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Abstract A single ganglion of the nervous system of the
leech Hirudo medicinalis was isolated. One or both roots
emerging from each side of the ganglion were sucked into
suction pipettes used either for extracellular stimulation or
for recording the gross electrical activity. The ganglion was
stained with the fluorescence voltage sensitive dye Di-4-
Anepps. The fluorescence was measured with a nitrogen
cooled CCD camera. Our recording system allowed us to
measure in real time slow optical signals corresponding
to changes in light intensity of at least 5%oc. These signals
were caused by the direct polarization of neuronal struc-
tures, the afterhyperpolarization or the afterdischarge in-
duced by a prolonged stimulation. When images were ac-
quired at fixed times, several of them could be averaged
and optical signals of at least 2%o could be reliably mea-
sured. These optical signals originated from well identi-
fied neurons, such as T, P and N sensory neurons. By tak-
ing images at different times and at different focal planes,
electrical events could be followed at a temporal resolu-
tion of 50 Hz. The three dimensional dynamics of electri-
cal events, initiated by a specific stimulation, was imaged
and the spread of excitation among leech neurons was fol-
lowed. When two roots were selectively stimulated, their
neuronal interactions could be imaged and the linear and
non-linear terms of the interaction could be characterized.
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Introduction

The analysis of the integrative properties and the informa-
tion processing of the nervous system requires the study
of electrical events originating from different locations of
the neuronal network and occurring with different time
courses. Therefore, in order to understand the workings of
the central nervous system, it is necessary to detect electri-
cal signals at a very precise temporal and spatial resolu-
tion. Such a comprehensive description is at present be-
yond available experimental techniques, but certain prac-
ticable approaches are available. In several instances, when
a nervous system is analysed as a whole, a more compact
description may be useful, in which the information is av-
eraged both in space and time. When the integrative prop-
erties of a small nervous system, such as that of many in-
vertebrate animals, are analysed, a coarse analysis may be
adequate and provide useful information. One possibility
is to use optical recording techniques (Cohen and Salzberg
1975; Grinvald 1985; Gross et al. 1986; Fromherz and
Lambacher 1991; Wu and Cohen 1992) so that the electri-
cal signal can be detected at a variable spatial and tempo-
ral resolution. Optical signals produced by voltage sensi-
tive dyes are usually detected with photodiodes, arranged
in a suitable matrix with a maximal resolution of about
20x20 elements (Wu and Cohen 1992), but with a tempo-
ral resolution in the kHz range. CCD cameras have been
used to detect slow intrinsic signals associated with meta-
bolic changes induced by the electrical activity (Grinvald
et al. 1986) and to measure fluorescence changes of volt-
age sensitive dyes caused by slow electrical waves (Kauer
1988; Delaney et al. 1994). In all these experiments the
neurons originating the optical signals could not be iden-
tified.

In this paper we describe some preliminary experiments
performed in the nervous system of the leech Hirudo med-
icinalis (Muller et al. 1981) with a commercially available
CCD camera. Optical recordings with voltage sensitive
dyes from the leech neurons with photodiodes have already
been described by Salzberg et al. (1973) and by Grinvald
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et al. (1987). Isolated leech ganglia were incubated with
the voltage sensitive dye Di-4-Anepps whose fluorescence
depends on the membrane potential of stained neurons. The
fluorescence was measured with a nitrogen cooled CCD
camera. The CCD camera was used in two different modes.
In the first mode, image sequences were acquired in real
time and the CCD camera was able to acquire and transfer
an image of 27 %38 pixels at about 5 Hz. In this mode op-
tical signals could be observed, originating from the gan-
glion, either due to a direct polarization of the neurons or
an afterdischarge or an afterhyperpolarization of viewed
neurons. These signals were caused by changes of fluores-
cence of about 5%o or more. In the second mode, images
were taken at fixed times, so that they could be averaged
over different trials. In this mode optical signals were de-
tected, originating from the cell body of well identified
neurons and caused by one or a few action potentials oc-
cutring in the imaged neurons. The amplitude of optical
signals which could be detected with this mode was as low
as 2%o. By taking images at different times and focal planes,
a coarse three dimensional dynamic description of the
electrical events was obtained and an effective time reso-
lution of 50 Hz was achieved.

