocyanine, cyanine, and (Fromherz and Lambacher, 1991). The styryl probe,
oxonol dyes are probably not electrochromic (Ross RH 421, aggregates in aqueous solution and forms a
et al., 1977; Waggoner and Grinvald, 1977). low fluorescence state (Clarke et al., 1992). The dye
Measurements of the optical response time have ruled when bound to the membrane also has concentrationout electrochromic properties for some dyes. For dependent changes in fluorescence. These obserexample, the optical response time for merocyanine vations suggest a non-electrochromic component to
540 and several other dyes is too slow to be explained the voltage sensitivity of RH 421, possibly a
by an electrochromic mechanism (Cohen et al., 1974). potential-dependent monomer--dimer mechanism
With refinements in optical and potential measure- similar to merocyanine 540 (Clarke et al., 1992).
ments, several dyes have been shown to have response
times of less than 2 ttsec, including the merocyanine2.3. Absorbance and Fluorescence Optical Signals
oxazolone dye NK2367 (Salzberg et al., 1993) and the
styryl dye, di-6-ASPPS (Loew et al., 1985). Another
Determination of the changes in membrane
important criterion required for electrochromism is potential with a voltage-sensitive dye requires the
that the first derivative of the absorption or excitation optical detection of either the changes in absorption
spectrum should have the same slope as the difference (i.e. conversely transmittance) or the emitted
spectrum. Some of the earlier dyes also failed to meet fluorescence. Optical measurements are usually
this criterion (Ross et al., 1977; Waggoner and reported as a change in fluorescence (AF) or
Grinvald, 1977).
absorbance (AA) as a fraction of the background levels
Several dyes which have fast optical response times ( A F / F or AA/A). There have been several discussions
and meet the first derivative criterion have been of the advantages and the decision-making process of
synthesized and studied by Loew and colleagues whether to use fluorescence or transmittance changes
(Loew et al., 1979, 1985; Loew and Simpson, 1981; (Waggoner and Grinvald, 1977; Loew and Simpson,
Fluhler et al., 1985), including di-5-ASP and 1981; Orbach and Cohen, 1983; Grinvald et al., 1988).
di-4-ANEPPS. These dyes all contain the aminostyryl Waggoner and Grinvald (1977) proposed a two state
pyridinium chromophore, as do all of the widely used model of absorbance change based on molecular
styryl probes (Cohen et al., 1974; Ross et al., 1977; motion mechanisms. The model predicts that
Gupta et al., 1981; Grinvald et al., 1982a, 1994). When absorption changes depend on (1) the total concenbound to a membrane, the positively charged tration of the dye involved in the equilibrium, (2) the
pyridinium ring of this class ofstyryl probes is oriented movement of the dye with changes in the membrane
near the extracellular space, the long axis of the voltage, and (3) the equilibrium constant. Absorbance
molecule perpendicular to the membrane surface changes can be maximized by (1) increasing the
(Loew et al., 1978, 1979). The theory predicts that intrinsic extinction coefficient of the dye, (2) increasing
photoexcitation results in a shift of the positive charge the sensitivity to dye aggregation, (3) having an
away from the pyridinium end toward the equilibrium constant close to unity, (4) increasing dye
aminophenyl end of the molecule. The shift is concentration, and (5) increasing the molecular
estimated to be of the order of 0.3 nm (Fromherz and motion of the dye. Waggoner and Grinvald (1977)
Lambacher, 1991). Therefore, the voltage dependency estimated that a change in absorbance on the order of
of these chromophores is hypothesized to be due to the 10-3/100 mV approaches the maximum obtainable.
electric field across the membrane hindering the Values of 10-3 for a 100 mV potential change have
intramolecular relocation of the positive charge. been obtained (Grinvald et al., 1977a; Ross et al.,
Depolarization produces the expected blueshift of the 1977; Salzberg et al., 1977).
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Measurement of absorbance changes has been used
commonly in reduced CNS preparations, such as slice
preparations, and also with invertebrate preparations
(see Table 1). Absorbance measurements m a y be
advantageous in thick preparations, since the
reduction in signal-to-noise ratio is compounded in
epi-fluorescence measurements as a consequence of
decreased excitation and emission due to light loss
(Orbach and Cohen, 1983). Also, the signal-to-noise
increases linearly with absorbance measurements since
overall transmission is relatively insensitive to depth
but the change in transmission increases with depth
(Grinvald et al., 1988). In contrast, both the change in
fluorescence and background fluorescence are equally
affected by depth, l!herefore, A F / F is not altered. The
signal-to-noise ratio, therefore, will increase only as
the square root of background fluorescence, F
(Grinvald et al., 1988).
Early studies of voltage-sensitive dyes noted the
small fluorescence changes but concentrated on the
large changes observed with transmittance measurements (Ross et al., 1977). However, it readily became
evident that large changes in fluorescence were also
possible, an essential observation since epi-fluorescence measuremeats are routinely used for in vivo
investigations of the CNS (see Table 1). Based on
certain ideal conditions and a two-state equilibrium
model, Waggoner ~LndGrinvald estimated that larger
changes in fluorescence were possible than changes in
transmittance (Wal;goner and Grinvald, 1977). Steps
to maximizing fluorescence changes include (l)
reducing the non-specific binding of the dye, as yet an
unrealized goal in most CNS studies, (2) maximizing
the difference in the fluorescence levels between the
two states of the dye, and (3) equal partitioning of the
dye between the two states. It should be stressed that
transmittance mea:mrements monitor the light not
absorbed by the membrane bound dye, and
consequently tran,;mittance is sensitive to probe
concentration. Fluorescence measurements monitor
the light from the photoexcitation and are relatively
concentration independent since AF and F both
increase with increasing concentration. The dependence of absorption measurements on the amount of
dye can be crucial as pointed out by Chien and Pine
(1991 b), estimating that small neurons may not be able
to bind enough dye and absorb an adequate fraction
of the light to obtain a satisfactory signal-to-noise
ratio. At relatively modest staining concentrations
(0.5-2.0/~m), Chien and Pine (1991b) estimated one
dye molecule for ew,'ry 100 membrane lipid molecules,
near the limit of tolerable concentration. One of the
important factors reducing the signal size in
epi-fluorescence measurements is non-specific binding. The squid axon stained with the styryl dye,
di-6-ASPPS, yielded a fluorescence change 20-40-fold
lower than stained hemispherical bilayers (Loew et al.,
1985). A large frac,tion of the decreased yield was
attributed to background fluorescence from nonspecific staining. L~rge epi-fluorescence signals have
been reported in preparations lacking in glia and in
single cell studies (Grinvald et aL, 1983; Bonhoeffer
and Volker, 1988; Loew et al., 1992). Much smaller
signals are usually obtained in intact preparations in
which non-specific binding can be prominent (see
Table 1). Fluorescence measurements are also
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dependent on the light collection, with a need to
maximize the numerical aperture of the collection lens
(see Section 2.5).
Monitoring fluorescence intensity as an assay of
membrane potential is essentially a linear approach.
Non-linear optical phenomena due to the interaction
of dyes with an electric field are also potentially useful
in the study of biological systems (Huang et al., 1988;
Bouevitch et al., 1993). In addition to demonstrating
that styryl dyes have second harmonic signals (Huang
et al., 1988), Loew and colleagues have shown that
second harmonic generation is membrane potentialsensitive for a modified chiral styryl dye in
hemispherical lipid bilayers (Bouevitch et al., 1993).
Potential advantages of using second harmonic
generation include an excellent signal-to-noise ratio,
no contribution of non-membrane bound dye to the
signal, better than femtosecond time resolution, and
limited phototoxicity. While the applicability of such
a technique remains to be determined, the concept
should be explored further. Phenomena such as
non-linear optical effects only emphasize the need for
additional investigations into the mechanisms of
voltage sensitivity as undertaken by Loew and
Fromherz and their respective colleagues.

2.4. Optical Recording Methods
The small size of the optical signals derived from
voltage-sensitive dyes requires sensitive, low noise
recording techniques. Two basic approaches are used
to record optical signals from voltage-sensitive dyes,
photodiodes and imaging devices (i.e. video cameras).
Although the principles of both approaches are
identical, the different advantages and disadvantages
prompt separate discussions. Initially, single photomultiplier tubes and single photodiodes were used to
detect optical signals (Tasaki et al., 1968; Cohen et al.,
1974; Ross et al., 1977). However, the need and desire
for increased spatial resolution quickly led to the use
of multiple photodiodes and photodiode arrays
(Salzberg et al., 1977; Grinvald et al., 1977a,b, 1981 a).
Typically, arrays of l0 x l0 or 12 × 12 photodiodes
have been used, but larger arrays (448 or 464 elements)
have been employed successfully (Nakashima et al.,
1992; Falk et al., 1993). Typical dimensions for each
element in a 12 × 12 array is 1.4 x 1.4mm with a
center-to-center spacing of 1.5 mm (Grinvald et al.,
198 la; Orbach et al., 1985; London et al., 1987). From
a perspective of increasing spatial resolution, the size
of these devices is somewhat restrictive. To circumvent
this problem a 'fiber-optic camera' has also been
developed, essentially an array of 256 single
photodiodes with optical fibers carrying the light from
the preparation to the detectors (Chien and Pine,
1991b).
Photodiode arrays require the appropriate low noise
amplifiers, usually of an individual laboratory's own
design. Improvements in amplifier design have been
steady (Senseman and Salzberg, 1980; Grinvald et al.,
1982a; Bonhoeffer and Volker, 1988; Chien and Pine,
1991b; Nakashima et al., 1992). Published values of
the dark current noise are greater than the predicted
Johnson noise but still well below shot noise at the
fluorescence levels obtained in cultured cells (Chien
and Pine, 1991b). Subsequent to amplification, the
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data acquisition system consists typically of an
analog-to-digital converter, usually 12 bits with
digitization rates of 0.5-1.0 msec. Different digitization depths have been used. Still, for many
investigators, the construction and maintenance of a
bank of up to 400 amplifiers is a significant
undertaking. An encouraging advance has been the
development of a camera based on a 128 x 128
monolithic photodiode array (Matsumoto and
Ichikawa, 1990). Using a 4 x objective, the array
views a 2.2 x 2.2mm area (17.2 x 17.2 /~m per
element). Temporal resolution in the submillisecond
range is possible (~0.5 msec) with an overall noise level
of less than 0.01%. This system has been used
successfully to image optical activity in the hippocampal slice (Tominaga et al., 1994), cerebellum (Ichikawa
et al., 1993), and the piriform cortex (Sugitani et al.,
1994a,b).
An alternate approach to photodiodes is video
imaging. Loew and colleagues were the first to
demonstrate the feasibility of video imaging of
voltage-sensitive dye signals, mapping the spatial
distribution of externally applied transmembrane
potential changes in non-excitable cells (Gross et al.,
1986). Blasdel and Salama (1986) were the first to use
video imaging to monitor voltage-sensitive dye signals
in the CNS, examining the spatial relationship
between the ocular dominance columns and orientation sensitivity in the primate striate cortex (see
Section 3.2). Using a camera with 60 dB dynamic range
(signal-to-noise ratio of 1000), averaging 900 frames
and lateral averaging of neighboring pixels (2 x 4), the
signal-to-noise ratio increased by a factor of 10
(Blasdel and Salama, 1986; Blasdel, 1989). In the
salamander olfactory bulb using video imaging, Kauer
(1988) achieved high spatial (128 x 128 pixels) as well
as temporal resolution (30 frames/sec) with adequate
signal-to-noise ratio. A somewhat similar approach
was used in the cerebellar cortex to image the
activation of parallel fibers evoked by surface
stimulation (Kim et al., 1989).
Video imaging of voltage-sensitive dye optical
signals was accomplished initially with conventional
tube technology (Blasdel and Salama, 1986; Gross
et al., 1986; Kauer, 1988), but charge-coupled device
(CCD) based systems have also been used (Yae et al.,
1992; Elias et al., 1993). Video or CCD imaging offers
the advantage of improved spatial resolution, the
typical video camera having detector arrays of
512 x 512 with much larger arrays available. Packing
density for CCD arrays is not a problem, since
individual pixels are typically on the order of 20 × 20
/~m and smaller elements are available. Therefore, light
guides are not needed. The major trade-off is temporal
resolution. Typical video cameras have rates of 30
frames/sec at 512 × 512 resolution with 8 bit
digitization, and originally, cooled, high quality CCD
systems were slower by more than two orders of
magnitude. The signal-to-noise level of commonly
available CCD video cameras is in a range limited to
40-60 dB; therefore, either large optical signals
(Kauer, 1988) and/or extensive averaging is required
(Blasdel and Salama, 1986; Kim et al., 1989).
Increasing integration time can also improve the
signal-to-noise ratio, which can be easily implemented
on CCD cameras. Intensifiers have been used to

increase the low light sensitivity of video based systems
(Gross et al., 1986; Kim et al., 1989), but these devices
invariably add noise.
Video cameras suffer from a limited dynamic range,
noise, non-linearities, geometric distortions, and a
trade-off between spatial resolution and sensitivity
(Hiraoka et al., 1987). CCDs offer an attractive
alternative to conventional tube based video imaging.
CCDs are metal-oxide-semiconductor optical detectors composed of individual pixel elements. Light
generates electron-hole pairs in the semiconductor
which stores the photon-induced electrons in a
potential well. Individual pixel dimensions typically
range from 6 to 30 #m on a side. Each pixel element
accumulates charge proportional to the product of the
light intensity and exposure time. To read out the
charge level in a well, a sequence of potentials is used
tO propagate the charge to a serial register, hence the
name charge-coupled device. Since each pixel does not
require a separate connection to an amplifier, the
packing density can be quite high. The charge is then
shifted along the serial register to an output amplifier
where each well is measured and digitized. The
quantum efficiency of CCDs can be as high as 70%,
improving signal detection (Hiraoka et al., 1987).
Advantages include low noise, excellent linearity,
limited problems with blooming, and excellent
sensitivity to low light. High geometric stability is a
characteristic of scientific quality systems, essential for
high resolution imaging. The wide dynamic range of
these devices combined with their excellent sensitivity
make CCD ideal to detect small changes in light
intensity against a much larger level of background
light intensity, the typical scenario in voltage-sensitive
dye imaging in the CNS.
When cooled, the noise characteristics of these
devices are extremely good with typical dark current
RMS noise of 10-25 electrons/pixel/sec. The major
sources of noise for a CCD include dark current noise,
read-out noise, and photon-induced shot noise. A
signal-to-noise ratio of 1400 to 1 was obtained for a
cooled slow scan CCD camera with 12 bit digitization
(Lieke et al., 1989; Ts'o et al., 1990; Bonhoeffer and
Grinvald, 1993). However, it must be stressed that the
signal-to-noise ratio is a function of image integration
time, and that the signal-to-noise ratio decreases as
exposure time decreases. Scientific grade CCDs insure
a high degree of pixel uniformity. Commercially
available systems with 12, 14, and 16 bit digitization
are available. In contrast, silicon-intensified target
cameras generally have only 6-7 bits of information
available and are considerably more noisy (Hiraoka
et al., 1987). Cooled CCDs have been used in the
imaging of intrinsic signals from the somatosensory
(Gochin et al., 1992; Masino et al., 1993) and visual
cortices (Ts'o et al., 1990; Bonhoeffer and Grinvald,
1991, 1993). The favorable signal-to-noise ratio and
imaging characteristics of these devices for use in
voltage-sensitive dye optical studies were demonstrated first in the cerebellar cortex (Yae et al., 1992;
Elias et al., 1993). Voltage-sensitive dye images
obtained with a cooled CCD system of activity
patterns in the cerebellar cortex are shown in Figs 1--4
and intrinsic signal images from the visual cortex in
Fig. 7.
Cooled CCDs have used traditionally very slow
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digitization rates to maintain their desirable signal-tonoise characteristics. Early systems had digitization
rates of 50 and 200 kHz, too slow for acquiring
sequential images I:o study the temporal evolution of
electrophysiologiced events in the CNS. One approach
to increase imagin$; speed is to trade spatial resolution
for temporal resolution (Lasser-Ross et al., 1991). By
binning on the CCD chip and restricting the array to
18 x 18, imaging rates of 100 frames/sec have been
achieved in optical studies of intracellular Ca 2÷ fluxes.
Another approach is to use the frame transfer mode of
these devices to increase the speed of data acquisition.
A masked frame tr~.nsfer CCD chip is required. Images
are collected on the non-masked area, then shifted
under the masked area (an operation which takes less
than a millisecond). The frame under the mask is read
out while exposing a new frame on the unmasked half
of the array. Commercial systems implementing frame
transfer are becoming available and the digitization
rates on cooled CCD cameras have increased to
1.5-3.0 megapixe11112 bit digitization), depending on
the computer platform used. Sequential images of
100 × 100 pixels can be obtained in 3.3 msec using the
frame transfer approach at 3.0 megapixel rates.
Therefore, the temporal resolution gap between
photodiodes and CCD based imaging is narrowing
rapidly.