These results indicate that a CCD camera can be used
to detect the excitation of well identified neurons at a mod-
erate time resolution, i.e. at about 50 Hz and to obtain use-
ful information for the understanding of the dynamics of a
neuronal network.

Materials and methods
Preparation and electrical recordings

Experiments were performed on the leech Hirudo medi-
cinalis, collected in ponds of central Italy or provided by
Ricarimpex (Eysines, France). A single ganglion of the
nervous system of the leech was isolated. The isolated
ganglion was one between ganglion 7 and 18 (see Muller
et al. 1981). In some experiments one or two roots from
ecach side of the ganglion and a bundle of connective fibers
were sucked into suction electrodes, as shown in Fig. 1A.
In other experiments, the left anterior and posterior roots
were sucked into two different suction electrodes and the
third suction pipette was either used to record the electri-
cal activity from the connective fibers or pressed against
the ganglion so as to reduce the distance between the mi-
croscope objectives and the viewed neurons. The isolated
ganglion was placed in a perfusion chamber mounted on
the stage of an inverted microscope (ZEISS IM 35).
Figure 1B illustrates extracellular voltage recordings
from the right pair of roots of the ganglion of Fig. 1A, fol-
lowing the stimulation of the connective fibers with a volt-
age pulse of 2 s with a positive (upper trace) and negative
(lower trace) polarity. The electrical activity in the absence
of stimulation was very reduced and activated only at the
cessation of the positive voltage and during the negative
voltage. Different behaviour was observed when the roots
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Fig. 1A-D The isolated leech ganglion used in the experiments. A
A CCD image in transmitted light at full resolution (416x578 pix-
els) of an isolated leech ganglion, with the two pairs of roots and a
bundle of connective fibers sucked into three suction electrodes.
16X objective. The calibration bar indicates 150 (tm. B Extracellu-
lar recordings from the left roots following the stimulation of the
connective fibers with extracellular voltage pulses of opposite pola-
rities applied through the suction electrode. C and D Extracellular
recordings from the connective fibers following the stimulation of
the left (C) and right (D) pairs of roots with extracellular voltage
pulses of opposite polarities applied through the suction electrode.
In B, C and D the solid line is the artifact of the applied extracellu-
lar stimulation. The intensity of the voltage pulse was 1 V

were stimulated and the electrical activity was recorded
from the connective fibers (see Fig. 1C, D). In this case
there was a vigorous spontaneous activity which was en-
hanced by applying positive pulses and drastically reduced
with negative pulses. At the cessation of the stimulation of
the right pair of roots (see Fig. 1D), the spontaneous ac-
tivity decreased following a positive pulse and increased
following a negative pulse. A similar, but not identical be-
haviour was observed by stimulating the left pair of roots
(see Fig. 1C). The differences between the stimulation of
the two pairs of roots were most likely caused by a differ-
ent electrical contact established by the two suction elec-
trodes. These effects were graded with the amplitude of the
voltage pulse applied. When one root was stimulated with
amuch weaker voltage pulse (i.e. between 0.05 and 0.2 V)



single extracellular action potentials could be recovered
(see Figs. 4-7) from the other ipsilateral root. Ganglia were
incubated in a saline medium (110 mm NaCl, 2.5 mm KCl,
8 mM CaCl, 1.5 mm MgCl, buffered to pH 7.6 with 10 mm
HEPES and NaOH) containing the fluorescent dye. The
dye Di-4-Anepps (Molecular Probes) was used. The dye
was dissolved in ethanol and heated at 50 °C for 30 min;
in many cases pluronic acid F-127 (Molecular Probes) was
also added. The final concentration of the dye used to stain
the ganglia ranged between 0.2 and 1 mg/ml and the incu-
bation time varied between 20 and 60 min. During incuba-
tion the electrical activity of the ganglion was monitored
by stimulating one root with a voltage pulse and recording
the extracellular voltage response from the connective fi-
bers. Usually, the electrical activity before and after dye
incubation was almost the same; if not, the experiment was
abandoned. After incubation the ganglia were rinsed sev-
eral times in the usual saline medium. The experiments
were performed at a room temperature varying between
18° and 25 °C.

Optical recordings

The exciting light was provided by a tungsten lamp (Phil-
ips GCS AI/216) or amercury lamp (Osram HBO 100 W/2)
placed at the back of the microscope and illuminating the
preparation through the objectives. A good stability of the
lamp was obtained by carefully selecting the bulb to be
used. The wavelength of the exciting light was selected at
498 nm with a narrow band interference filter. A dichroic
mirror was used, (Texas red ZEISS) transmitting at 515 nm
and reflecting at 501 nm. The fluorescence was measured
at 610 nm with another narrow band filter (3 nm band-
width). The fluorescence light could be either monitored
with a single photodiode {(OSD 100-5T Centronic) or di-
verted to the CCD camera, through a side port of the mi-
croscope. As shown by Fromherz and Lambacher (1991)
in leech neurons, a decrease of fluorescence of the dye Di-
4-Anepps of 10% at the measured wavelength indicates a
membrane depolarization of about 100 mV; similarly, an
increase of fluorescence of 10% indicates a membrane hy-
perpolarization of about 100 mV. The objectives of the mi-
croscope had a magnification of x16 (N.A. 0.8) or x25
(N.A. 0.6 working distance 1.67 mm). A nitrogen cooled
CCD camera was used (Astromed CCD 3200 Imaging
system using a CCD P8600 series from EEV Ltd. England
with a quantum efficiency of about 50% with peak dark
current ~0.1 electron/sec and a readout noise of about
150 electrons). The imaging system was able to digitize
each image with a resolution of 16 bits. The time required
to digitize and transfer a full image of 416 X578 pixels was
more than 1 second. In the presence of a stable light source
and when the dark current of each light sensor was drasti-
cally reduced by cooling at the temperature of liquid nitro-
gen, the major source of noise was photon noise (Wu &
Cohen 1992). When ..I” photons are absorbed by the sen-
sor, the noise N, i.e. the standard deviation of fluctuations,
is in the order of /. /". As a consequence, in order to have
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a signal to noise ratio (S/N) of at least 500, it is necessary
to have signals corresponding to at least 250 000 absorbed
photons. However the system was not able to measure a
number of photons larger than about 1300000 photons/
pixel in one frame. In order to increase the temporal reso-
lution of the imaging system, a binning of the image was
found convenient. Since the number of photons that could
be measured by a single pixel was always limited, this pro-
cedure of space integration was also used to increase the
S/N. Images were binned by a factor between 5 and 15, so
that the final resolution of each image ranged between
2738 and 82 x 115 pixels. With this arrangement the tem-
poral resolution (i.e. the acquisition frequency) varied be-
tween 3 and 5 Hz. The exposure times was 20 ms and was
controlled by a shutter (Vincent Associates) and the read-
out time was equal to %-exposure time, where f is the ac-
quisition frequency. When a stable electrical signal was
observed, an experiment was started and a full CCD im-
age of the viewed ganglion acquired. Images were acquired
in two different modes, referred to as “real time” and
“fixed time”.

Image analysis

Images taken before stimulation were averaged and used
as the baseline fluorescence F,,. The fluorescence signal S;
related to the electrical activity is the fractional fluores-
cence change computed as:

FE-FK

S, =
1 Fb

€]
where F; is the fluorescence of image i. Using this proce-
dure for each image sequence, a set of signal images S;
could be obtained. Fractional fluorescence changes are in-
dicated in false colors according to the table reproduced in
each Figure. Signal images were often smoothed by the
convolution with an appropriate filter, usually a symmet-
rical Gaussian function. A bleaching larger than 3% was
only rarely observed over the duration of a recording (3~5
seconds). In these cases images were digitally corrected
for the loss of intensity caused by the bleaching.

Noise and bleaching

The amount of bleaching and noise of the imaging system
was evaluated by analysing the data shown in Fig. 2. In
this test, 60 images of a stained ganglion were acquired
with a 15x 15 binning corresponding to images of
27x38 pixels. Figure 2A shows the number of photons
collected by one pixel. Because of the presence of dye
bleaching, the average number of detected photons de-
creased with time. In order to estimate the bleaching for a
single pixel, for a region of 10x 10 and for the entire im-
age of 27 x 38 pixels, we evaluated either a linear bleach-
ing, corresponding to:

I=at+b )
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Fig. 2A-D Bleaching and photon noise of
the CCD camera. A Photons counted at each
frame during the acquisition of 60 consecu-
tive images of the same ganglion with a reso-
lution of 27 x 38 pixels. First set of data re-
fers to the number of photons collected at an
individual pixel: second and third sets of data
refer to counts over an area of 10x10 and