2.5. Optics and Illumination
The recording systems and optics used for
voltage-sensitive dye optical recordings have been
discussed at length in other reviews (Grinvald, 1985;
Grinvald et al., 1988; Salzberg, 1989). It suffices to
restate that most investigators have adapted existing
microscopes, either of upright or inverted design,
depending on the application and needs. Customized
optics from components have been assembled and
used in voltage-sensitive dye (Blasdel and Salama,
1986; Blasdel, 1992a,b) and intrinsic signal imaging
studies (Bonhoeffer and Grinvald, 1991, 1993).
Vibration isolation is important. For in vivo CNS
applications requiring stereotaxic head frames, heavy
manipulators, and larger animals, the focusing
mechanism must involve moving the optics and not the
preparation. Methods to minimize the various sources
of noise have also been stressed in previous reviews
(Grinvald et al., 1988; Salzberg, 1989). It should be
stressed that for in vivo CNS studies mechanical noise
due to cardiovascular and/or respiratory movements
is a significant problem. Gating of the recording on the
cardiovascular and/or respiratory cycle is generally
necessary and can result in considerable improvement
(Orbach et al., 1985; London et al., 1989; Fukunishi
et al., 1992).
Emphasis has been placed on maximizing the light
intensity and light collection efficiency to improve the
signal-to-noise ratio. In epi-fluorescence experiments,
signal-to-noise ratio is proportional to the square root
of the overall fluorescence (Waggoner and Grinvald,
1977). The fluorescence detected is proportional to the
square of the numerical aperture (NA) of the objective.
If epi-illumination is used, the illumination is also a
function of the NA of the objective. Consequently, in
epi-fluorescence imzging with epi-illumination, image
brightness will be a function of the fourth power of the
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numerical aperture. Although high NA lenses
(0.5-1.2) are obtainable and readily available with
high magnification objectives, in many CNS studies a
large field of view is desired. Numerical apertures of
0.2-0.08 are more typical of low magnification lenses
(6.3 × or 2.5 x ). One solution to this problem
includes the construction of low magnification lenses
with larger numerical apertures (Blasdel, 1989, 1992a).
A second solution consists of a tandem lens
arrangement with two back-to-back 35 mm camera
lenses (Ratzlaff and Grinvald, 1991). A tandem
combination of an f = 50mm, F/I.2 lens and an
f = 135 ram, F/I.8 lens has a numerical aperture of
0.4, working distance of 40 mm, lateral resolving
power of 2/zm, a depth of field of 50/~m, and a field
of view 8 mm in diameter. This tandem lens system has
been used successfully in voltage-sensitive dye
(Grinvald et al., 1994) and intrinsic signal studies
(Bonhoeffer and Grinvald, 1991, 1993) of the visual
cortex.
The light source used to excite a voltage-sensitive
dye or intrinsic chromophores is critical. With the
optical signals in CNS preparations typically at a
fraction of 1% relative to the background light
intensity, a stable light source is needed. Furthermore,
the strength of the light must be sufficient to excite the
dye. As pointed out by Orbach and Cohen (1983),
depth recording in the CNS poses significant
challenges. The intensity of light drops off by a factor
of 10/mm. For transmission recordings the light
reaching the detectors decreases by a factor of 10/mm
with the resultant reduction in signal-to-noise ratio by
x/10/mm (assuming shot noise limited). The problem
is compounded for epi-fiuorescence studies; both the
illumination and the emitted optical signal will be
subjected to the same fall-off of 10/mm, with a net
reduction of signal-to-noise of 10/mm.
Two major types of light sources are commonly
used, tungsten-halogen lamps and mercury arc lamps.
Zenon arc lamps have also been utilized as well as laser
illumination (Grinvald et al., 1981b). Tungsten-halogen lamps have an inherent stability advantage over
arc lamps with stability measures (peak-to-peak
fluctuations) of I 0-6 possible. High quality, commercial power supplies for tungsten-halogen bulbs
typically quote peak-to-peak fluctuations of 0.001%.
However, most commercially available microscopy
power supplies are designed for 100 W lamps which
may have inadequate illumination for some CNS
preparations. One solution is to use a 300 W lamp,
adapting commercially available power supplies for
microscopic applications (Kamino et al., 1989).
Mercury arc lamps provide high intensity illumination at several spectral lines, many of which are
particularly suited for exciting existing voltage-sensitive dyes. Of note is the spectral line at 546.1 nm which
can be used with the most useful styryl dyes including
RH 414, RH 795 and di-4-ANEPPS. The greater light
intensity of a mercury lamp is needed for exciting dye
bound to deeper lying elements in CNS preparations
(Orbach and Cohen, 1983) and for small cells (or parts
of cells) which generate little fluorescence (Chien and
Pine, 1991b). However, phototoxicity will increase
with increasing levels of illumination, imposing an
upper limit on this strategy.
Mercury arc lamps are unstable, having both fast
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and slow noise. A line-frequency ripple produces a fast
fluctuation with peak-to-peak amplitudes up to 1.5%
with conventional bulbs (Chien and Pine, 1991b).
Stabilized power supplies can correct significantly for
this source of noise. Providing direct optical feedback
improves significantly the performance of mercury arc
lamps (Chien and Pine, 1991b). A reported drop from
0.5% to 0.002% RMS noise of the fast fluctuations
occurs at the lamphouse, however, the improvement in
illumination at the specimen was less dramatic (0.6%
to 0.02% RMS). The second source of noise, arc
wander, has a much longer time course (~100 msec)
and produces intensity fluctuations that can exceed
3%. A particularly troublesome difficulty with arc
wander is the non-uniform nature of this noise. Data
rejection schemes can be incorporated into the
acquisition algorithms to deal with arc wander (Chien
and Pine, 1991b). A helpful recent development is the
production of 'super-quiet' mercury-zenon bulbs
(Hamamatsu, Inc.) which minimize arc wander by use
of a highly durable cathode that has limited erosion
with operating time. Fluctuation measurements show
peak-to-peak noise of 0.3% without optical feedback
and virtually no arc wander. Our experience with these
newer bulbs is that they provide a much quieter light
source with the additional benefit of 4-5 times longer
bulb life (500-1000 hr).

2.6. Dyes in Common Use: Specificity,
Sensitivity, and Toxicity
A prerequisite for a successful optical study is
finding a voltage-sensitive dye that provides an
adequate signal in the preparation of interest without
untoward effects. It should also be stressed that
besides a few large screening attempts (Cohen et al.,
1974; Ross et al., 1977; Gupta et al., 1981; Loew and
Simpson, 1981; Grinvald et al., 1982a, 1994; Chien
and Pine, 1991a), an investigator's use of a particular
dye is not necessarily due to an exhaustive trial of all
possible candidates but simply finding a compound
that works. A major unsolved problem with existing
voltage-sensitive dyes is their preparation and species
specificity. Several studies have directly addressed
this issue (Ross and Reichardt, 1979; Loew et al.,
1985, 1992). Although large optical signals were
recorded from barnacle and leech neurons using
WW375 and NK2367, much smaller signals were
obtained in isolated vertebrate neurons (rat superior
cervical ganglion and embryonic chick spinal cord)
using the same dyes (Ross and Reichardt, 1979). As
important was the observation that the action
spectrum of the dyes was highly preparation-dependent. Both WW375 and NK2367 differed in their
spectral characteristics from the barnacle ganglion
and the superior cervical ganglion (Ross and
Reichardt, 1979). One possibility is that the dye
properties are influenced by the composition of the
membrane. Di-6-ASPPS had a 20--40 times smaller
change in fluorescence on the squid axon than on a
model membrane system (Loew et al., 1985).
Non-specific background staining may account for
some of the signal loss.
The potential sensitivity of di-4-ANEPPS was
compared systematically in lipid vesicles, red blood

cells, squid giant axon, and guinea pig heart (Loew
et al., 1992). In each case potentiometric optical
responses with a sensitivity of 7-10%/100 mV were
obtained, probably the most consistent set of
responses across preparations studied to date. Still,
species and preparation differences should not be
unexpected since multiple mechanisms probably
contribute to the potential sensitivity of a given dye
(Ephardt and Fromherz, 1989; Montana et al., 1989;
Fromherz and Lambacher, 1991). Although the
putative electrochromic dyes designed around the
aminostyryl pyrinidium chromophore have somewhat similar sensitivity in single cells (Loew et al.,
1985; Gross et al., 1986; Fromherz and Lambacher,
1991), even for these dyes the sensitivity and
selectivity may vary. In spite of the attractive
properties of di-4-ANEPPS with voltage-dependent
fluorescence changes as large as 10%/100 mV
(Fluhler et al., 1985; Fromherz and Lambacher, 1991;
Loew et al., 1992), its use has not been reported in
a CNS preparation (see Table 1). We have been
unable to obtain an optical signal using di-4ANEPPS or the related dye, di-8-ANEPPS, in either
the rat cerebellar cortex in vivo, or turtle cerebellum
in vitro (Chen and Ebner, unpublished results).
However, RH 795 gives large epi-fluorescence signals
in both preparations. Differential staining also
contributes to the specificity problem. For example,
RH 414 reportedly did not stain monkey or cat
cerebral cortex well, but has been used extensively in
other preparations (see Table 1). The barnacle
ganglion was found to be more sensitive to the
hydrophobic merocyanine dyes than the squid axon
(Grinvald et al., 1981a). RH 155 did not stain the
neuropil of the buccal ganglion of Navanax but did
stain their cell bodies (Morton et al., 1991).
Table 1 is a compilation of the more commonly used
voltage-sensitive dyes and the preparations in which
they have been employed. Several dyes have emerged
as possibly the best available agents for various
preparations. The styryl dyes RH 414 and RH 795
have been used extensively in mammalian CNS
preparations including the cerebellum (Kim et al.,
1989; Yae et al., 1992; Elias et al., 1993),
somatosensory cortex (Orbach et al., 1985; London
et al., 1989), hippocampal slices (Bonhoeffer and
Volker, 1988; Bonhoeffer et al., 1989), the visual
cortex (Grinvald et al., 1994), piriform cortex
(Litaudon and Cattarelli, 1994; Sugitani et al., 1994a),
and the auditory cortex (Fukunishi et al., 1992;
Taniguchi et al., 1992; Taniguchi and Nasu, 1993; Uno
et al., 1993). In the primate striate cortex, NK2367 has
been found useful (Blasdel and Salama, 1986; Blasdel,
1992a,b). The oxonol dye RH 155 has been used
extensively in invertebrate studies (London et al.,
1987; Parsons et al., 1991; Zecevic et al., 1989;
Nakashima et al., 1992; Falk et al., 1993; Wu et al.,
1994a,b).
The sensitivity of fast dyes has ranged considerably,
with both intrinsic dye properties and preparations
contributing to the variability. Although sensitivity as
high as 21% changes for a 100 mV change in
membrane potential have been reported for RH 421 in
a neuroblastoma cell (Grinvald et al., 1983), this does
not always translate into a dye that is usable in the
central nervous system. For example, RH 421 has only
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been reported to be successfully used in isolated cells
(Fluhler et al., 1985; Fromherz and Vetter, 1991;
Fromherz and Muller, 1994). In cultures of rat
superior cervical ganglion, dyes with reportedly widely
ranging sensitivity (RH 237, RH 421, RH 423, and
di-4-ANEPPS) all gave dye signals on the order of ~
1%/100 mV (Chiert and Pine, 1991a). Invariably, the
dyes with the most utility have a particularly large
signal, including RH 414, RH 795, NK 2367, and RH
155 (see Table 1).
Much has been written on the photodynamic and
pharmacological damage due to potentiometric dyes
and their bleaching properties. Several reviews have
discussed these issues in depth (Cohen et al., 1978;
Salzberg, 1983; Grinvald, 1985; Grinvald et al.,
1988). Earlier dyes were notorious for their toxicity,
merocyanine 540 being a prime example. Although
phototoxicity or pharmacological complications
cannot be ignored, the styryl dyes in common use
today appear to have acceptably low levels of
toxicity. Optical recordings have been obtained over
periods of several l~Lours in the CNS; with restaining
the signal lasted 13 hr (Orbach and Van Essen,
1993).
Although these newer styryl and oxonol dyes have
considerably fewer pharmacological effects and less
phototoxicity than early dyes, investigators continue
to report some toxicity (see Table 1). Despite the
widespread use of the oxonol dye RH 155, we have
found this dye to be highly toxic in the isolated turtle
cerebellum in vitro and in the rat cerebellar cortex
in vivo. In the salamander olfactory bulb, during
staining with RH 414 the time-to-peak and the
duration of the fiei[d potential increased, but after
washout the field potential returned to normal
(Orbach and Cohen, 1983) and a similar staining effect
was reported for RH 155 in Aplysia (Nakashima et al.,
1992). RH 414 has also been reported to produce
arterial constriction (Grinvald et al., 1986). For RH
795 the amplitude of the evoked potentials decreased
by up to 50% during staining with only a modest
recovery after washout (Cattarelli and Cohen, 1989).
In the rat cerebellar cortex stained with RH 795 we
have observed a similar reduction, but usually the
recovery in the field potential amplitude is nearly
complete on return to normal Ringers.
Much of the toxicity appears to be due to
photodynamic damage. For example, with strong
illumination RH 414 abolished all responses and killed
hippocampal cells in culture (Bonhoeffer and Volker,
1988) and with repetitive illumination slowed the
recovery phase ofglia depolarization in the optic nerve
(Konnerth et al., 1988). When illuminated, both RH
421 and di-4-ANEPPS decreased the amplitude and
increased the duration of the action potential in
cultured Retzius ce]!ls of the leech (Fromherz and
Vetter, 1991), and di-4-ANEPPS prolonged action
potential duration, reduced the resting membrane
potential, and eventually abolished excitability in
isolated cardiomyocytes (Schaffer et al., 1994).
Illumination of superior cervical ganglion cells stained
with NK 2367, WW 375, RH 421 or RH 423 was toxic
(Ross and Reichardt, 1979; Chien and Pine, 1991a).
Therefore, care must be exercised in choosing and
using a voltage-sensitive dye, continually assaying for
untoward effects.

473

2.7. Spatial Resolution
The spatial resolution achievable with voltage-sensitive dyes is of considerable interest for CNS
investigations. The spatial resolution of optical
microscopes and the theoretical resolution of optical
dyes are excellent in the x - y plane but limited in the
z-plane (Agard, 1984). Many factors can degrade the
actual resolution including light scattering by the
tissue as well as out-of-focus components. The
relatively small optical signals obtained with existing
voltage-sensitive probes may also impose a more
practical limit on the spatial resolution, since in many
instances lateral averaging is utilized to maximize
signal (Blasdel and Salama, 1986; Blasdel, 1989).
Orbach and Cohen (1983) estimated the spatial
resolution and the contributions from out-of-focus
light sources in the intact olfactory bulb by using a 40
#m pinhole over the preparation, focusing onto a
10 x 10 photodiode array. Each detector viewed a 94
#m 2 area when using an effective magnification of
15 x with a 10 x , 0.4NA objective. Two findings
were striking: (1) even under 500 gm of saline there
were significant contributions from out-of-focus light
sources and (2) the deblurring effects of the olfactory
bulb were even greater. The authors estimated a
resolution of approximately 200/~m, but did note that
lower magnification produced much less deblurring.
Resolution in the z-axis as well as in the image plane
( x - y plane) seemed particularly limited. The problem
of the resolution in the z-axis can be appreciated from
optical recordings in invertebrate ganglion (Salzberg
et al., 1977). With a 20 x , 0.4NA lens, only a 50%
change in absorbance occurred with a 300 /~m
movement in the z-axis, a distance much greater than
the diameter of a single cell.
Other estimates of the spatial resolution of
voltage-sensitive dye optical signals using a photodiode array include 200 #m in the frog optic tectum with
a 10 x objective, and 80 #m with a 40 x objective
(Grinvald et al., 1984). In the cerebellar cortex spatial
resolution was estimated to be of the order of 25-50
gm with a CCD array (Kim et al., 1989; Elias et al.,
1993). Responses from single cells activated in
isolation with intracellular current pulses were
detectable in hippocampal organotypic culture
(Bonhoeffer and Volker, 1988). In the embryonic chick
brainstem Kamino and colleagues have argued that a
resolution of 2.7 x 2.7 #m 2 is possible, close to that
needed for single cells (Kamino et al., 1989, 1990).
Light scattering effects in the embryonic brainstem
preparation were much smaller than described for
other preparations (Orbach and Cohen, 1983), with
signal size much less dependent on the depth of focus.
The authors speculated that the differences may be due
to the thinness and loose structure of the embryonic
brainstem (Kamino et al., 1989, 1990).
Several developments have resulted in improved
spatial resolution. A major advance has been the use
of video or CCD image arrays with an increase in the
number of detector elements by over three orders of
magnitude (Blasdel and Salama, 1986; Kauer, 1988;
Kim et al., 1989; Ts'o et al., 1990; Blasdel, 1992a,b;
Elias et al., 1993). Imaging systems based on large
monolithic photodiode arrays have become available
recently (Matsumoto and Ichikawa, 1990). Even when
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using relatively low magnification to achieve a large
field of view (Kauer, 1988; Kim et al., 1989; Blasdel,
1992a), employing CCD arrays or video cameras
allows each pixel to view a small area. For example
with a 576 x 384 array and a 6.3 x objective, each
pixel 'sees' an area of 3.4 x 3.4/~m 2 (Kim et al., 1989),
a reduction greater than 2000-fold in the area viewed
by a single element when compared to a 12 × 12 array
at 10.5 x magnification (Orbach et al., 1985).
That the spatial resolution of optical imaging
improves with an increase in the number of detector
elements can be appreciated from Fig. 1. The effect
of altering the pixel size on the optical response to
surface stimulation of the cerebellar cortex is
illustrated. Binning of neighboring pixels on a CCD
is a trivial operation, permitting imaging at several
levels of resolution. Surface stimulation evoked a
dark band of activity that ran from medial-to-lateral
across the surface of the cerebellar cortex related to
the activation of the parallel fibers and their synaptic
targets (see Section 3.1). Altering the number of
pixels has a dramatic effect on the spatial resolution.
The high frequency spatial information available
when using a large number of pixels is evident, even
in vivo, intact preparation with focusing 200/am into
the tissue. At the higher levels of resolution ((C)
13.6 x 13.6/~m, (D) 6.8 x 6.8/lm, (E) 3.4 x 3.4 #m)
the small arterioles and capillaries are distinguishable, suggestive of a resolution of at least 50/~m. As
the number of pixels is reduced to typical photodiode
array sizes ((A) 163 x 163 /~m), the loss of high
frequency spatial information is striking. The
'beam'-like nature of the optical response is lost, and
would be an unconvincing demonstration of the
activation of a restricted bundle of parallel fibers.
Although an exact limit on spatial resolution remains
elusive, an increase in the number of imaging
elements is very useful.
The problem of out-of-focus contributions to an
image can be appreciated from examining the
two-dimensional in-focus and out-of-focus optical
transfer function (OTF) for a lens (Hopkins, 1955;
Stokseth, 1969; Castleman, 1979). The optical transfer
function is the Fourier transform of the point spread
function. The output image viewed in a microscope is
the convolution of the actual (or input) image and the
point spread function of the optics. Assuming an
optical system to be linear, shift invariant, and
aberration-free with a circular aperture, the authors
have calculated the optical transform for several
lenses, including a 6 × , 0.2NA lens, similar to the
objective used in many CNS studies (Kauer, 1988;
Kim et al., 1989). As the image is defocused by even
small amounts (15 vm), there is a general reduction in
high spatial frequencies (Yae et al., 1992). By 100 #m
of defocus the ability of the system to pass high
frequency spatial information is severely degraded.
Furthermore, the degree of defocus is a highly complex
process. For example, a 'bulge' appears at the higher
frequencies for 25/~m of defocus, a prominent feature
of lenses with lower numerical aperture (Agard, 1984).
A visual demonstration of the out-of-focus contributions was shown in Yae et al. (1992), in which a 43.7
#m fluorescent bead was imaged at different degrees of
defocus with a 6.3 x , 0.2NA objective. Although the
focal depth of this objective is < 125 pm, the

out-of-focus contributions from the sphere were
evident well past 325/~m.
It should be stressed that the out-of-focus
contributions and deblurring accounted for by the
optical transfer function are only optical in nature.
Other factors may adversely affect the size of optical
signals and spatial resolution (Grinvald et al., 1988;
Lieke et al., 1989; Yae et al., 1992). These include: (1)
tissue opacity which reduces light transmission, (2)
light scatter within the tissue due to internal reflections
of fluorescent dye bound to membranes and
organelles, (3) dye fading, bleaching, or diffusion, and
(4) movement artifacts due to respiratory and
cardiovascular pulsation.
Computational approaches to remove out-of-focus
contributions have been developed and employed to
improve the spatial resolution of both thin and thick
specimens (Castleman, 1979; Agard, 1984; Agard
et al., 1989). The viewed image is the convolution of
the actual image with the point spread function of the
optics. Therefore, theoretically, deblurring consists of
deconvolving the actual image by multiplying the
observed image by the reciprocal of the optical transfer
function. In practice, numerical estimates of the
deconvolution are performed. We undertook the
deblurring of voltage-sensitive dye images based on
the determination of the theoretical optical transfer
function for an epi-fluorescent imaging system (Yae
et al., 1989, 1992). This approach employed
Castleman's method of removing out-of-focus information from adjacent image planes (Castleman, 1979).
Optical images were taken at 25 /~m intervals
throughout the molecular layer. Deblurring reduced
significantly the contributions of out-of-focus light to
the optical images obtained from stimulation of the
cerebellar surface. Prior to deblurring the optical
signal was detected from the surface to 300/~m below
the surface. After deblurring, the optical signal was
restricted to only two or three of the sections in the
molecular layer. The field potential recordings of the
evoked parallel fiber volley and post-synaptic
components at different depths were in agreement,
with the peak amplitude of the field potential restricted
to a narrow region of the molecular layer. Therefore,
the improvements in spatial resolution were not
limited to the x - y plane but also included the z-axis.
This study demonstrated that computational approaches can improve spatial resolution, an essential
step in the ultimate goal of being able to optically
section a structure in activity-dependent studies. A
similar computational approach has also been
implemented recently for the study of membrane
potential in mitochondria using slow voltage-sensitive
probes (Loew et al., 1993).
Several authors have noted that the optical signals
evoked across a preparation may be surprisingly
homogeneous, seeming to lack spatial or temporal
detail (Orbach et al., 1985; London et al., 1989; Plenz
and Aertsen, 1993). One recent example is from the
hippocampal slice in which optical recordings failed to
reveal the spatial changes expected to occur along the
axis of the CA1 pyramidal cells (Plenz and Aertsen,
1993). To increase spatial resolution, Plenz and
Aertsen estimated an optical source density function
analogous to the determination of extracellular
current source density. Using the hippocampal slice
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preparation stainedLwith RH 237, optical signals were
recorded with a 12 x 12 photodiode array. The second
order spatial deriwttive of the change in fluorescence
along the long axis of the CAI pyramidal cell was
determined. Based ,an a large number of assumptions,
this second order derivative is proportional to the
change in intracelhdar potential along the CA1 cells.
The correspondence of the optical source density and
one-dimensional es'timates of the extracellular current
source density function was qualitatively quite good,
the major difference.s being in amplitude rather than in
the temporal profile. However, there will be many
imaging situations in which the required assumptions
are not a reasonable approximation. In particular, the
existence of a neural element such as the CA1
pyramidal cell, which spans the field of view in one
direction and in which the vast majority of the
intracellular current flow can be assigned, seems
particularly limiting. The assumption of a lack of
lateral or depth interactions in the circuitry will not be
met in most systems. Furthermore, differentiation by
itself can be used to increase spatial or temporal
contrast, since differentiation accentuates high
frequency information. Therefore, it remains to be
determined if this approach will be easily generalized
to other systems.
Computational deblurring approaches are difficult
to implement, require multiple sections for the
deblurring algorithms and are highly sensitive to low
signal amplitudes, a characteristic of voltage-sensitive
dyes. Practical and routine use of these algorithms may
require considerable improvements in voltage-sensitive dyes and recording techniques. An attractive
alternative is confocal microscopy which restricts the
light detected to in-fiacus contributions by a coincident
detection methodology. Confocal imaging of membrane potentials in cultured cells with slow Nernstian
dyes has been shown to be feasible (Loew, 1993).
Several preliminary reports have appeared using
confocal microscopy to achieve single cell level
resolution both in the olfactory epithelium (Gesteland
et al., 1993) and olfactory bulb slices (Kauer and
White, 1993). Single olfactory receptor cells, and in the
olfactory bulb individual glomeruli and neuronal
somata, have been visualized and activity recorded
from these cells. One problem is the rather slow
scanning capability of existing confocal microscope
systems (1 sec), necessitating the trade-off between
spatial and temporal resolution. However, these
preliminary results indicate that confocal microscopy
can eventually be used to resolve activity in three
dimensions.

2.8. Interpretation e,f Voltage-Sensitive Dye Optical
Signals
In most in vitro or in vivo voltage-sensitive dye
studies of the CNS, the goal is to monitor the
spatio-temporal patlerns of activity occurring in the
structure of interest. Since the optical signal from a
voltage-sensitive dye is a measure of membrane
potential, the absolLtte light intensity and change in
light intensity should be in proportion to the
membrane area and changes in membrane potential,
respectively. When recording in the CNS either with
photodiode arrays or cameras, each detector views and
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monitors the signals from a large number of processes.
These will include not only neuronal processes
(pre-synaptic and post-synaptic membranes, cell
bodies, and axons), but also glial cells. Elements with
a high surface-to-volume ratio would be expected to
generate the largest fraction of the signals; that is
dendrites and axons, and a large percentage of the
neuronal membranes consists of dendritic and axonal
processes. Different dyes may preferentially stain
different neuronal membranes (Lev-Ram and Grinvald, 1986; Konnerth et al., 1987). The changes in
extracellular potassium and the resultant glia
depolarization will also contribute (Nicholson et al.,
1978; Konnerth and Orkand, 1986; Lev-Ram and
Grinvaid, 1986; Konnerth et al., 1987, 1988). The
longer time course of glia depolarization may add
significantly to the optical signals (Manis and
Freeman, 1988). Therefore, all of these sources must
be kept in mind when interpreting optical signals.
Optical recordings are commonly compared with
extracellular field potential recordings (see Fig. 3) or
single unit recordings and have been shown to have
many similarities in the cerebellum (Kim et al., 1989;
Yae et al., 1992; Elias et al., 1993), the hippocampus
(Grinvald et al., 1982b), the visual cortex (Blasdel and
Salama, 1986; Grinvald et al., 1994), and the olfactory
system (Cinelli and Salzberg, 1990, 1992). However,
differences exist. In many instances the field potential
recordings have many more components than the
optical recordings (London et al., 1989; Cinelli and
Salzberg, 1990, 1992; Plenz and Aertsen, 1993).
Extracellular field potentials are quite complex,
dependent on the geometry and location of the sources
and sinks of current (Hubbard et al., 1969). Single unit
studies will detect preferentially either cell bodies or
large processes and not the dendritic signals which
may contribute heavily to optical signals (Orbach
et al., 1985). Optical signals from voltage-sensitive
dyes will be restricted to the site of the membrane
potential change with net transmembrane potential
determining the size of the optical signal. However,
depending on the photodetector size and magnification used, optical recordings will tend to smear the
signals over a wide area. Out-of-focus components will
also contribute to the smearing. As noted above, glial
signals can contribute. The complementary nature of
the information provided by these techniques must be
continually stressed.

2.9. Intrinsic Optical Signals
Monitoring of intrinsic optical signals has emerged
as an alternative, but extremely valuable methodology
for monitoring neuronal activity at a relatively high
spatial resolution (see Lieke et al., 1989). Many
investigators have noted that slower signals can alter
voltage-sensitive dye recordings (Salzberg et al., 1985;
Obaid et al., 1989). Intrinsic signals can be obtained
from both in vivo (Grinvald et al., 1986, 1991, 1994;
Ts'o et al., 1990; Bartfield and Grinvald, 1992) and
in vitro preparations (MacVicar and Hochman, 1991;
Federico et al., 1994). Intrinsic signals are commonly
monitored and referred to as changes in reflectance,
AR. These optical signals can include changes in light
scattering, absorbance, or fluorescence. Intrinsic
signals are activity-dependent optical changes from
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three postulated sources. The first source includes light
scattering signals due to either cellular swelling
(Cohen, 1973; La Manna et al., 1987; MacVicar and
Hochman, 1991), rapid changes in the orientation of
membrane dipoles during an action potential
(Stepnoski et al., 1991), or the morphological changes
occurring during neurosecretion (Salzberg et al., 1985;
Obaid et al., 1989). In the hippocampal slice MacVicar
and Hochman (1991) attributed the stimulationevoked light scattering due to the uptake of K ÷ or CI by the astroglia. The optical signals were blocked by
reducing extracellular C1- or by using furosemide, an
anion transport inhibitor. Potassium fluxes could not
be ruled out since low CI- or furosemide also blocks
K ÷ uptake. The resulting increased cell size would
decrease light scattering and reflectance.
The second source of intrinsic optical signals is
alterations in the absorption or fluorescence by
intrinsic chromophores (Chance and Williams, 1955;
Jobsis, 1977; Jobsis et al., 1977; La Manna et al.,
1987). Candidate chromophores include hemoglobin,
cytochromes, and the reduced form of nicotinamide
adenine dinucleotide (Chance and Williams, 1955;
Jobsis, 1977; Jobsis et al., 1977; La Manna et al.,
1987). In the isolated guinea pig brain (Federico et al.,
1994), the intrinsic signals evoked by stimulation of the
olfactory tract had maxima at 425-450, 550, and
600nm, consistent with an origin in the tissue
cytochromes which have similar absorption maxima
(Chance and Williams, 1955; La Manna et al., 1987;
Fujii, 1991). In contrast, a similar wavelength
dependence was not observed in the hippocampal slice
(Frostig et al., 1990; MacVicar and Hochman, 1991).
However, it should be stressed that the decreased
reflectance observed in the guinea pig olfactory
system, if due to changes in the oxidative state of tissue
cytochromes, implies a shift to their reduced forms.
For the in vivo state, neuronal activity-dependent
increases in reflectance are generally observed,
suggesting a shift toward the oxidized forms (La
Manna et al., 1987; Rosenthal et al., 1979).
Furthermore, neural activation leads to an increase in
blood flow, with a relative increase in the oxyhemoglobin concentration since oxygen extraction
remains constant (Fox and Raichle, 1986). Therefore,
the decrease in reflectance observed in vitro may not
reflect the normal physiology of the intact preparation.
The third source of the intrinsic signals is related to
changes in blood flow volume and oxygen delivery
(Grinvald et al., 1986; Frostig et al., 1990). The
component of the intrinsic signal from 480-590 nm
was argued to be due to a blood volume increase, since
the reflectance change matched the absorbance
spectrum of hemoglobin. Above 590 nm a second
component was observed and attributed to a change
in the level of hemoglobin saturation in response to
neuronal activity, that is an oxygen delivery signal. As
active regions of the CNS consume oxygen, the
conversion of oxyhemoglobin to deoxyhemoglobin
occurs. This is accompanied by a colorimetric change
from red to reddish-blue, that is, the greater amounts
of deoxyhemoglobin should absorb more red light
(Frostig et al., 1990; Bonhoeffer and Grinvald, 1993).
Therefore, activated areas are darker than non-activated cortical areas. An advantage of using
illumination above 600 nm is that the blood vessels are

less visible, therefore vessel artifacts are less
troublesome (however, see Malach et al., 1994). These
authors felt that changes in intrinsic chromophores
made only small contributions to the signals. It should
be noted that the importance of the intravascular
component of intrinsic signals in vivo has been
questioned. In a preliminary report, the intrinsic signal
recorded from the rat somatosensory cortex was
uncoupled from blood flow/volume increases by using
topical agents to control vasodilation (Haglund et al.,
1994). Clearly, further studies on the origin of intrinsic
optical signals are needed.
Intrinsic signals have several inherent advantages
and disadvantages when compared to the optical
signals from voltage-sensitive dyes. Measurement of
intrinsic signals is less invasive; the problems of dye
bleaching do not exist, permitting prolonged periods
of recording, and concerns for pharmacological and
photodynamic effects are eliminated (Lieke et al.,
1989; Frostig et al., 1990). Intrinsic signals can be used
to map neuronal activity in humans (see Section 3.9).
The resolution of the intrinsic signal imaging should
approach the 50 #m spacing of the capillary bed,
assuming the signal is primarily intravascular
(Bonhoeffer and Grinvald, 1993). However, the time
course of intrinsic signals is long and peaks at
1.0-3.0 sec depending on the wavelength (Frostig
et al., 1990; Lieke et al., 1989), making these signals
unsuitable for following fast electrophysiological
events. If only spatial resolution is of concern, intrinsic
signal mapping can provide high quality activity maps.
As will be described, intrinsic signal imaging has been
used to study the spatial properties of neuronal activity
in the visual cortices (see Section 3.2) and the
somatosensory cortex (see Section 3.4).