27 %38 pixels respectively. The solid line
through the points is a least square fit with
the equation I=at+b; the dorted lines is a
least square fit with the equation I=ce®. The
two lines are indistinguishable. The number
of collected photons decreased by about 1%
per second as a consequence of dye bleach-
ing. B Same data as in A. but corrected for
the bleaching. obtained by removing the drift
in A. The standard deviation was 600, 13000
and 60000 photons for the three sets of data.
The ratio between standard deviation and av-
erage number of photons was 0.00117,
0.00025 and 0.000124 for the three sets of
data. In C and D signal images for two imag-
es of the series analysed in A and B after cor-
rection for bleaching are shown in a colour
scale. The average value of S; was 1.6%«.
This value can be taken as an estimate of the
total noise of the recording apparatus



where 1 is the number of collected photons, t is the time
and a and b are parameters to be estimated, or an exponen-
tial decline, corresponding to:

[=ce"

3)

A best fit with these two equations to the data shown in
Fig. 2 A provides the values of a=-52624, =484 107 840,
c=b and d=-0.00011 for the full image of 27X 38 pixels.
The linear bleaching (dotted line) or an exponential bleach-
ing (continuous line) provided almost indistinguishable
fits of the experimental data. Similar results were obtained
when photons were counted over an area corresponding to
10x 10 pixels (middle data in A) or over the entire image
(lower data in A). The decline of the number of detected
photons, caused by bleaching, was compensated by appro-
priately multiplying the measured number of photons (see
Fig. 2B). The standard deviation was 600, 13000 and
60000 photons for the three sets of data. The ratio between
standard deviation and average number of photons was
0.00117, 0.00025 and 0.000124 for the three sets of data.
These results indicate that the effect of bleaching is about
1%o per second and can be effectively corrected and that
the total noise in photon counting approaches the limit set
Vo
is 0.0014, 0.000138 and 0.0000456 for the three sets of
data shown in A and B. A comparison between these val-
ues and those measured indicates that the noise in our im-

by photon noise which is expected to be . This ratio
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Fig. 3A~D The localization of optical signals. A A CCD image of
the fluorescence from the stained ganglion at full resolution
(416 x578 pixels). The ventral side of the ganglion was focused and
the posterior connective was sucked into a suction pipette. The cal-
ibration bar indicates 150 pm. B The image of A after the process-
ing with suitable contrast enhancement procedures. C: Some neuro-
nal profiles extracted from B. 2 Retzius cells are indicated by R, 3
touch neurons by T and 2 noxious neurons by N. D The neuronal
map shown in C superimposed to a signal image obtained during the
stimulation with a voltage pulse of 3 V lasting for 500 msec. Each
image was obtained with an exposure of 18 ms, with a binning of 5,
leading to images of 82 x 115 pixels. 25 xobjective, N.A. 0.6

Fig. 4A—F Imaging the electrical activity of identified neurons. A
is a full image of the viewed ganglion. B, C, E and F are optical sig-
nals obtained at the times indicated by the corresponding letter in D.
Images taken in “fixed time” mode (see Method section) and 10 runs
were used to obtain one optical signal. Signal images taken with a
binning of 8, leading to images of 52 %72 pixels, 25 Xobjectives,
N.A. 0.6. D: Extracellular recording from the anterior left root (R)
following the stimulation of the posterior left root (S) with a voltage
step of 0.1 V. The line indicated by v is the stimulus artifact, the line
indicated by { is shutter artifact and the letters indicate the timing of
shutter openings

Fig. 9A-D Three dimensional reconstruction of the dynamics of
the electrical activity. A, B, C and D reproduce four fluoresence im-
ages of the ganglion taken by focussing the superficial ventral layer
and three other more interior layers. The second, third and fourth col-
umn reproduce signal images taken at the corresponding focal planes
as in the first column. T}, T, and T, were acquired 0,20 ms and 40 ms
after the onset of the stimulation respectively
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aging device is close to photon noise. C and D show sig-
nal images S; for two images of the series analysed in A
and B. This ratio is displayed in the colour scale shown in
the right lower corner. The average value of S; was 1.6%o
and could be taken as an estimate of the noise in real time
mode. In order to detect smaller signals, it was necessary
to acquire images in “fixed time” mode. In this mode, by
averaging at least 10 images, fluorescence changes as
small as 2%o could be reliably detected.