3. CNS STUDIES
3.1. Cerebellar Cortex

Optical imaging in the cerebellar cortex has several
distinct advantages. The cerebellar cortex has a
remarkable degree of homogeneity throughout the
entire cortical mantle (Eccles et al., 1967; Ito, 1984).
This homogeneity extends not only to the circuitry but
the underlying electrophysiology and input-output
relationships. Therefore, insights into the information
processing occurring in a single folium would
generally apply to the entire cerebellar cortex. Another
factor favoring the use of optical imaging techniques
to study the cerebellar cortex is its relative simplicity.
The cerebellar cortex has only five intrinsic neurons,
interconnected in a highly stereotypic pattern (Eccles
et al., 1967; Ito, 1984). There are only two major
sources of input, the mossy and climbing fibers, with
distinct anatomical and physiological properties
(Eccles et al., 1967; Ito, 1984; Ebner and Bloedel,
1987). The anatomy and physiology of the intrinsic
circuitry and the afferent inputs have been studied
extensively (for review see Eccles et al., 1967; Bloedel
and Courville, 1981; Ito, 1984), providing for a wealth
of information which can aid in the interpretation of
optical data. The depth of the entire cerebellar cortex
is approximately 0.9-1.0 mm (Eccles et al., 1967),
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Fig. 1. Effect of altering the spatial resolution of the CCD recording array on the optical signal. Optical signal from the cerebellar cortex of the anesthetized rat stained with RH 795. Signal
evoked by surface stimulation of the parallel fibers using a monopolar microelectrode. Image is the average of eight background images subtracted from eight images with surface stimulation.
In (A-E) the effect of altering the spatial resolution by binning adjacent CCD elements into different array sizes is shown. For this vermal folium, anterior is up and medial is to the left.
Each background or stimulation image consists of a 1 sec exposure. Stimulation was at 30/sec, 0.2/tsec pulse width, and 200/~A.
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Fig. 2. An example of the optical image from activation of the parallel fibers by surface stimulation. (A) Background fluorescence level from a vermal folium on the
zerebellar surface, image was focused 200/~m into the cortex. Position of the stimulating electrode is on the left edge of the image. Anterior is up and medial is to the
Left. (B) Resultant image is the average of eight background images subtracted from eight images with surface stimulation. Stimulation parameters as in Fig. 1. Cortex
was stained with RH 795. Distinct 'beam' of decreased fluorescence runs acro4ss the cerebellar cortex from medial to lateral. (C) Extracellular field potential recorded
from the center of the optical signal about 1.5 mm from the stimulating electrode. (D) An amplitude profile of the gray levels in the resultant image taken from a vertical
line of pixels at the arrow. The amplitude of the optical signal and its relationship to the noise level can be appreciated.
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Fig. 3. (A) Optical image evoked from punctate, bipolar stimulation of the ipsilateral face in the rat. Imaged area was Crus
IIa and stained with RH 795. Image is the average of 30 resultant images. Exposure was 100 msec and stimulation consisted
of a single shock to the face with a 200/tsec, 200 #A pulse. Resultant image is pseudo-colored with the reds representing
a decrease in fluorescence, the blues an increase in fluorescence, and the greens no change as indicated on the color bar.
Subsequently, extracellular field potentials were recorded throughout the folia at the positions indicated. Each field potential
was recorded on the granular layer and represents the average of 16 face stimuli using the same parameters to generate the
optical image in (A). (B) Linear regression analysis between the peak-to-peak height of the P~/N~ potential and the amplitude
of the absolute value of the optical signal at the same position. Regression line, 95% confidence interval and the regression
coefficients are shown. (C) Similar regression analysis based on the amplitude of the Nz component of the field potential and
the amplitude of the optical signal.
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Fig. 4. Optical response to peduncle stimulation from an isolated, intact turtle cerebellum stained with RH 795. Images taken
from the ventral surface of the cerebellum. Stimulation was delivered to the ipsilateral cerebellar peduncle (upper left comer
of each image), consisting of 20 stimuli/see of 200 #sec duration and 200 #A. All images were obtained using a 1200 msec
exposure, averaging 10 responses. (A-D) are composed of two superimposed images. The gray scale image is the background
fluorescence image, focused approximately 200 pm into the cerebellar cortex. The second image is the optical signals evoked
by peduncle stimulation. Changes in fluorescence are pseudo-colored based on the noise level of the control images (see text).
The control image in (D) is the average of 30 resultant images without stimulation. Using three standard deviations above
(reds) or below (blues) as the threshold, the resultant optical signal above or below this threshold is shown in increments of
one standard deviation. In the control (D) only a few scattered pixels exceed the threshold. Stimulation evoked a large optical
signal which spread from the peduncle to the tip of the cerebellum (A). The effect of blocking the synaptic activity with low
Ca :+ is shown in (B) and the subsequent return to normal Ringers in (C).
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Fig. 5. Low-power view of the orientation map (A and B) and the fractures (C and D) in the orientation map from Blasdel and Salama (I 986). Images are from the primate striate
cortex using NK2367 and video recordings. Horizontal image spans 8 mm. (A) Pseudo-colored map of the optical responses to different orientation. The map was generated by
collecting two sets of images as the animal viewed different orthogonal orientations. The two sets were subtracted and the process repeated over different orientation pairs using
a vectorial sum to determine the preferred orientation as detailed in Blasdel and Salama (1986). Each orientation is represented by a different color as indicated in the legend
on the right side. Orientations change continuously and smoothly only over short distances. (B) A gradient operator was applied to the orientation map with transitions exceeding
45 ° in 40 pm coded in black. Black areas emphasize the sudden breaks in orientation across the cortical surface. (C) Ocular dominance columns obtained from viewing the scene
with alternate eyes. Dark and line bands run much of the length of the striate cortex, the 17/18 border lies parallel to and just below the lower border of these images. Superimposed
on the ocular dominance column images as yellow lines are the breaks or 'fractures' in the preferred orientations. The fractures tend to run down the center of the ocular dominance
columns. (D) Cytochrome oxidase-stained sections obtained from the same region of the cortex. Comparison with (C) suggests the close correspondence with the ocular dominance
columns. Superimposing the fractures in yellow reveals the alignment with the cytochrome oxidase blobs. Reprinted with permission from Blasdel and Salama (1986).
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Fig. 6. Distribution of optical activity across the monkey striate cortex in response to small drifting gratings
from Grinvald et al. (1994). Left and right panels show the optical responses from two different stimuli,
a square grating (1 ° x 1°) on the left and a rectangular grating (1 ° x 0.5 °) on the right. Responses are from
two different animals. Shown for each stimulus configuration a surface plot (above) and the corresponding
contour map (below) for the activity obtained 250 msec after stimulus onset. The rectangular gratings used
are depicted on the top and left for each activation map. The square stimulus evokes an elongated response
profile and the rectangular stimulus a nearly symmetric response profile. Reprinted with permission from
Grinvald et al. (1994).
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Fig. 7. Map of orientation preference in area 18 of the cat based on intrinsic signal imaging from Bonhoeffer and Grinvald
(1991). (A) Image of the region of the cortex studied. (B) Map of preferred orientation obtained from eight different
orientations and added vectorially as described in the text and in Blasdel and Salama (1986). Orientations and the color code
are shown to the lower right of (C). Orientation preference is patchy and continuous over short distances. Prominent features
of the map are the pinwheel-like structures organized around the centers. (C) Close-up of two pin-wheels, one clockwise (upper)
and the other counter-clockwise (lower). Each orientation appears once around the center. The scale bar in both (A) and (C)
is 300 #m. Reprinted with permission from Bonhoeffer and Grinvald (1991).
Fig. 8. Optical images of the spread of activity across the salamander olfactory bulb in response to stimulation of the olfactory
nerve (Kauer, 1988). @lfactory bulb was stained with RH 414. A sequence of consecutive video frames is shown: the
fluorescence changes are superimposed on bright-field images of the bulb. Stimulation delivered between frames 1 and 2.
Average of 10 sequences of the difference between with and without stimulation. Changes in fluorescence were pseudo-colored
based on the standard deviation of the pre-stimulus image with (green) one standard deviation below baseline and (red) two
standard deviations below baseline. Black line on the left side of the bulb represents the border between the glomerular and
external plexiform layer..~. Black line on the right side approximates the mitral-body layer. Reprinted from Kauer (1988) with
permission.
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making it possible, to optically evaluate all three
cortical layers. For example, the styryl dye RH 795 can
penetrate up to depths of 1 mm in the cerebral cortex
(London et al., 1989; Grinvald et al., 1994).
Computational delc,lurring of optical signals undertaken first in the cerebellar cortex (Yae et al., 1989,
1992) showed that the optical signal could be improved
computationally in not only the x - y plane, but along
the z axis also.
Probably of most importance is that there are
pressing and unsolved problems concerning the role
and significance of spatial patterns of activity in the
cerebellar cortex. The cerebellar cortex has three
prominent spatial organizations. The first is the
longitudinally running parallel fibers (Eccles et al.,
1967; Ito, 1984) whose functional role(s) needs to be
determined. The parallel fibers have a prominent place
in several theories of cerebellar cortex organization,
including postulated timing functions (Braitenberg,
1961; Heck, 1993), distribution of information to
different cerebellar nuclei for multi-joint coordination
(Thach et al., 1992) ~Lndlearning theories (Marr, 1969).
Yet despite the conspicuous nature of the parallel fiber
organization, demonstration of a medio-lateral spread
of information physiologically or in a functional
context has been difficult to obtain (Bell and Grimm,
1969; Ebner and Bloedel, 1981; Bower and Woolston,
1983). The difficulty of observing parallel fiber-like
spread of activity across the cerebellar cortex and the
fact that granule cell axons as they ascend make
synaptic contacts with Purkinje cells prior to
bifurcation in the molecular layer have prompted
several authors to de-emphasize the contribution of
the parallel fibers (Bower and Woolston, 1983; Llinas,
1985).
The second dominant spatial organization is the
parasagittal compartmentalization of the climbing
fiber afferent input (Sasaki et al., 1989; Brodal and
Kawamura, 1980; B]toedel and Courville, 1981; Llinas
and Sasaki, 1989) which overlaps the parasagittal
cortico-nuclear organization. Parasagittal compartmentalization has been visualized with a number of
staining techniques (Hawkes et al., 1992) and some
evidence exists for a parasagittal organization at the
mossy fiber level (AJrsenio et al., 1988). Considerable
evidence has accumulated that climbing fiber afferent
discharge is correlated within a sagittal compartment
(Llinas and Sasaki, 1989; Lou and Bloedel, 1992) and
there is some evidence for a medio-lateral compartmentalization of function (see Thach et al., 1992).
Inferior olivary neurons, the parent neurons of the
climbing fiber afferents, are electrotonically-coupled
(Llinas, 1985), and have remarkably uniform
conduction times to the cerebellar cortex (Sugihara
et al., 1993). Third .'rod lastly, there is the fractured,
mosaic response patl:ern of granular layer elements to
tactile inputs (Sharnbes et al., 1978; Welker et al.,
1988), which seems to fit neither the parallel nor
parasagittal schemes defined by the parallel fibers or
the olivo-cerebellar projections, respectively. A similar
fractured, mosaic response pattern has been described
for the simple and complex spike responses of Purkinje
cells (Bower and Woolston, 1983; Robertson, 1987). A
technique such as optical imaging is needed to address
how these spatial organizations contribute to
cerebellar function.
JPN
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The first voltage-sensitive dye optical study in the
cerebellum used a slice preparation from the skate
(Konnerth et al., 1987). The activity of parallel fibers
was monitored with the oxonol dye RH 482 using a
12 x 12 photodiode array. The RH 482 signal was
blocked by tetrodotoxin, prolonged by tetraethylammonium, and had a conduction velocity of 0.13 ram/
sec, findings all consistent with a parallel fiber origin.
This study was the first to record a voltage-sensitive
dye signal from non-myelinated axons in a CNS
preparation. Although there was no optical component related to the post-synaptic activation of the
targets of the parallel fibers, that is, Purkinje cells and
cerebellar interneurons, the electrophysiological field
potential recordings suggest that the post-synaptic
activity was not intact. Using another oxonol dye, RH
155, a slower time course signal was observed that was
related to glial depolarization. Several interventions
which increased (hypotonic solutions, blocking the
sodium-potassium pump) or decreased (hypertonic
solutions, Ca 2÷ channel blockers) the extracellular
accumulation of potassium resulted in a corresponding increase or decrease in the slow optical signal,
consistent with changes in the extracellular accumulation of potassium and a signal of glial origin. The
dissociation of neuronal and glial components by
selective staining would be an extremely useful tool.
Subsequent studies were successful at imaging
in vivo the cerebellar cortical response to parallel fiber
stimulation in anesthetized rats (Kim et al., 1989; Yae
et al., 1992; Elias et al., 1993). Initially, using CCD
video technology and staining with RH 237, the
optical signal evoked by surface stimulation was
imaged with extensive averaging (Kim et al., 1989).
This initial effort used a CCD camera with a second
generation microchannel plate intensifier and was
clocked at standard video rates. Eight bit digitization
was used. Focusing 200-300 pm into the cerebellar
cortex, an image was obtained without surface
stimulation (background image) and with surface
stimulation (stimulation image). The background
image was subtracted from the stimulation image to
yield the so-called resultant image. Extensive
averaging of resultant images was required. Movement artifacts in the posterior fossa were particularly
troublesome and probably one of the greatest sources
of optical noise. Image acquisition and surface
stimulation were synchronized to the E K G to
minimize cardiovascular artifacts. More recent
imaging has included synchronization to the respiratory cycle. We have also used a chamber sealed with a
cover glass to minimize movement artifacts. The
optical signal spread medio-laterally across the folium,
characterized by a decrease in the epi-fluorescence.
Styryl dyes such as RH 237, RH 414, and RH 795
decrease their fluorescence with membrane depolarization (Loew et al., 1979; Loew and Simpson, 1981;
Grinvald et al., 1982a). Quantitative comparisons of
the optical maps with extracellular field potential maps
showed that the amplitude of the optical signal was
correlated significantly with the electrophysiological
recordings (Kim et al., 1989). Blocking the parallel
fibers and post-synaptic events with lidocaine
abolished the optical signal, demonstrating that the
optical response was not due to current spread or
direct activation of the tissue by current.
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Significant improvements in the monitoring of the
optical responses to parallel fiber stimulation in the
intact rat occurred with the use of RH 795 and imaging
with a liquid cooled CCD array with 14 bits of
digitization (Yae et al., 1992; Elias et al., 1993).
Typically, exposures of 1 sec were taken. Surface
stimulation was delivered at 30/sec. Usually eight trials
of background and stimulation images were subtracted and averaged. An example of the optical
response evoked by parallel fiber activation using the
CCD array is shown in Fig. 2. The optical signal
consists of a highly restricted, narrow dark 'beam'
running medio-laterally across the folium. The
curvature of the beam reflects the curvature of the
folium. The anterior-posterior width of the signal is
approximately 400/~m and the length at least 3.0 mm,
consistent with the anatomical estimates of parallel
fiber length (Brand et al., 1976). The amplitude of the
optical signal relative to the noise level is evident. More
recently, using exposure times of 100 msec and
averaging 30 single surface stimuli, we have obtained
parallel fiber beams with similar signal-to-noise
characteristics. Increasing the stimulation strength
increased the amplitude and width of the signal, but
not the medio-lateral spread. A profile of the gray
levels in the resultant image is shown in Fig. 2. The
profile runs from the anterior to the posterior margin
of the folium (i.e. vertically). The amplitude and width
of the optical signal can be appreciated as can the fact
that the signal is well out of the noise level. One
additional feature is the slight increase in fluorescence,
particularly evident as a small convexity on the
posterior portion of the profile. We interpret this
increased fluorescence to reflect 'off-beam' inhibition
of the adjacent cortex by basket cells (Elias et al.,
1993). The optical signal is largest within the molecular
layer, as demonstrated by optical sectioning and
computational deblurring techniques (Yae et al., 1989,
1992). We have been unable to observe an optical
signal without staining with a voltage-sensitive dye,
and many voltage-sensitive dyes have failed to yield a
signal in spite of the increased background fluorescence. The optical response is wavelength dependent. Therefore, we have concluded that the optical
response is voltage-sensitive dye dependent, and not
due to intrinsic signals (Kim et al., 1989; Elias et al.,
1993).
Pharmacological and extracellular ionic manipulations revealed several important features of the optical
response to surface stimulation. A large fraction of the
detectable optical signal originated from the postsynaptic events (Elias et al., 1990) since low Ca-'+/high
Mg 2÷ Ringers blocked much of the optical response.
The post-synaptic responses were mediated by
non-N-methyl-D-aspartate receptors, neither NMDA
agonists or antagonists affecting the optical response
(Elias et al., 1993). This finding is in contrast to the
earlier observation ofKonnerth et al. (1987), who were
able to monitor only the pre-synaptic component due
to the parallel fibers. Several factors may contribute to
this discrepancy, including the apparently limited
post-synaptic activity in their preparation, as well as
dye, preparation, and species specificity. Glutamate
agonists differentially modified the extent and
character of the spatial pattern of the optical response
(Elias et al., 1993). Glutamate and kainate increased

the 'on-beam' optical signal evoked by surface
stimulation, increasing the size of the post-synaptic
response. In contrast, quisqualate decreased the
amplitude and width of the optical beam. Quisqualate
also produced an increase in fluorescence lateral to the
optical beam, possibly reflecting an increase in the
'off-beam' inhibitory activity. The inhibitory effect of
quisqualate was attributed to either a desensitization
of Purkinje cell glutamate receptors or a preferential
activation of inhibitory interneurons by quisqualate.
Previous results from the iontophoresis of quisqualate
on Purkinje cells support this latter conclusion
(Quinlan and Davies, 1985). Differential effects of
excitatory amino acids have also been described in
optical studies of the salamander olfactory bulb (see
Section 3.3). These studies demonstrate that pharmacological manipulations can dissect out the components of an optical signal in an intact CNS
preparation and show how spatial activity in the
cerebellar cortex can be modulated by altering the
excitability of the intrinsic circuitry.
A major issue in the cerebellar cortex is the nature
of the spatial pattern of the responses to mossy fiber
and climbing fiber afferent inputs. It still needs to be
clarified whether the spatial patterns evoked by
afferent input have some 'parallel fiber-like' component running longitudinally along a folium (Eccles
et al., 1967), whether the patterns consist of a fractured
mosaic (Welker et al., 1988) or parasagittal bands
(Llinas and Sasaki, 1989). Optical imaging with
voltage-sensitive dyes has begun to shed light on this
problem (Chen et al., 1992). The optical responses to
punctate electrical stimulation of the face are best
characterized as a fractured mosaic with a parasagittal
organization. An example is shown in Fig. 3 for the
responses evoked in Crus II in the anesthetized rat to
bipolar punctate electrical stimulation of the ipsilateral face. These images were obtained focusing 400/~m
below the surface. Optical sectioning revealed that the
optical responses were maximal at this depth,
consistent with the concept that the optical signals are
greatest within the granular layer or at the border of
the granular and Purkinje cell layers. In addition to the
patchy organization of the responses, an intriguing
feature is the almost parasagittal-like orientation of
the response domains. Similar responses can be
evoked with natural mechanical input. The location of
the responsive areas is dependent on the location of the
face stimulation (Chen et al., 1992). Electrophysiological mapping results support the assumption that the
optical signals reflect the underlying electrophysiological events. In Fig. 3 the extracellular field potentials
recorded at several locations are shown in relation to
the optical map. The regions with the largest optical
response occured at the locations with the largest field
potentials. Linear regression analysis confirmed this
qualitative impression. The correlation of the
amplitude of the optical signal with either the
amplitude of the PJNI or the N, component yields a
statistically significant relationship. The P~/N~ component is related to the incoming mossy fiber afferent
volley. The N,_ component is due to granule cell
activation and, in part, to Golgi cell activation (Eccles
et al., 1967). Correlation of the optical signal with both
components of the field potential is not unexpected
since the incoming mossy fiber input would activate
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preferentially granular layer elements at the same
locations. The correlation between the two recording
methodologies occurs even though it is well known
that the relationship ofextracellular field potentials to
the membrane potential is complex (Hubbard et al.,
1969). However, the detailed information available on
cerebellar extracellular field potential recordings and
the origins of the various field potential components
(see Eccles et al., 1967) makes the comparison between
the field potentials and the underlying neural events
relatively straightfarward.
The isolated turtle cerebellum preparation, championed by Nicholson and colleagues (Hounsgaard and
Nicholson, 1990) has several advantages. First, the
cerebellum is intact and the cortical circuitry is not
damaged; only the afferent and efferent projections
through the peduncles are transected. Second, since
the turtle cerebellam is lissencephalic and flat, the
entire structure is easily imaged without the
complications of brain movement. Third, the
preparation can be oriented with either the granular
layer or molecular layer up, facilitating the imaging of
all cortical layers. Fourth, the preparation is
remarkably resistant to anoxia (Suarez, 1988). Fifth,
since with modification various afferent inputs and/or
brainstem structures can be left intact (Keifer et al.,
1992), the possibility exists for studying not only
intrinsic cerebellar processing but also input/output
relationships.
Optical signals from the granular layer (ventral
surface) are easily obtained as shown in Fig. 4. In these
experiments single electrical stimuli are applied to the
peduncle to activate mossy fiber input. Simultaneously
recorded extracelhdar field potentials show that this
stimulation activates not only the afferent volley
(Pj/N~), but also a later synaptic component (N2 wave).
The optical signal with RH 795 is rather large,
requiring the averaging of only l0 trials to produce an
optical signal well out of the noise. In Fig. 4 the
magnitude of the signal is expressed in levels of
standard deviation above or below a noise level. The
noise level was obtained from a resultant image that
consisted of subtracting and averaging background
images from background images, calculating the
standard deviation of this resultant image. The
fluorescence changes above or below by three standard
deviations are pseudo-colored in increments of
standard deviations and are considered to represent
the significant optical response. The significant optical
response is then superimposed on a gray scale image
of the background fluorescence. The optical recordings from the turtle cerebellum have many of the
characteristics described for the in vivo rat parallel fiber
responses. The c,ptical signals: (1) are blocked
completely with TTX, (2) increase monotonically with
stimulus strength, (3) have a statistically significant
correlation with e~:tracellularly recorded field potentials, (4) have limited, if any, phototoxicity, and (5) are
dependent on staining with a voltage-sensitive dye.
One difference from the earlier in vivo, parallel fiber
studies in the rat (Elias et al., 1993) is that
post-synaptic blockade with glutamate antagonists or
low Ca 2+ only reduces the magnitude of the optical
signal but does not abolish it. As shown in Fig. 4, bath
application of low Ca -'+ Ringers solution reduced the
optical response by approximately 50%. Therefore, a
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significant component of the optical signal evoked by
peduncle stimulation is generated pre-synaptically.
This is actually a desirable situation, since with the
appropriate pharmacological blockers one can image
not only the entire response, but also the pre-synaptic
and post-synaptic components.
The shape of the optical signal evoked by peduncle
stimulation is primarily parasagittal and band-like
(Fig. 4). The area of activation runs from the site of
stimulation (anterior in the cerebellum) to the
posterior end of the cerebellum. Presumably this
topography reflects the underlying parasagittal
compartmentalization of the turtle cerebellum,
including the mossy fiber organization and possibly
Purkinje cell and climbing fiber projections. Note that
these latter two elements are also activated by the
peduncle stimulation, the former antidromically and
the latter orthodromically. Occasionally, there is a
fanning out of the optical signal at its posterior end.
One intriguing negative finding is the absence of an
optical signal extending medially or laterally from the
region activated (Fig. 4). In general, we have not
observed the optical signal to cross the midline, nor
have we been successful at activating paralM fiber-like
optical signals with punctate stimuli applied to the
granule cell layer. These observations suggest that in"
spite of the direct stimulation of the mossy fibers and
synaptic activation of the granule cells, either the
parallel fibers are not activated or are at best weakly
activated. Electrophysiological maps based on the
field potentials confirm the lack of spread of activity
lateral to the parasagittal band or across the midline
and imply that the absence of an optical signal is not
due to technical limitations. As suggested by Heck
(1993), precisely timed mossy fiber inputs may be
required to activate the parallel fiber network. Optical
imaging is an ideal tool to test this hypothesis.

3.2. Visual System
One of the first studies to demonstrate the feasibility
of using voltage-sensitive dye imaging to map the
spatio-temporal patterns of activity in the CNS was in
the in vivo frog optic tectum (Grinvald et al., 1984).
Using some of the newer styryl dyes, including RH
414, and a 10 x 10 photodiode array, the optical
responses to a brief light flash to the contralateral eye
were mapped. Some evidence for the retino-tectal
topography was provided, and a coarse laminar
analysis revealed differences in the optical signal with
imaging depth. Topical bicuculline accentuated the
area of excitation as expected if the intrinsic
GABAergic inhibitory connections were blocked.
Despite the attractiveness of the optic tectum as a
preparation for voltage-sensitive dye recordings, only
one additional study has been published using the
optic tectum (Manis and Freeman, 1988). Using an
in vitro slice from the goldfish optic tectum stained
primarily with RH 414, the recordings were based on
a single photodiode system. Therefore, spatial
topography was not mapped. Changes in fluorescence
as large as 1.5% were obtained with electrical
stimulation of the optic tract, and only limited
averaging was required. The optical signal consisted of
an initial, short latency decrease in fluorescence (D~)
followed by a longer period of decreased fluorescence.

488

T. J. Ebner and G. Chen

The latter was further subdivided into two components (D., and D3), both dependent on synaptic
activity. All but the small, earliest latency component
of the evoked optical signal was blocked by low
Ca'-+/high Mg -'+ Ringer's solution. Therefore, most of
this early component was attributed to the excitatory
synaptic action of the optic nerve on the dendrites of
tectal neurons. Since the late, D3 component could be
accentuated by repetitive stimulation even in the
absence of synaptic transmission, this observation
suggested a glial contribution (Konnerth and Orkand,
1986; Lev-Ram and Grinvald, 1986; Konnerth et al.,
1988). The slow component was present in all layers of
the tectum, consistent with distribution of the
processes of the radial glia. In the rat optic nerve RH
414 has been shown to have an affinity for glia
(Lev-Ram and Grinvald, 1986). The D2 component, a
relative valley in the optical signal between the D~ and
D3 components, was interpreted to be due to inhibitory
synaptic activity. Depolarization of the preparation by
increasing extracellular potassium changed the D2
phase from a decrease in fluorescence to an increase,
and bath-applied bicuculline slowed the decay of the
initial peak of the optical signal. As stated by the
authors, the large amplitude of the optical signals in
the optic tectum makes this structure a prime
candidate for studies of its spatial organization.
Orbach and Van Essen (1993) utilized voltage-sensitive dyes for a somewhat different purpose in the visual
system, to map out striate and extrastriate pathways,
in vivo. Both intrinsic local connections and extrinsic
projections were evaluated. In the rat using RH 795,
these investigators mapped out the patterns of spatial
and temporal activity resulting from punctate
electrical stimulation. The study took advantage of the
thinness of the cortical dura, staining and imaging
through the intact dura. For the local, intrinsic
connections, stimulation in the striate cortex produced
an elliptical-shaped response, elongated on the
anterior-posterior axis. The size and shape of the
optical response agreed with previous anatomical
findings on the organization of the intrinsic
connections of the visual cortices (Burkhalter, 1989;
Burkhalter and Charles, 1991). A particularly
intriguing observation was that the optical response
could split into two spatially separate peaks,
suggesting a process of compartmentalization or
modularity. Intracortical stimulation also evoked an
extrastriate response focus in the lateromedial area,
delayed in onset and peak relative to the optical
activity in the striate cortex. Injection of fast blue into
the striate cortex produced cell labeling in the
extrastriate cortex with a spatial topography similar to
the extrastriate optical response. A similar approach
to mapping functional connections was used in
co-cultures of the rat visual cortex with the lateral
geniculate nucleus (Bolz et al., 1992) and in neocortical
slices from the guinea pig visual cortex (Albowitz and
Kuhnt, 1993). Using RH 237 or RH 795 and a
photodiode array in the co-cultures, stimulation in the
thalamus slice evoked topographically segregated
optical responses in the cortical slice (Bolz et al., 1992).
In the slice using a 10 x 10 photodiode array and RH
414 or RH 795, layer I stimulation evoked
post-synaptic activity in upper layers II and III, and
non-synaptic early activity was confined to layer I.

White matter stimulation evoked post-synaptic
activity in layers II and III but also considerable
non-synaptic activity in layers IV and V. Functional
connectivity maps based on optical recordings of both
those across structures and within structures have the
potential to provide a wealth of functional,
anatomical, and physiological information on the
organization of local circuitry.
Undoubtedly, one of the studies with the most
immediate impact that demonstrated the power of
voltage-sensitive dye imaging was the work by Blasdel
and Salama (1986). In addition to being the first study
to use video based imaging in the central nervous
system, this was also the first study to use this
technique in the primate, in vivo. The spatial
relationship between the ocular dominance columns
and the orientation preference was examined. In the
anesthetized monkey, after placing an optical chamber
over the striate cortex and staining with the
merocyanine-oxazolone dye, NK2367, the optical
responses to drifting horizontal or vertical gratings
were imaged and averaged extensively (1800 frames).
The authors exploited a technique subsequently
named 'differential imaging', based on subtracted
images obtained from two complementary stimuli.
Stimulation produces a general darkening of the
cortex irrespective of the eye or orientation used. By
comparing images from two stimulus conditions (right
vs left eye, 20 ° vs 110°), the global activity-dependent
optical changes were minimized (see, however,
Bonhoeffer and Grinvald, 1993). Images of the ocular
dominance columns were obtained by subtracting
images accumulated with stimulation of the contralateral eye from the ipsilateral eye. Ocular dominance
columns appear as alternating light and dark bands
(Fig. 5C). Approximately 0.5 mm in width, the ocular
dominance bands run vertically into the area 17/18
border where they end.
Drifting gratings of different orientations were used
to determine orientation selectivity of the occipital
cortex, again relying on the subtraction of images
produced by orthogonal pairs of orientation (Blasdel
and Salama, 1986; Blasdel, 1992a,b). A particularly
ingenious scheme was used to visualize an orientation
map. Each difference image was multiplied by a unit
vector at twice the stimulus orientation, then the entire
set of transformed differential images was added to
yield an orientation map (Blasdel and Salama, 1986;
Blasdel, 1989). The result no less than revolutionized
the understanding of the spatial organization of the
orientation columns. Orientation domains are not
distributed into parallel, continuous slabs or columns
on a large scale. Instead, local regions of gradually
changing orientation are conspicuous (Fig. 5A). There
are sudden shifts in preferred orientation that
'fracture' the local continuity. Both the local
continuity and the dramatic shifts across the striate
cortex can be appreciated from a lower power view of
the orientation gradient (Fig. 5B). These fractures tend
to align with the center and run parallel with the ocular
dominance columns; that is, the sharp transitions in
the preferred orientation coincide with the reversal of
ocular dominance (Fig. 5C). The centers of the ocular
dominance columns coincide with cytochrome oxidase
stained sections from the same patch of cortex
(Fig. 5D).
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Further work sbowed that interaction between the
ocular dominance and orientation maps was surprisingly limited (Blasdel, 1992a). For example, the ocular
dominance maps generated using different orientations were very similar (Blasdel, 1992a). The
orientation maps obtained using monocular or
binocular stimulation were also similar. The mechanisms generating the ocular dominance and orientation
maps appear to be independent. Using principal
component analy,;is it has been reported that the
ocular dominance columns and orientation maps can
be extracted (Das and Gilbert, 1994). An effort was
made to insure that the cortical vasculature is not
contributing substantially to the images. Superimposing the vascular images on the ocular dominance and
orientation maps ihighlighted the lack of correspondence between these structures (Blasdel, 1992a). A
more quantitative analysis showed that the vessel
density did not cor:relate with the center or edges of the
ocular dominance bands. It should be stressed that
high resolution imaging techniques have the inherent
advantage of being able to visualize the structure at
relatively high resolution, making qualitative and
quantitative judgments about the vessel contributions
possible.
Blasdel investigated in detail the organization and
characteristics of the orientation columns (Blasdel,
1992b; Obermayer and Blasdel, 1993), determining the
orientation selectivity (i.e. orientation yielding the
strongest response), singularities (i.e. rate at which
responses fall to zero with increasing displacement
from the preferred orientation), and the orientation
gradient. As described initially (Blasdel and Salama,
1986), the preferred orientations are not organized in
extended slabs (Hubel and Wiesel, 1977). Iso-orientation regions are actually quite short (0.5 mm), as are
the regions in which a continuous shift of orientation
occurs (see Fig. 5A and 5B). These short, iso-orientation segments intersect the ocular dominance
columns at right angles. The rate of change of
orientation is quite low for most of the cortical surface,
disrupted by regions of very high rates of change
consisting of either a fracture (a line of change less than
90 °) or a singularity (a point change where preferences
rotate circularly through + 180°). The singularities
include centers where the orientation preferences
rotate continuouslLy in either clockwise or counterclockwise directions, so-called 'pinwheels'. Blood
vessel artifacts we:re ruled out as contributing to the
fractures and singularities, since vessels vary in size
and cross each other, and the vascular maps and
fracture/singularity maps do not coincide. Vessel
artifacts 'look' like blood vessels and are easily
recognized even through several levels of image
processing. Blasdel suggested different perceptual
functions for the linear zones where orientations are
restricted and the singularities where all orientations
are represented (Blasdel, 1992b).
In addition to the singularities and fractures, two
additional elements of the orientation maps have been
described (Obermayer and Blasdel, 1993). The first is
linear zones, patch-like zones in which the orientation
preference change,; linearly along one axis. Along the
second axis, orientation preference remains constant.
The second is saddle points, rather small regions in
which orientation preference remains constant along
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both axes. At the edges the saddle points are bound by
four singularities. The linear zone tends to lie at the
edge of the ocular dominance columns and the short
parallel bands of iso-orientation tend to intersect the
ocular dominance columns at right angles as described
previously (Blasdel, 1992b). The orthogonality and
lack of interaction between the ocular dominance and
orientation columns suggest that these two systems
may be involved in separate perceptual functions
(Obermayer and Blasdel, 1993).
A recent voltage-sensitive dye study of the primary
visual cortex posed the question of what area of the
cortex sees a punctate retinal input (Grinvald et al.,
1994). The extent of the 'spread' of information in the
striate cortex is of interest, particularly in light of the
rather long intracortical horizontal projections. The
authors emphasize that the massive processing of
inputs by a single cell and its dendritic arborizations
is difficult to evaluate with conventional electrophysiological techniques. By asking the 'reverse' of the classic
receptive field question, these authors exploited the
temporal and spatial mapping capabilities of
voltage-sensitive dye recordings. Emphasizing temporal resolution over spatial, a 6 x 6 mm image of the
primary visual cortex of the anesthetized monkeys was
projected onto a photodiode array. Using RH 795, the
staining extended to a depth of 1 mm. Therefore, the
optical signals reflect the changes in membrane
potential occurring primarily in the upper half of the
cortical gray matter.
The most dramatic observation was the spread of
activity across the cortex in response to a small drifting
grating (1 ° x 0.5 °) as shown in Fig. 6. From the center
of the response, the signal declines monotonically with
an exponential, but directionally-dependent, falloff.
The longer axis runs parallel to the V1/V2 border with
a long/short axis ratio of 2.4, similar to the estimate
derived from single unit recordings of 1.9. The longer
axis is perpendicular to the long axis of the ocular
dominance columns. The spread of the optical signal
exceeded that mapped with single unit recordings,
suggesting that the voltage-sensitive dye imaging is
capable of detecting sub-threshold membrane
changes. From the site of initiation, the response area
expands by an order of magnitude with a velocity of
0.1-0.25mm/sec. A surround stimulus evoked an
optical response (decrease in fluorescence) on the
edges of the response area evoked by the center
stimulus, and the surround stimulus appeared to be
acting as an inhibitory surround. The surround
inhibition was most effective if the surround stimulus
orientation matched the orientations of the center
stimulus. Eye movements, intrinsic signals, out-of-focus blurring, and glial depolarization did not play
dominant roles in the optical signals.
Intrinsic signal imaging has been employed
extensively in the visual cortices (Ts'o et al., 1990;
Bonhoeffer and Grinvald, 1991, 1993; Grinvald et al.,
1991; Bartfield and Grinvald, 1992; Malenka et al.,
1993; Kim and Bonhoeffer, 1994; Malach et al., 1994).
Using a slow-scan CCD camera, the spatial properties
of intrinsic signals were evaluated in the visual cortex
(Ts'o et al., 1990). The ocular dominance columns
could be imaged using the 'differential' map approach
developed by Blasdel (Blasdel and Salama, 1986;
Blasdel, 1989). Similar functional maps were obtained
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at wavelengths ranging from 480 to 940 nm, with
600-630 nm stated to give the best quality. Ocular
dominance maps through the intact dura and thinned
skull were obtained by using near-infrared light.
Near-infrared light is absorbed less by hemoglobin
and the dura scatters less light at these wavelengths.
Subsequently, the ocular dominance columns in the
awake monkey were imaged using the intrinsic signal
(Grinvald et al., 1991). By using a sealed chamber with
a transparent glass window functional maps were
obtained without synchronization to the heart beat or
the respiratory cycle. The sealed chamber and
restriction of the head helped control for movement of
the brain. Limb movements and even chewing were
stated not to produce excessive movement-related
noise. The ocular dominance maps obtained with
drifting gratings were noisy, but improved with a more
complex stimulus. The change in reflectance was
wavelength-dependent as in the anesthetized animal,
and the signal was as large as in the anesthetized
animal. Interestingly, imaging through the intact or
even shaved dura was not possible. These studies laid
the groundwork for the future human work (see
Section 3.9) demonstrating that the intrinsic signals
were comparable in the anesthetized and awake
animals.
The ability to image the ocular dominance and
orientation columns using the intrinsic signal was
exploited and combined with biocytin injections, to
examine the patterns of intracortical connectivity
(Malenka et al., 1993). Monocular ocular dominance
columns of the same eye tend to project to like ocular
dominance columns, skipping the intervening column
with the preference for the opposite eye. Binocular
regions (i.e. the borders of the ocular dominance
columns) project primarily to other binocular regions.
Orientation domains via intrinsic lateral connections
also tend to project to domains of the same
orientation, but a significant fraction of the
projections are to regions of differing orientation.
Short range connections crossed functional domains
freely; therefore, both specificity and diversity are
incorporated into this system.
Intrinsic signal mapping has been used to determine
the spatial relationships between the ocular dominance columns and the orientation domains in both
the cat area 18 (Bonhoeffer and Grinvald, 1991, 1993)
and the primate striate cortex (Bartfield and Grinvald,
1992). The results were rather consistent across the two
species. Orientation changed smoothly over short
distances, with iso-orientations best characterized as
patches or beads, but not as bands. Calculation of
angle maps or angle-magnitude maps similar to that
first undertaken by Blasdel and Salama (1986)
revealed a 'pin-wheel' arrangement to the orientation
patches as shown in Fig. 7. The orientations are
arranged radially around a singularity or orientationcenter, a region where all orientations are represented.
These singularities are similar to those described by
Blasdel and colleagues (Blasdel and Salama, 1986;
Blasdel, 1992b; Obermayer and Blasdel, 1993).
Furthermore, the intrinsic signal results are not
consistent with the concept that orientation columns
are organized in slabs (Blasdel and Salama, 1986;
Blasdel, 1992a,b). The orientations change smoothly
from 0 to 180 ° around the center and can rotate

clockwise or counter-clockwise (Fig. 7). In cat area 18
a pinwheel has the dimensions of approximately
1 × 1 mm. By using a gradient operator, a map of the
rate of orientation change could be calculated, the
regions of strongest orientation change corresponding
to the location of the orientation centers. In primate
striate cortex, the orientation centers were positioned
near the center of the ocular dominance columns
(Bartfield and Grinvald, 1992), but the centers did not
correspond to the centers of cytochrome oxidase
blobs. In the orientation maps based on intrinsic
signals the fractures typical of the voltage-sensitive dye
images were not identified (Blasdel and Salama, 1986;
Blasdel, 1989; Obermayer and Blasdel, 1993). One
possible explanation is the difference in the spatial
resolution of the two techniques (Obermayer and
Blasdel, 1993). The optical imaging results are
consistent with the scheme first proposed by
Braitenberg and Braitenberg (1979), that orientation
is organized in patches around a center, but with the
modification that every orientation from 0 ° to 180 °
appears once and not twice. However, species
differences in the orientation domains may exist. In the
squirrel monkey the orientation domains in V1 are
characterized by thin strips using intrinsic signal
imaging (Malach et al., 1994), different from the
macaque monkey (Bartfield and Grinvald, 1992).
However the orientation domains in V2 of the squirrel
monkey are patchy as in the macaque (Ts'o et al.,
1990).
In a recent elegant experiment, Kim and Bonhoeffer
(1994) used sequential imaging of intrinsic signals to
examine the plasticity of the orientation maps in area
18. In young kittens the orientation maps vanished
after occlusion of one eye for 1 week. Reopening the
closed eye and closure of the other eye (reverse
occlusion) reestablished the original orientation map.
As pointed out this chronic imaging will allow the
addressing of questions on the formation and
plasticity of cortical maps, questions that would be
difficult to approach by any other existing technique
(Kim and Bonhoeffer, 1994).