Real time mode

In this mode of operation, image sequences (from 20 to 30
images) were taken at a reduced spatial resolution; each
image sequence contained from 3 to 7 images taken before
the voltage stimulation and from 15 to 25 images taken
during and following the stimulation. In this mode the ex-
act timing of image acquisition was not controlled, but
could be determined by measuring the artifact of the T. V.
camera shutter and optical signals larger than 5%¢ could be
reliably detected (sée Fig. 7).

Fixed time mode

The total noise of our imaging system, operating in “real
time” is greater than 1.6%o of the total light measured. The
shortest shutter opening, which could be achieved by our
imaging system, is of the order of 18-20 msec. Assuming
that the dye Di-4-Anepps provides a signal of 10% for a
change of 100 mV in the membrane potential (Fromherz
and Lambacher 1991), the occurrence of a spike of a du-
ration of 1 or 2 msec will produce a signal not larger than
1%. As the light collected at a pixel does not come only
from the imaged neuron but also from other non-excitable
stained structures, the optical signal caused by the firing
of a single action potential is more likely to be only some
%o. As a consequence, in order to detect images of a sin-
gle spike the background noise had to be reduced to less
than 1%e.. This could be obtained by averaging images over
several runs, which was possible in the “fixed time” mode.
In this mode two images were acquired in each run; the
first image before the stimulation (used as the baseline flu-
orescence Fy,) and the second image at a fixed time after
the onset of the stimulation. This procedure was usually
repeated 10 times. Images taken at the same fixed time and
with the same time exposure of 20 ms were averaged. This
was possible when the electrical signal was identical over
the different trials to be averaged. Within the exposure time
window the number of spines elicited by one electrical
stimulation was usually constant. As a consequence, in
fixed time mode an effective increase of the S/N was ob-
tained and optical signals as low as 2%. could be reliably
detected. This allowed the detection of optical signals
caused by action potentials occurring in the viewed neu-
rons. The timing of the acquisition of the second image
was varied, so that it was possible to have images of the
electrical activity every 10 or 20 msec (see Fig. 4).
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Localization of optical signals

When the stimulation of the roots caused an evident electri-
cal signal (see Fig. 1), fluorescence image were taken dur-
ing the electrical stimulation.

Figure 3A illustrates a fluorescence image of the gan-
glion taken by the CCD camera at the full resolution of
416x578. Some neurons are clearly visible and can be
identified in the atlas of the leech nervous system (Muller
et al. 1981). Figure 3D reproduces signal images in a color
scale (see right lower corner), obtained by the application
to the suction electrode of a voltage pulse of 3 V to the left
side roots. The stimulation induced a clear increase of

-l
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Fig. 5SA-D Imaging electrical signals of increasing intensity. Low-
er row reproduces extracellular recording from the left anterior root
(R) following the stimulation of the left posterior root (S) with a volt-
age step of increasing intensities of 0.075 (A), 0.1 (B), 0.125 (C) and
0.25 (D). The stimulus artifact is indicated by the letter v. Upper col-
umn reproduces the optical signals obtained during the correspond-
ing stimulations at the time indicated by the shutter artifact (f). Each
optical signal was obtained as the average of 10 different trials. Sig-
nal images taken with a binning of 8, leading to images of 52 X 72 pix-
els, 25 xobjectives, N.A. 0.6

Fig. 6A-H Imaging the interaction of two different inputs. A The
full image of the ganglion. Signal images taken with a binning of 8,
leading to images of 52x72 pixels, 25 xobjectives, N.A. 0.6. B, C
and D Optical signals obtained by the stimulation of the left poste-
rior (B), left anterior (C) and both left roots (D) with a voltage pulse
of 0.175 V. Images taken in “fixed time” mode at the time indicated
by the shutter artifact shown in E. F, G and H as in B, C and D but
images taken at the time indicated by the shutter artifact shown in
G. Images were averaged over 10 different runs. E reproduces the
stimulus artifact (v), the shutter artifact corresponding to the acqui-
sition of images in A, B and C and those in D, E and F. The electri-
cal response recorded from the left posterior and anterior root are al-
so shown in E