3.3. Olfactory Systems
The olfactory system, particularly the olfactory
bulb, has been studied extensively with voltage-sensitive dyes and optical recording techniques. Individual
neurons in the olfactory system tend to have complex
odorant specificity, suggestive of a population code.
Such a population code may represent odorant
information in the spatio-temporal patterning of
activity within single structures such as the olfactory
bulb and across the olfactory system (see Cinelli and
Kauer, 1992). Electrophysiological mapping studies,
including multi-electrode recordings and metabolic
mapping studies with 2-deoxyglucose, consistently
find spatially distributed activity (see Cinelli and
Kauer, 1992; Kauer and Cinelli, 1993). Optical
recordings with voltage-sensitive dyes have the
temporal and spatial resolution needed for this class of
information processing problem. The olfactory bulb
of the tiger salamander has been the experimental
preparation of choice, in part because the bulbar layers
are oriented perpendicular to the dorsal surface. Also,
natural odorants can be used.
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The feasibility and potential of an optical approach
to the olfactory system problem was demonstrated in
the first two investigations, both using a 124 element
photodiode array to study the olfactory bulb of the
salamander (Orbach and Cohen, 1983; Kauer et al.,
1987). Both in vitro and in vivo preparations were
used. The first studLy evaluated different dyes as well
as different recording approaches (Orbach and
Cohen, 1983). Electrical activation of the olfactory
nerve evoked a paLtern of optical signals across the
olfactory bulb. Both the absorption and fluorescence
signals were large enough to permit evaluation of the
optical responses from single trials. Several short
latency components as well as a longer, slower signal
were described, the, former possibly reflecting mitral
cell spikes and the latter the excitatory post-synaptic
activation of granule cells. The next study extended
these initial results showing that in the intact olfactory
system, single pulses of odorants at physiological
concentrations produced epi-fluorescence changes
over 1% (Kauer et al., 1987). The styryl dye RH 414
was used and mow;ment artifacts were minimized by
decorporation. The authors argued that the loss of the
normal circulation had limited effect on the waveform
of the optical signals (Kauer et al., 1987). Amyl
acetate and camphor produced spatially distinct
patterns of activity over the bulb that corresponded
with the laminae of the bulb. Odorant-evoked activity
did not yield the fast peaks which were prominent in
the electrical stimulation paradigm (Orbach and
Cohen, 1983), presumably due to the asynchronous
activation produced by the 1 sec odorant delivery
system.
Kauer achieved a major technological advance
(Kauer, 1988), obtaining high spatial as well as
temporal resolution optical maps in the salamander
olfactory bulb by using a video acquisition system,
capturing sequential images at 30 frames/sec
(128 x 128 pixels x 8 bits). Video imaging was
facilitated by the particularly large epi-fluorescence
signals in the olfactory bulb obtained with RH 414
(Kauer et al., 19:27). Only limited averaging was
needed. As shown in Fig. 8, these real time images of
the spread of activi~Lyevoked by electrical activation of
the olfactory nerve reveal a progression of events.
Glomerular layei activation was followed by
activation of the external plexiform layer and then
along the medial olfactory tract. Prolonged optical
signals were observed in the external plexiform, mitral
body, and granule cell layers. The early events were
hypothesized to reflect the depolarization of the
mitral/tufted cells and periglomerular cells, and the
latter, longer duration components the activation of
granule cells by the mitral/tufted cells. Stimulation of
the medial and lateral olfactory fascicles produced
similar, widespread patterns of changes in the
epi-fluorescence. Optical signals were not observed
without the presence of the dye, if a non-voltage-sensitive fluorescent dye was used, or if the excitation
wavelength was inappropriate, demonstrating that the
responses origina'Led from the RH 414. Optical
imaging of the responses to natural odorants in the
olfactory bulb using video techniques has also been
achieved (Kauer and Cinelli, 1993). Odorants
produced interdigitating, but distributed response
domains which these authors interpreted as, poten-
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tially, the underlying functional modules for odorant
identification.
The activity patterns across the olfactory mucosa to
odorants exhibit similar spatial and temporal
properties consistent with a highly distributed system.
In the bullfrog olfactory sac and salamander olfactory
mucosa, Kent and Mozell (1992) used WW781 and a
10 x 10 photodiode array to map the responses to
butanol, d-limonene and amyl acetate. Quantitative
comparisons of the differences in the patterns evoked
by these odorants were made based on an 'average
percentage difference' concept. Each odorant evoked
a distinct spatial signature but these 'signatures' could
overlap. Odorant specificity was more pronounced in
the salamander than the bullfrog. For example,
butanol produced the largest optical responses
anteriorly and medially near the external naris, while
d-limonene produced the largest response posteriorly
and laterally, near the internal naris. Inherent
differences in the latency of the response added a
temporal dimension to the response patterns, a feature
which may play a role in odorant identification.
In a thorough and detailed analysis, Cinelli and
Salzberg dissected out the fast and slow components
of the optical signal in the skate olfactory bulb (Cinelli
and Salzberg, 1990) and salamander olfactory bulb
(Cinelli and Salzberg, 1992). A combined electrophysiological (single unit, field potential, and current
source density analysis), pharmacological, and optical
approach was taken. Extrinsic absorption changes
evoked by stimulation of the olfactory nerve or tract
were monitored with a 12 x 12 element photodiode
array and the oxonol dye, RH 155. In addition to the
fast and slow component, optical signals thought to
reflect underlying hyperpolarization events were
observed (Cinelli and Salzberg, 1990, 1992). The fast
depolarizing signal detected in the olfactory nerve
layer at a latency of 5-9 msec was also observed to
invade the glomerular region. The slower component
in the skate had a duration exceeding 80 msec and was
located primarily in the zone between the glomeruli
and the mitral/tufted layer (Cinelli and Salzberg,
1990). In the salamander the slow component
appeared at the subglomerular level and in the external
plexiform layers (Cinelli and Salzberg, 1992). A series
of pharmacological and ionic manipulations was used
to dissect out these components, including abolishing
the optical signals with TTX or high K + (Cinelli and
Salzberg, 1990, 1992). The fast components in the
olfactory nerve region were not dependent on the
external Ca 2÷ concentration or on the presence of Ca 2+
channel blockers, but were abolished by low Na +,
exhibited a refractory period, and the duration
increased with TEA. All these findings support the
conclusion that the fast signal represents the
synchronous compound action potentials evoked
either in the olfactory nerve fibers or in the
mitral/tufted somata.
Results from both the skate (Cinelli and Salzberg,
1990) and salamander olfactory bulb (Cinelli and
Salzberg, 1992) suggest that the slow component
originates from the mitral-tufted processes and
involves long-lasting regenerative Ca 2+ currents while
Kauer had suggested a granule cell origin (Kauer,
1988). This slow component is suppressed by low
extracellular Ca 2+ concentration, blocked by cad-
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mium, reduced by GABA and the GABAB agonist,
baclofen. In the skate, GABAA antagonists had
minimal effects (Cinelli and Salzberg, 1990), but in the
salamander always enhanced the slow optical signal
(Cinelli and Salzberg, 1992). Non-NMDA receptor
antagonists decreased the slow component, as did
lowering the Mg 2+ in the bath, but the NMDA
antagonist, 2-amino-phosphonovaleric acid (APV),
had the opposite effect of accentuating the slow optical
response. The NMDA-dependent responses probably
are involved in the excitation of the granule cells. The
depolarization of mitral/tufted dendritic processes is
inhibited by the subsequent activation of granule cells,
accounting for the GABA sensitivity and presence of
longer latency, hyperpolarizing signals. Glial depolarization contributed little to the slow signal in either
preparation, since even relatively high concentrations
of barium did not reduce the slow component.
Using an in vitro salamander hemi-brain preparation, Wellis and Kauer investigated the spatial
patterns of neural activity in the isolated olfactory
bulb (Wellis and Kauer, 1993, 1994). Whole cell patch
recording and optical imaging were undertaken in the
same preparation, providing for more direct evidence
on the origin of the optical signals. Differing with the
interpretation of Cinelli and Salzberg (1992), Wellis
and Kauer suggest that the granule cells are the major
source of the slow optical signals. Video imaging
included 64 sequential frames at 33 msec/frame,
monitoring the responses evoked by olfactory nerve or
medial olfactory tract stimulation in preparations
stained with RH 414. In addition to viewing optical
changes across the bulb, olfactory nerve, or medial
olfactory tract, stimulation produces optical responses
that spread into the anterior olfactory nucleus and
primordial hippocampal areas. The normally widely
distributed optical responses increased in spatial
extent, amplitude, and duration with application of
the GABAA receptor antagonist bicuculline methiodide. Whole cell recordings demonstrated a block of
the inward current of single mitral/tufted cells. In
contrast, CNQX (6-cyano-2,3-dihydroxy-7-nitroquinonoxaline), a non-NMDA antagonist, reduced
the optical responses and the evoked inward currents,
with the NMDA antagonist AP5 (2-amino-5-phosphonopentanoic acid) attenuating the synaptic
currents and the spatial distribution of the optical
response. Reduction of the bath Mg 2+ concentration
had the opposite action, increasing the optical signal
and the inhibitory synaptic currents. The long lasting
optical signals were interpreted as being generated by
prolonged granule cell depolarization, which in turn
through interneurons inhibits mitral/tufted cells via
GABAA receptors. The GABAA receptor blockers
accentuate the optical signal, since the mitral/tufted
cells prolong their excitatory action on the granule
cells in this condition. Furthermore, the time course of
the granule cell depolarization and the optical signals
is comparable (Wellis and Kauer, 1994). It was pointed
out earlier that the granule cells are numerous and that
the mitral-tufted cell depolarization is shorter than the
slow optical components (Kauer, 1988). It is likely that
both non-NMDA and NMDA receptors mediate the
depolarization of the granule cells, accounting for the
effects of CNQX, AP5, and lowering the bath Mg 2÷.
Optical monitoring in the olfactory system has been

extended to the rat piriform cortex, in vivo (Cattarelli
and Cohen, 1989; Litaudon and Cattarelli, 1992) and
in vitro (Sugitani et al., 1994a,b). Optical signals
evoked by electrical stimuli to the olfactory bulb or
lateral olfactory tract were widely distributed across
the intact piriform cortex stained with RH 795
(Litaudon and Cattarelli, 1992). RH 795 was selected
due to its limited toxicity, lack of arterial constriction,
and ability to stain to layer III of the cortical mantle.
Stimulation of the lateral olfactory tract at different
sites yielded different but overlapping spatial patterns
of response (Cattarelli and Cohen, 1989). The optical
signals had properties similar to the extracellular field
potentials, including two components presumably due
to excitatory, post-synaptic potentials in the apical
dendrites of pyramidal cells. The first component was
hypothesized to be related to the monosynaptic
activation from the lateral olfactory tract and the
second component polysynaptic excitation. The
amplitude of the two measurements co-varied with
stimulus strength though the threshold was lower for
the electrical recordings. The second component of
both the optical and electrical responses was reduced
with paired shocks delivered at intervals less than 100
msec. In a subsequent study using four stimulation
sites in the olfactory bulb, the initial component of the
optical response was differentially distributed across
the piriform cortex (Litaudon and Cattarelli, 1994),
consistent with the anatomy of the mitral cell axons
terminating in clusters. In contrast, the second
component of the optical signal spread across the
entire recording area, progressing along the anteriorposterior axis. It was suggested that this redistribution
of activity was due to the intrinsic intracortical fiber
system (Litaudon and Cattarelli, 1994). Using a guinea
pig brain slice cut perpendicular to the surface of the
piriform cortex and a high temporal and spatial
resolution imaging system, the progression of optical
activity radially along the cortical layers could be
visualized (Sugitani et al., 1994a). The slice was stained
with RH 482. Electrical activation of layer Ia evoked
a propagating signal which shifted progressively into
layers II and III, and then propagated along layers II
and III. In the posterior piriform cortex, the signal
occasionally extended into layer IV. Propagation into
the endopiriform nucleus was also observed (Sugitani
et al., 1994b). The signals were post-synaptic in origin,
blocked by CNQX. The optical responses were
consistently more prolonged than the field potentials,
again emphasizing the differences between these two
recording modalities (Sugitani et al., 1994a). Lastly,
multi-site optical signals in the hamster gustatory
cortex evoked by tongue stimulation have been
described (London, 1990).
In the isolated, whole brain of the guinea pig,
MacVicar and colleagues have mapped the intrinsic
signals evoked by stimulation of the lateral olfactory
tract (Federico et al., 1994). Using long stimulus
trains, decreased reflectance signals occurred in the
piriform cortex, entorhinal cortices, amygdala, and
the olfactory tubercle. The signal onset latency was
approximately 3 sec. The optical signals in the
piriform cortex were completely dependent on the
integrity of post-synaptic activation. Regression
analysis was used to demonstrate a strong relationship
between the amplitude of the intrinsic optical signals
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and the extracellularly recorded field potentials.
Seizure propagation could also be monitored. In this
avascular preparation most of the intrinsic signal was
attributed to changes in light absorption by
cytochromes (Fed erico et al., 1994).
3.4. Somatosensory Cortex
Three optical studies using voltage-sensitive dyes
and photodiode arrays in the somatosensory cortex of
the anesthetized rat have been published and it was
established that optical signals produced by natural
physiological stimuli could be monitored. The first
study (Orbach et al., 1985) relied primarily on the
styryl dye RH 414 One study used RH 795, noting the
potential problem of arterial constriction with RH 414
(Grinvald et al., 1986). Both staining and imaging were
accomplished witl~ the dura intact (Orbach et al., 1985;
London et al., 1989). The dura of the rat is transparent
and can be left in Lact without affecting signal size or
spatial distribution. Imaging through the intact dura
should help maintain cortical integrity as well as
reduce movement artifacts. Movement of a single
whisker evoked epi-fluorescence changes over an area
on average 1.3 m:aa in width. Based on the staining
depth, presumably the optical signals originated from
layers I - I I I of the cortex (1 mm), a potentially limiting
factor in the cerebral cortex. Movements of two
whiskers that were relatively separate on the face
produced spatially distinct responses, and the optical
signals were shown not to be related to intrinsic light
scattering signals. The lack of temporal features to the
whisker movement was somewhat unexpected.
However, the individual photodetectors viewed a
relatively large a.rea of cortex (168 x 168 #m or
264 x 264 /~m), averaging the synaptic and action
potentials from ~Lhe underlying membranes. Some
degree of optical blurring may have contributed to the
signal homogeneil:y (see Section 2.7). Repeating these
studies with the higher spatial resolution provided by
CCD arrays or monolithic photodiode arrays may
reveal a more heterogeneous temporal and spatial
structure. Preliminary reports using high spatial and
temporal resolution recording systems have confirmed
these earlier observations, demonstrating the capability of imaging the barrel fields in the rat cortex
(Delaney and Kleinfeld, 1994; Takashima and Toshio,
1994).
Topical bicuculline produced easily detectable
interictal epileptiform discharges, with optical signals
larger than those evoked by whisker stimulation
(London et al., ]989). Topical bicuculline modified
dramatically the optical signals to whisker stimulation. On average, signal size increased by a factor of
13, and the spatial extent and duration of the signal
also increased. After bicuculline the evoked signal
originated in tee same location but the signal
propagated at a v,~locity of 0.6 mm/sec to neighboring
cortical regions. Although the correlations between
the optical signals and the extracellularly recorded
field potentials using a large ball electrode were
generally good, the authors also described in some
instances large discrepancies between the two
measures. Systematic comparisons between extracellular field potentials or single unit recordings and
optical signals should prove useful for understanding
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the origin of the optical signals and their spatial
features (see Section 2.8).
Intrinsic optical signals evoked by natural stimulation have been recorded from the rat somatosensory
cortex (Grinvald et al., 1986; Gochin et al., 1992;
Masino et al., 1993; Narayan et al., 1994). Initially, a
photodiode array was used (Grinvald et al., 1986) but
subsequent work used CCD imaging (Gochin et al.,
1992; Masino et al., 1993; Narayan et al., 1994).
Optical responses in the barrel cortex have been
obtained to single whisker stimulation (Grinvald et al.,
1986; Masino et al., 1993; Narayan et al., 1994) and
to cutaneous stimuli delivered to the digits (Gochin
et al., 1992). Electrophysiological recordings were
used to verify the receptive fields of the optically-activated areas (Gochin et al., 1992; Masino et al., 1993).
The spatial extent of the area activated appears to be
larger than expected based on somatotopic considerations (Frostig et al., 1994; Narayan et al., 1994).
Preliminary reports suggest that while the spatial
extent of the response to movement of a single whisker
may be quite large (Frostig et al., 1994), the spatial
dimensions may be tunable by the frequency of
stimulation (Sheth et al., 1994). The intrinsic signal
imaging can be successfully accomplished through the
thinned skull (Masino et al., 1993). Previous studies
through the thinned skull over the occipital cortex
relied on infra-red illumination (Frostig et al., 1990),
but in the somatosensory cortex satisfactory intrinsic
signals were obtained with 630nm illumination.
Frostig and colleagues described the intrinsic signal as
consisting of two phases: an initial general decrease in
reflectance (> 300 msec) over the area followed by a
highly localized decrease which peaked at 1-3 sec after
stimulation onset (Masino et al., 1993). Cytochrome
oxidase staining of the barrels revealed a strong spatial
correspondence with the intrinsic signals obtained
from whisker stimulation (Masino et al., 1993).
Similarly, Narayan et al. (1994) described two
components in the rat somatosensory cortex. At
610 nm the early, diffuse decrease in reflectance began
at about 1.0 sec and peaked at 2.5-3.0 sec, while a
highly localized microvascular component was still
present at longer wavelengths (850 nm). This latter
observation has important practical implications in
the interpretation of the intrinsic optical signal.
3.5. Auditory Cortex
The auditory pathway and cortex process and
analyze complex sounds using computational schemes
which rely on topographic representations (for review
see Merzenich et al., 1988). In all mammals studied, a
prominent tonotopic organization exists, suggesting
that the spatial processing of information is an
essential organizational feature of the auditory system.
Numerous questions remain concerning the spatial
mapping of sound information and the temporal
relations among populations of neurons (Pickles,
1988). Optical imaging with voltage-sensitive dyes
offers a technical solution to address spatial questions
in the auditory cortex concerning tonotopic and
amplitude processing.
Four imaging studies using voltage-sensitive dyes in
the auditory cortex have appeared (Fukunishi et al.,
1992; Taniguchi et al., 1992; Taniguchi and Nasu,

494

T.J. Ebner and G. Chen

1993; Uno et al., 1993). All four studies used the guinea
pig auditory cortex, stained with RH 795 and
employed 12 x 12 photodiode arrays to monitor the
optical signals. The guinea pig cortex is lissencephalic,
a distinct advantage for optical studies. In one of the
studies the spatial patterns of optical activity evoked
by pure tones were somewhat consistent with the
known tonotopic maps (Uno et al., 1993). Low
frequencies were represented rostrally and high
frequencies caudally. However, it should be stressed
that in any one study only two or three frequencies
were examined and two studies failed to observe the
narrow iso-frequency bands defined previously by
microelectrode recordings (Fukunishi et al., 1992;
Taniguchi et al., 1992). As pointed out by Taniguchi
and colleagues (Taniguchi et al., 1992) there are large
analytical differences between these early voltage-sensitive dye maps and the maps constructed based on
microelectrode single unit recordings. However, the
visual cortex studies suggest that voltage-sensitive dye
imaging may detect sub-threshold events (Grinvald
et al., 1994) and, therefore, could account for some of
the differences with the single unit recording maps.
Optical recordings revealed some of the complexities in the spatial representation of sound frequency
and amplitude in the auditory cortex. First, the
tonotopic representation is dynamic and transient
(Taniguchi et al., 1992; Uno et al., 1993). For example,
focal activity in response to a loud click is initiated first
in the rostral dorsal field of the anterior auditory
cortex and over a period of milliseconds propagates
caudally and ventrally (Taniguchi et al., 1992). The
propagation is not monotonic; instead, distinct
'islands' of similar phase are prominent, evidence for
parallel and sequential processing of sounds in the
auditory cortex. Second, spatial overlap occurs for
different frequencies (Fukunishi et al., 1992; Uno
et al., 1993). Although initially the regions responding
to a 1 kHz and 4 kHz tone burst were spatially
separate, the regions gradually overlapped as the time
after the stimulus onset increased. Third, the encoding
of sound intensity is organized spatially. Iso-intensity
bands are organized orthogonally to the iso-frequency
bands (Taniguchi and Nasu, 1993), with the higher
sound intensities ventral and lower intensities dorsal.
Increased sound intensity expanded the spatial area
encompassed by the optical response (Taniguchi and
Nasu, 1993; Uno et al., 1993) and was a
time-dependent phenomenon.
These findings stress the need to consider the spatial
and temporal relationships between sound intensity
and frequency in the auditory cortex, and have begun
to shed new light on some old questions. Although
these newer findings are still limited and will require
considerable expansion and elaboration, the utility of
voltage-sensitive dye optical recordings in the auditory
cortex has been established.

3.6. Hippocampus
The hippocampus, with the access provided by the
hippocampal slice preparation or organotypic slice
cultures, is an ideal structure for the use of
voltage-sensitive dyes. The spatial and laminar
properties of the hippocampal circuitry, the distinct
afferent and efferent projections, and the detailed

anatomical and physiological information are ideally
suited for optical imaging (Buzsaki et al., 1990).
Furthermore, the existence of phenomena such as
NMDA-and non-NMDA-dependent long term potentiation provide a wealthy substrate for investigation (Madison et al., 1991).
The first voltage-sensitive dye study in the
hippocampal slice used WW 401, an absorption dye,
and a 10 x 10 photodiode array (Grinvald et al.,
1982b). Each element viewed a 45 x 45 pm-' area and
the 100 element array was monitored with a temporal
resolution of 0.7 msec. Stimulation of the Schaeffer
collateral-commissural pathway evoked a spatial
pattern and temporal sequence of optical signals from
which the authors attempted to dissect out the various
neural substrates. The incoming volley on the
Schaeffer collateral-commissural system produced a
short latency, fast signal. As expected for an afferent
volley, this fast signal was tetrodotoxin-sensitive but
insensitive to low Ca2+/high Mg 2+ in the bathing
solution. A subsequent and slower signal was
abolished by low Ca2+/high Mg 2+. Probably originating from excitatory dendritic potentials, this signal
propagated towards the strata pyramidale and oriens.
Longer latency components with a fast rise time were
interpreted as action potentials produced either in the
axon hillock or the pyramidal cell somas with some
spread antidromically into the dendrites. Optical
signals consistent with hyperpolarizing events were
detected in the stratum pyramidale by stimulation of
the stratum radiatum and by antidromic activation of
CA1 pyramidal cells due to stimulation of the alveus.
The former was attributed to inhibitory synapses on
pyramidal cells and the latter to activation of a
recurrent inhibitory pathway. This landmark study
established that the components of an optical signal
can be dissected out and the neural origins of the signal
identified. This work also demonstrated that voltagesensitive dyes have the capability of mapping the
spatial-temporal flow of information in a CNS
preparation.
Epi-fluorescent recording techniques have also been
used in the study of hippocampal physiology (Saggau
et al., 1986; Bonhoeffer and Volker, 1988; Bonhoeffer
et al., 1989). The styryl dyes, RH 414 and RH 237,
were found to provide useable signals. The first
epi-fluorescent study relied on a single photodiode,
monitoring the response to stimulation of the
Schaeffer collateral-commissural system in the guinea
pig (Saggau et al., 1986). Tetanic stimulation increased
the amplitude of the optical signal and the
simultaneously recorded field potential, an augmentation which persisted for at least 30 min. This was the
first optical recording of long term potentiation. Both
TTX and low extracellular Ca 2÷ levels blocked the
optical signal and its augmentation by tetanic
stimulation. Using a 12 x 12 multi-channel recording
system with a resolution of 15 × 15 /~m, single cell
activity was recorded in a monolayer, organotypic rat
hippocampal culture (Bonhoeffer and Volker, 1988).
A distinct advantage of this culture system is the lack
of glial cells, reducing non-specific staining and the
potentially confounding contribution of glial depolarization to the optical signal. Peak A F / F e x c e e d e d 2.0%
in some of the optical recordings. The optical activity
evoked by intracellular stimulation of a single cell was
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resolvable without averaging. In these hippocampal
slice cultures, Bonhoeffer and colleagues took
advantage of the spatial mapping capabilities of
optical recordings to demonstrate that synaptic
enhancement was not restricted to the stimulated
post-synaptic cell (Bonhoeffer et al., 1989). Stimulation of the Schaeffer collaterals was paired with the
depolarization of a single post-synaptic neuron with
an intracellular electrode. Although the post-synaptic
depolarization wa:; restricted to a single cell, the
pairing produced enhancement of the synaptic
responses for distances up to 150 pm around the
neuron which was ,;electively depolarized. The optical
findings were confirmed with dual intracellular
recordings. Preliminary reports have appeared using
high temporal and spatial resolution photodetector
arrays in the study of the hippocampal slice (Tominaga
et al., 1994). These represent impressive technical
advances which will only enhance future hippocampal
investigations.

3.7. Brainstem Studies

Voltage-sensitive dye optical studies are particularly
needed when conventional electrophysiological techniques are too technically difficult or not applicable.
These problems ari.se in developing neurons, which are
not only small but fragile. Consequently, physiological
studies on the embryonic brain are relatively few
(Kamino et al., 1989). To surmount this problem,
Kamino and colleagues have been using optical
techniques to investigate the physiology and development of the embryonic chick medulla oblongata (Sakai
et al., 1985; Kamino et al., 1989, 1990; Komuro et al.,
1991, 1993). The first demonstration of optical
recordings in the embryonic, intact nervous system
was from the 4-10 day old chick embryo semilunar
ganglion. A small number of photodiodes and the
merocyanine-rhodanine dye, NK 2761 were used
(Sakai et al., 1985). Stimulation of the semilunar
ganglion with long depolarizing or hyperpolarizing
pulses produced amplitude graded, reciprocal absorbance changes in the ganglion. The absorbance
signals were wavelength dependent. Evidence for both
conducted and electrotonic-dependent optical signals
was obtained. The conduction signals were TTX-sensitive and developed after the 5th embryonic day.
Using an isolated, 7 day old embryonic brainstem
preparation, Kam!Lno and colleagues evaluated next
the optical responses to vagus nerve stimulation
(Kamino et al., 1989). A 12 × 12 photodiode array
was used as the detector system. The thickness of the
preparation (500--700 ~m) permitted the use of
transmittance me~Lsurements. Characteristics of the
evoked spike-like optical signals included: (1)
longitudinal-shaped response domains in a central and
lateral region of the brainstem, (2) restriction to the
ipsilateral side, and (3) blockage by tetrodotoxin. An
added advantage of the preparation was the use of
transverse brainstem sections, which allowed the
determination that the optical responses were
localized near the dorsal side of the brainstem. The
afferent volley prc,duced by vagus nerve stimulation
was also recorded. The response topography was
consistent with the lateral region representing
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activation of the vagus nucleus and the lateral area
with the root entry zone of the vagus.
The embryonic brainstem responses are stimulation
strength-and duration-dependent (Kamino et al.,
1990). Stimulation strength, duration, and threshold
maps were constructed. In general, the area of the
evoked response expanded medially as either
stimulation strength or duration increased. Again,
both the lateral and central regions had a
predominantly longitudinal shape. Threshold contour
maps (i.e. critical value of the stimulus parameters to
evoke an optical signal) show the lateral and central
regions separated by a region of very high threshold.
Further work based on rheobase measurements
suggested discrete spatial groupings of the response
patterns (Sato et al., 1993).
Optical recordings have been used to study the
development of the brainstem (Komuro et al., 1991,
1993; Momose-Sato et al., 1991) and its afferent input
(Sakai et al., 1991). Optical signals recorded along the
embryonic chick vagus nerve show a progressive
increase in conduction velocity with age in the 5-21
day old embryos. Axon diameter undergoes a
corresponding increase. The younger nerve bundles
generate larger absorbance signals. Both regenerative
and electrotonic components were identified. Compound axon potentials were detected in the 8-12 day
old embryo, the slower compound appearing to reflect
a group of axons undergoing programmed cell death.
Vagal stimulation in the late 7 day old and 8 day old
embryos results in an initial spike-like response,
followed by a slower, longer duration signal (Komuro
et al., 1991). The duration of the slow component
exceeded 500 msec, a very prolonged signal which may
reflect the physiology of the embryonic state. The fast
component probably consists of antidromic action
potentials generated in vagal motor neurons and
orthodromic action potentials in sensory nerve
terminals. The fast components develop first, recorded
as early as the 4 day old brain (Momose-Sato et al.,
1991). Slightly different chronaxe and rheobase
measurements differentiated the two components, as
did their thresholds with the slower component
requiring higher stimulation strength. The amplitude
of the slow component decreased with continuous
stimulation, was reduced by low external Ca 2+
concentrations, was eliminated by the glutamate
receptor blockers 2-APV and CNQX, and was blocked
by manganese or cadmium ions. The fast component
was preserved under the same experimental manipulation (Komuro et al., 1991). The slow component
does not develop until the late 7th or 8th embryonic
day. Maps of the slow and fast component intersect
but do not overlap (Momose-Sato et al., 1991). The
region with the largest slow component is displaced
laterally and caudally. Transverse brainstem slices
show that the slow component is primarily located
dorsally. The authors conclude that the response
region associated with the largest fast component
corresponds to the dorsal motor nucleus of the vagus
nerve and the slow component to the nucleus tractus
solitarius. This series of findings is consistent with a
pre-synaptic and post-synaptic origin for the fast and
slow components, respectively. Spontaneous low
frequency activity was detected and found to be
synchronized across wide regions of the preparation
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(Komuro et al., 1993). Different modes of spontaneous firing occurred, each with somewhat different
spatial distributions. These signals were suggested to
be the prototype of the normal spontaneous activity
characteristic of this region.
3.8. Axons, Neurites, and Glial Cell Studies

The squid axon and various cultured cells have
played a major role in the development of
voltage-sensitive dyes and optical recording techniques as one of the major test systems (Cohen et al.,
1974; Ross et al., 1977; Grinvald et al., 1982a; Gupta
et al., 1981; Loew et al., 1985; Gross et al., 1986; Loew
et al., 1992). Axon and nerve preparations have also
been useful in determining the glial contribution to
optical signals. Studying the compound action
potential from the optic nerve, Lev-Ram and Grinvald
(1986) searched for dyes with a slow signal. The styryl
dye RH 414 had two distinct components, a fast and
a slow component. The large, slow signal peaked at
50-90 msec but decayed over approximately 1 sec.
Several lines of evidence suggested that the slow signal
was related to the staining and depolarization of
oligodendrocytes, including a distinct temperature
dependence, strong dependence on the staining time,
lack of a slow component in the neonatal,
non-myelinated optic nerve, dependence on extracellular K + concentration, and being blocked by K ÷
channel blockers. Cultures of mixed glial cells showed
that RH 414 stained oligodendrocytes more intensely
by 3-6-fold than astrocytes or unidentified glia.
Absorbance and fluorescence recordings from the
frog optic nerve stained with NK 2367 have shown also
that there are two components, the first a fast optical
signal and the latter, a prolonged event (Konnerth and
Orkand, 1986; Konnerth et al., 1988). The latter, slow
component builds up with repetitive stimulation,
consistent with a long-lasting depolarization due to
transient accumulation of extracellular potassium.
Simultaneous intracellular recordings revealed the
time course of the glial depolarization to be similar to
the slow component of the optical signal. The
amplitude of the fast, action potential components was
not reduced by repetitive stimulation, that is, the slow
component is not due to prolonged depolarization of
the optic nerve axons. However, both observations are
consistent with the slow signal arising from the glia.
The ratio of unmyelinated axonal membrane to glia
membrane was estimated to be almost 4 to 1
(Konnerth et al., 1988). Yet the glia appear to
contribute disproportionately to the optical signal.
The normalized ratio of the amplitude of the fast
optical signal to the slow signal is about 10:1, much
lower than predicted. The authors interpret this as due
to preferential staining of the glia, similar to the
conclusions of Lev-Ram and Grinvald (1986)
concerning RH 414. Pure glial cell optical recordings
in Necturus optic nerve were produced by intracellularly stimulating a glial cell directly (Astion et al.,
1989). The amplitude and rise time of the signal
increased across the preparation when bathed in Ba -~+
solution, suggesting that the glial cells acted as a
syncytium. The Ba 2+ was interpreted as increasing
membrane resistance more than the resistance of the
intercellular junctions. Optical recordings could be