Fig. 7A-F CCD imges in real time during the stimulation of a root
with a depolarizing voltage pulse. A A fluorescence image of the
ventral side of a ganglion. The stimulus was a depolarizing voltage
pulse of V lasting for 1 second. B, C, D, E and F are signal images
S; coded as in the color scale in the right lower corner, superimposed
to the image shown in A and the neuronal map extracted from the
full image in A. B, C, D, E and F correspond to the 5th, 7th, 9th,
11th and 13th image of the series. Each image was obtained with an
exposure of 18 msec, with a binning of 7 leading to imaes of 59 x82
pixels. 25 x objective, N.A. 0.6. G: the two upper series of points in-
dicate the fluorescence measured at the two locations indicated by a
and b in A. These dots also indicate the timing of image acquisition
by the video camera. The cameras shutter remained open for about
20 msec. Lower trace is the electrical signal measured from the con-
nective fibers, following the stimulation of the root

Fig. 8A-D Analysis of the electrical interaction imaged in Fig. 6.
A and C reproduce images obtained as Sp +Sa—Sap where Sp, Sa
and Sap are the corresponding images of Fig. 6. Regions in A and C
significantly different from zero indicate non linear interactions be-
tween the two inputs delivered to the two roots. B and D illustrate
the analysis of non linear interactions present in A and C, in yellow
saturation, in blue and green shunting inhibition and in red non lin-
ear inhibition. The yellow region was obtained as Ba AND Bp and
Bap, the green regions as Bp AND (Ba NOR Bap), the blue region
as Ba AND (Bp NOR Bap) and the red region as Bp AND Ba (NOT
Bap). Binary images Ba, Bp and Bap were obtained from Sa, Sp and
Sap by setting a threshold at 1.6%o
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fluorescence (indicated in blue and green). Decreasing the
pulse amplitude produced less diffuse and intense optical
signal indicating a less pronounced membrane hyperpola-
rization. The image shown in Fig. 3 A was printed on a la-
ser printer which compressed the image to 6 bits, thus lead-
ing to an evident degradation of the visibility of the under-
lying neuronal structure. When the original image was pro-
cessed by suitable contrast enhancement procedures, the
image shown in Fig.3B could be obtained, where many
more neuronal structures were visible. By a semiautomatic
procedure, the neuronal map shown in Fig. 3C was obtained
from this image. In this map several well known neurons
of the leech ganglion can be identified. Those labelled with
R are Retzius cells, and those labelled with N and T are
sensory neurons specific for noxious and touch stimuli.
When the neuronal map of Fig. 3C is superimposed on the
signal image of Fig. 3D, the neurons from which a clear
optical signal was detected can be immediately identified
as two T cells. As the preparation was viewed with a nor-
mal microscope and not with a confocal microscope, the
light collected by the imaging device originated from sec-
tions of the preparation with different widths. In order to
evaluate the accuracy of the localization in depth of our
fluorescence signals, the preparation was viewed at differ-
ent focal planes. The fluorescence signal had well defined
boundaries when viewed neurons were in focus and dete-
riorated when they were out of focus.

Mechanical artifacts

A major problem encountered in this work was the pres-
ence of mechanical movement of the preparation induced
by the electrical stimulation of the nerves. These move-
ments were not abolished by adding 2.3 butanedione
monoxime to the extracellular medium (a compound
known to block mechanical contractions in several prep-
arations (Fryer et al. 1988; Gyorke et al. 1993)), but could
be reduced by increasing Mg?* and decreasing Ca®* in the
extracellular medium. However, this modification of the
level of divalent cations depressed the electrical activity
and therefore the signal, too. In order to eliminate these
movements, the preparation illustrated in Fig. 1A was used.
By tightly sucking the roots and the connective fiber, the
three suction electrodes provided a good mechanical stabil -
ity. The presence of movements of the preparation was
checked by displaying the acquired images on the video
monitor in rapid succession for visual inspection. A more
elaborate way to estimate the presence of mechanical arti-
facts consisted in the computation of optical flow (De
Micheli et al. 1993) from the sequence of fluorescence im-
ages. In this way small coherent motions of a pixel frac-
tion could be detected. The presence of movements in the
preparation introduced significant artifacts in the image se-
quences, which could completely mask the real physiolog-
ical signal. This artifact was usually identified by the ap-
pearance of contiguous regions of spurious excitation and
inhibition near the moving structure. The image sequences
described in this paper were not flawed by the presence of
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significant movements of the preparation as checked by
visual inspection and by the computation of optical flow.
Mechanical artifacts were totally absent when voltage
pulses lower than 0.2 V, such as those used in the experi-
ments illustrated in Figs. 4-6, were used to stimulate the
ganglion.