used to study passive current spread across a system
of cells coupled by gap junctions.
One use of voltage-sensitive dye recordings has been
to study the temporal and spatial profiles of passive
and active conduction of membrane potentials. Focal
demyelination of the frog sciatic nerve produces a
slowing and decrease in the amplitude of the optical
signal across the altered nerve region (Shrager et al.,
1987). This also was the first demonstration of an
optical recording from an unmyelinated nerve. Ross
and Krauthamer (Krauthamer and Ross, 1984; Ross
and Krauthamer, 1984) used optical techniques to
record the electrical activity from many positions on
single invertebrate neurons. Using dyes WW 375 and
NK 2367 and high speed sampling of only 32 elements
of a 10 x 10 photodiode array, optical signals were
obtained from the axon, cell body, and fine processes.
Pharmacological and photodynamic effects were
negligible. Some slight differences between the optical
signals and intracellular recorded potentials were
described, including a fall off of the optical signal at
longer recording times and an asymmetry in the
relative amplitudes (Ross and Krauthamer, 1984). The
fine details of conduction along an axon or dendrite
and electrotonic spread of potentials could be
evaluated. Spike initiation usually occurred in the
axon, just outside the soma, and then was
antidromically conducted into the soma and dendrites.
Evidence for active dendritic conduction included the
appearance of action potentials first in the dendrites
when the soma was stimulated intracellularly and the
fact that action potentials in the dendrites decayed less
than sub-threshold pulses (Krauthamer and Ross,
1984).
In cultured leech Retzius cells stained with RH 421
the cable properties of 1/~m thick neurites were studied
in greater detail (Fromherz and Vetter, 1992). A
10 x 10 photodiode array was used, and the
preparation was stained with RH 421. Hyperpolarizing pulses in the soma spread into the neurites with
an amplitude decay and time delay. The optical
responses fitted to a simple cable model. The fit to the
model was used to estimate the local sensitivity of the
dye, which varied along the neurite. Based on
normalization of the fluorescence with these relative
sensitivities, the depolarization-induced action potentials were found to propagate with constant amplitude
along the neurite. Pursuing similar issues, Fromherz
and Muller (1994) used voltage-sensitive dye recordings to obtain a spatial-temporal map of the voltage
changes along a single neurite from leech N-cells. The
cells were also stained with RH 421. Both the active
and passive properties of the neurite were studied by
mapping the transient patterns of voltage along a
straight, unbranded neurite evoked by stimulation in
the somata. Transient hyperpolarization of the soma
produced a fluorescence signal that spread only 200
/~m along the neurite. In contrast, depolarization
elicited an action potential in the soma and along the
entire neurite, with a velocity of propagation of
approximately 150/~m/msec. The data were modeled
and fit by a Hodgkin-Huxley cable model, which
required active conductances on the neurite to fit the
response to depolarization. Fitting the experimental
data required higher core resistance and membrane
resistance values than anticipated. The voltage-sensi-
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tive dye methodology, by providing a space-time map
of the membrane potential along the entire neurite, will
permit detailed studies of the electrophysiology of
single neurons or neuronal compartments inaccessible
with conventional microelectrodes.
3.9. Hu~nan Imaging Studies
One of the long term goals of optical imaging studies
has been the appliication to humans. Mapping of
cortical function Jis an essential tool in several
functional neurosurgical procedures, including localizing language and motor areas in preparation for
tumor and epileptic foci removal. Functional
assessments are also carried out in some spinal cord
and brainstem surgeries. In addition to mapping
normal function, optical imaging could be used to
investigate abnormal neuronal activity such as the
spread of epileptifcrm activity (Orbach et al., 1985;
London et al., 1989). Optical techniques offer an
attractive alternative to conventional electrophysiological recordings, providing high spatial resolution in
relatively short time frames. Although voltage-sensitive dye studies have not been carried out, the
feasibility of using intrinsic signals to optically study
human cortical function has been demonstrated
recently.
An initial preliminary report appeared in 1990 that
recorded intrinsic signals in the human cortex
(MacVicar et al., 1990, 1993). Electrical stimulation
evoked a slowly rising and decaying decrease in
reflectance. Prolonged after-discharges produced large
decreases in light relFlectance. Haglund and colleagues
imaged intrinsic signal changes in response to bipolar
cortical stimulation in patients undergoing surgery for
intractable epilepsy (Haglund et al., 1992). Using a
CCD video camera to image reflectance signals,
stimulation-evoked epileptiform after-discharges were
observed in the motor cortex region. The intensity and
duration of the optical responses correlated with the
after discharges. Similar observations have been made
by MacVicar et al. (1993). Optical signals were
recorded in the sensory cortical area during tongue
and finger movements and in Broca's and Wernicke's
areas while naming objects. Although significant
problems were e~countered in applying optical
recordings within the human operating theater, the
initial results are encouraging.

4. INVERTEBRATE STUDIES
One present limitation of voltage-sensitive dyes and
optical recordings in the vertebrate CNS is the
inability to resolve the activity of single neurons.
Although optical recordings from single neurons is
possible in very select conditions (see Section 3.6;
Bonhoeffer and Volker, 1988), the limitations in
spatial resolution, signal-to-noise ratio, and the fact
that in most prep~xations each detector views the
processes of a large number of neurons means that
significant technological advances will need to occur
before single unit optical recording in the CNS is
feasible. However, invertebrate ganglia with their well
defined neuronal composition and identifiable somata,
many large in size, offer the opportunity to record the
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activity of single neurons. This opportunity has not
been missed, and several of the earliest optical studies
were directed at single cell recordings from various
invertebrate ganglia (Salzberg et al., 1973). Single
photodetectors and merocyanine dyes were used to
demonstrate the feasibility of monitoring fluorescence
and absorption changes from single neurons in a
segmental ganglion of the leech. Similar single channel
photodiode recordings were employed to resolve nerve
and cell action potentials in the Aplysia (Woolum and
Strumwasser, 1978).
Subsequent studies focused on increasing the
number of photodetectors and recording simultaneously from several neurons (Grinvald et al.,
1977a; Salzberg et al., 1977). This was accomplished
by using light guides to transmit the light from single
cells of the isolated giant barnacle supraesophageal
ganglion to individual diodes (Grinvald et al., 1977a;
Salzberg et al., 1977). Primarily using the merocyanine-oxazolone dye NK 2367, changes in absorption
were monitored. The signals were five times larger than
obtained previously and the photodynamic toxicity
was 100 times less. Action potentials produced
absorbance changes as large as 0.02%. Both
sub-threshold and regenerative signals produced by
controlled intracellular stimulation were detected. Up
to 14 cells were monitored simultaneously, with
spontaneous action potentials recorded in up to eight
cells in conditions favoring high excitability (reduced
extracellular Ca 2+ and Mg2+).
In spite of the initial success using light guides to
isolate single neurons, their limitations were apparent
to the investigators, who suggested the need for a
multi-channel optical detector positioned in the image
plane of the objective (Salzberg et al., 1977). Precisely
such a strategy was utilized next (Grinvald et al.,
1981a), recording with photodiode arrays of l0 x 10
and 12 x 12 elements from the giant barnacle's
subesophageal hemiganglion. Since this ganglion
contains about 75 neurons, the possibility existed of
recording f r o m all the cells. In addition to the
supraesophageal ganglia from the giant barnacle, the
buccal ganglia from the mollusk Navanax, and the
leech segmental ganglion were studied (Grinvald et al.,
1981a). Several merocyanine and oxonol dyes gave
acceptable absorbance signals, but the epi-fluorescence signal-to-noise ratio was too small to be useful.
Irreversible pharmacological effects were found at the
higher dye concentrations in contrast to the earlier
report (Salzberg et al., 1977). Stimulation of
circumesophageal connectives resulted in large
numbers of spike-like optical signals which were
attributed to different cells. Activity evoked by
reduced illumination of the ocellus which drives the
barnacle's shadow response was also monitored, the
decrease in illumination activating several neurons in
the ganglion. Although synaptic potentials as small as
1 mV were detectable with averaging, cell size was a
limiting factor with smaller neurons (15 gin) having
signal-to-noise ratios of 1:1 and larger cells ( > 40 pm)
a signal-to-noise ratio greater than 10:l.
To understand the functioning of a neural circuit, its
activity will need to be studied during relevant
behaviors. Simultaneous optical recordings were
obtained from an intact preparation, the buccal
ganglion of the mollusk, Navanax, during and

498

T.J. Ebner and G. Chen

following the expansion of the pharynx that occurs
during feeding (London et al., 1987). The buccal
ganglion contains some 200 neurons. Using the oxonol
dye RH 155 and a 12 × 12 photodiode array, a 1 mm
diameter quartz rod was used to transmit the light to
the ganglion, the rod inserted through the body and
pharynx. The ventral side of the ganglion was viewed
with this arrangement. RH 155 and its derivates RH
479 and RH 482 had little pharmacologic or
photodynamic effects and a large absorption signal.
Staining was restricted to the cell bodies. Large
numbers of neurons, 10-15 % of the entire population
of the ganglion, were active during either spontaneous
expansions of the pharynx or actual feeding. The
photodiode array was able to monitor between
50-80% of all the neurons in the ganglion that could
be electrically stimulated from the nerves leading to the
ganglion. Positive identification of spikes with
individual cells was possible for some, but not all, of
the neurons or spike trains.
Expansion from 124 detectors to 448 produced a
4-fold increase in resolution (Nakashima et al., 1992).
The 24 x 24 array used has square pixel elements of
0.91 mm on a side, each viewing a 91 x 91/~m 2 area
in the object plane with a 10 x objective. One of the
disadvantages of using smaller detectors, that light
noise increases proportionally for a given light
intensity, appeared to be offset by the smaller, absolute
noise level and that an individual pixel generally views
only one cell. An I - V converter circuit was
incorporated into the amplifier that uses negative
feedback to cancel the dc component of the
photodiode output. This design allows for a large
dynamic range without the need for selecting a resistor
level to match resting input current. In the Aplysia
abdominal ganglion during the gill withdrawal reflex
up to 70 excited and 9 inhibited neurons could be
detected, the array viewing up to 192 cells. Nakashima
and colleagues (Nakashima et al., 1992) argued that
the larger array increased the yield of cell detection by
a factor of 2.5, but using a similar array Cohen and
colleagues only increased their yield by a factor of 1.5
(Wu et al., 1994a).
Reduced invertebrate preparations have also been
studied (Parsons et al., 1989, 1991), using small
numbers of cultured neurons from the abdominal
ganglia of Aplysia. Large absorbance changes were
obtained from single cell recordings ( ~ A A / A = 10-3)
with a signal-to-noise ratio of 50. Phototoxicity
could be reduced substantially by using deoxygenated artificial seawater, eliminating any detrimental effect on synaptic interactions even when
high light intensity was used (Parsons et al., 1991).
Also, limiting the light intensity could control
bleaching. A minimum intensity of 3 mW/cm-' was
needed for a minimum signal-to-noise ratio of 3. By
maintaining the light at 100 mW/cm 2, 30 min of
recording time were possible with acceptable bleaching. Various functional patterns of connectivity
could be inferred from the cultured neurons,
including excitatory and inhibitory relationships. A
sobering observation was the dynamic nature of the
functional connectivity. In one example from three
simultaneously recorded cells, stimulation of cell a
produced an increase in firing in cell b and
stimulation of cell h increased the firing in cell e.

Stimulation of cells a and b simultaneously
produced no output in either cell b or e.
Cohen and colleagues have used multi-unit optical
recordings to investigate the neuronal organization
underlying the gill withdrawal reflex in the Aplysia
abdominal ganglion (Zecevic et al., 1989; Falk et al.,
1993; Wu et al., 1994a,b). The initial investigation
defined the complexity of the problem when
attempting to determine the neural basis of even a
simple behavior. The isolated siphon preparation was
used, in which the siphon remained connected to the
abdominal skin by the siphon nerve. Mechanical
stimuli delivered to the siphon skin evoked withdrawal
of the gill. Using the oxonol dye RH 155 and a 12 x 12
photodiode array, 200-300 neurons, 30-35% of the
cells in the ganglion were active during the
gill-withdrawal reflex. Computerized algorithms aided
in the identification of spikes and assignment to
neurons. Habituation of the reflex was characterized
by a reduction in the number of activated neurons.
Subsequent sensitization was characterized by an
increase in the number of neurons activated. The
number of cells activated, and not the firing frequency,
was the major factor changing with the different states,
but more subtle parameters, such as timing of action
potentials within or among cells, were not investigated.
One question arising from the initial optical
recording studies is the type of computational
organization that generates the behavior. At one end
of the spectrum is an organization based on labeled
lines or dedicated circuitry and at the other end of the
spectrum is a highly distributed system. Several
findings suggest that the latter is closer to the actual
neural mechanism. First, large numbers of neurons are
involved in a given behavior, as shown for the
gill-withdrawal reflex or spontaneous gill movements
(Zecevic et al., 1989; Nakashima et al., 1992; Falk
et al., 1993; Wu et al., 1994b) and feeding (London
et al., 1987; Morton et al., 1991). Second, different
behaviors use the same neurons. Optical recordings
from the Aplysia abdominal ganglion were obtained
during the gill-withdrawal reflex, spontaneous gill
contractions, and respiratory pumping (Wu et al.,
1994a). Ninety percent of the neurons active in one of
these three behaviors were also active in the other two
behaviors (Wu et al., 1994a). An example of this
distributed activity is shown in Fig. 9. Competition for
these various pools of neurons occurred if the
behaviors were elicited concurrently. For example,
generating the reflex gill withdrawal during the falling
phase of a respiratory pumping episode modified the
responses. Another observation favoring a distributed
organization is that the responses of neurons in the
Aplysia abdominal ganglion to repeated stimuli are
highly variable (Wu et al., 1994b). Three stimulation
procedures including mechanical touching of the
siphon, suction electrodes on the siphon, or
intracellular stimulation of a single cell in the ganglion,
were used to investigate the trial-to-trial variability in
the discharge of single cells. The coefficient of variation
of the spike discharge for a large number of cells was
inversely related to the square root of the mean spike
count, consistent with a Poisson distribution. Many
factors could contribute to the variability, including
pr0babilistic features of transmitter release, receptor
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Fig. 9. Example of the large n u m b e r of spikes identified in the abdominal ganglion o f Aplysia during different
behaviors involving gill movements (Wu et al., 1994a). The optical spikes were obtained with a p h o t o d i o d e
array, each spike indicated as a vertical line (Wu et al., 1994a). Shown are the responses of all neurons whose
spikes were detected optically during the gill-withdrawal reflex ('Evoked' in (A) and (F)), during s p o n t a n e o u s
gill contractJions ('Spontaneous' in (B) and (D)), and during respiratory p u m p i n g ('Spontaneous' in (C) and
(E)). N e u r o n s are ordered based on the total n u m b e r of action potentials obtained across the four recording
periods. Gill movements s h o w n at the bottom. Reprinted with permission from W u et al. (1994a).
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and channel kinetics, and intrinsic rhythmic processes
(Wu et al., 1994b). Such variability may also
characterize an 'over-complete' system, in which many
possible solutions exist in a higher dimensional space
to generate a process in a lower dimensional space, in
this case the higher dimensional space of the neurons
to that of muscle activation. Whatever the source of
the variability, the results support the concept of a
highly distributed network.
Cluster analysis of the firing rates is one analytic tool
which can be used to classify response patterns from
hundreds of simultaneously recorded cells. Cohen and
colleagues used this approach to analyze the responses
of Aplysia abdominal ganglion cells during a
mechanical stimulus delivered to the siphon and the
subsequent gill withdrawal reflex (Falk et al., 1993).
Six classes of cells were identified by response
topography: group I cells responded briefly at stimulus
onset and offset, group II and III cells gave sustained
responses, group IV cells were inhibited, group V cells
yielded a weak response, and group VI cells were
responsive. Some spatial clustering in the ganglion was
apparent for groups II and IV cells. Group I cells could
not be identified as primary sensory neurons, since all
optical responses in the ganglion were abolished by
synaptic blockage. Groups II-IV cells were better
correlated with the gill withdrawal than the
mechanical stimulus to the siphon. Differential
habituation occurred, with groups I and II only
partially habituated and with group III responses
completely habituated.
Invertebrate optical recording from large numbers
of single cells has presented a new set of opportunities
and challenges. Identification of the cells which give
rise to optically detected potentials is one of the major
challenges. Optical identification will be unambiguous
for some larger cells, but in many instances anatomical
criteria will be inadequate to identify the cell of origin
(Zecevic et al., 1989). Since in the studies to date only
a single focal depth has been used, the problem of cells
lying above or below the plane of focus and their
contribution to the absorbance changes needs to be
addressed. Optical sectioning might aid in the
identification as well as increase the yield of cells
detected. Approaches using other identification assays,
such as recording extracellularly from the buccal
nerves, can add substantially to the identification
process (Morton et al., 1991). Additional extracellular
recording sites may facilitate this effort. Improvements
in the algorithms to identify and sort spikes are needed.
Although some automation has occurred, visual
inspection and investigator-based decision making
continues to be a significant part of the process of
identification (Morton et al., 1991; Wu et al., 1994b).
Cross-correlation techniques should be useful in
identifying those cells that are recorded on multiple
detectors. Bleaching continues to be a problem,
limiting the amount of time over which a preparation
can be studied. Newer dyes with better signal-to-noise
ratios are required, which will aid in unit identification,
recording an even greater percentage of the cells, and
permit the monitoring of sub-threshold events. Lastly,
novel computational approaches, analytical models,
and display techniques will be needed to handle the
spike train data obtained from several hundred
simultaneously recorded neurons.

5. CONCLUSIONS
Much of the early history of voltage-sensitive dyes
and optical recordings has by necessity emphasized
the development of dyes and recording technologies.
Key developments were absolutely essential before
this methodology could be used profitably in the
CNS. Voltage-sensitive dyes had to be found with
improved voltage sensitivity and minimal toxicity.
Multi-detector recording systems had to be developed. As these tools became available voltage-sensitive dye optical recordings have been used in the
CNS. This review has surveyed these developments
and describes how voltage-sensitive dye recordings
are being used to address information processing
questions in the CNS and the nervous system of
invertebrates. The progress in many regions of the
CNS, including the cerebellar cortex, visual cortices,
olfactory and auditory systems, has been impressive,
as has been the ability to record simultaneously from
hundreds of single neurons in an invertebrate
ganglion. One offspring of voltage-sensitive dye
recording, intrinsic signal imaging, has been equally
impressive as a tool for studying spatial activity
across a structure. The early promise of voltage-sensitive dyes and optical recording, that is, monitoring
of activity in the nervous system at the single cell or
population level at high spatial and temporal
resolution, is being fulfilled.
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