Results

As discussed in the Methods section, our imaging system
can be used in “real time” mode to detect optical signals
larger than 5%.. However, the optical signal measured by
our imaging system and generated by the firing of a single
action potential is likely to be much smailer than 5%. and
therefore its detection requires the use of the “fixed time”
mode. As a consequence, well localized optical signals,
presumably produced by the firing of action potentials,
were detected in “fixed time” mode. Larger optical signals,
produced by the direct polarization of neurons or by a pro-
longed afterhyperpolarization of after discharge, were
measured in “real time” mode.

Imaging the electrical activity in “fixed time” mode

Figure 4D illustrates the electrical signal recorded by a pi-
pette sucking the left posterior root of the ganglion illus-
trated in A, during the stimulation of the left anterior root
with a brief voltage pulse of 0.125 V. This stimulation elic-
ited the discharge of 6 large spikes and possibly some ad-
ditional spikes of a smaller amplitude. This extracellular
voltage response had some variability, but the number of
large spikes elicited in different runs was usually the same.
By taking fluorescence images at different times it was pos-
sible to image the neuronal structures activated during the
stimulation of the root and originating the electrical re-
sponse of Fig. 4D. Signal images taken at different times
after the onset of the stimulation are shown in B, C, E and
F superimposed to the neuronal map extracted from A with
the procedure described in the Methods section (see
Fig. 3). The timing of image acquisition is indicated in the
upper trace in D.

At the onset of the stimulation the excitation was re-
stricted to the medial N neuron (see Fig. 4B), but rapidly
propagated to other neuronal structures: namely the lateral
N neuron, the left posterior root and neuronal structures in
the middle of the ganglion (see Fig. 4C). At the cessation
of the stimulation the electrical activity extinguished
within 50 msec, as evident from the electrical response in
D and from the signal images in E and F. In this experi-
ment the 5 sensory neurons in the upper left side of the
ganglion were well in focus and could be easily recognized
and clear optical signals were observed from their cell bod-
ies. Optical signals originating from the posterior root (see
panels C, E and F in Fig. 4) were presumably caused by
action potentials of neurons with axons in that root. The
diffuse optical signal from the middle of the ganglion (see

panels C and F of Fig. 4) were likely to be caused by ac-
tion potentials in interneurons, such as Retzius cells and
neurons with neuronal processes in the posterior root and
with controlateral processes such as the AP neuron.

Sensory neurons in the leech ganglion have different
thresholds and it is therefore interesting to see whether dif-
ferent sensory neurons can be imaged, by changing the
strength of the stimulation.

Figure 5, lower row, illustrates electrical signals ob-
tained from the anterior root during the stimulation of the
posterior root with brief voltage pulses of progressively
larger amplitude. With very weak stimulations no extra-
cellular action potentials were recorded and the measured
signal images were within the background noise (data not
shown). By increasing the stimulation amplitude, some
spikes of a similar shape were elicited (Fig. 5A, B, lower
panel). An even larger stimulation caused the appearance
of a much larger spike, followed by smaller spikes (Fig.
5D). With a very large voltage step no action potentials
were recorded (data not shown). The signal images ob-
tained for the four stimulations are shown in the upper row
of Fig. 5. In all signal images a blue-green spot was local-
ized in the posterior root and was most likely caused by
the direct polarization of the root with the stimulating hy-
perpolarizing voltage pulse. Indeed with very large hyper-
polarizing voltage pulses (in amplitude larger than 0.2 V)
no action potential was elicited and the signal images
showed a diffuse and strong hyperpolarization (see
Fig. 3D). In this experiment, during a weak stimulation
(0.075 V) a clear optical signal was localized over the lat-
eral N neuron (Fig. 5A); with a stronger stimulation a
fluorescence change was localized over the medial N neu-
ron. With larger stimulations the optical signal started to
invade larger portions of the visible ganglion, as shown in
Fig. 5C, D.

These results indicate that different neuronal structures
activated by progressively stronger stimulations can be im-
aged.

Imaging electrical interactions between
two different inputs

An important feature of the nervous system is its ability to
integrate different stimuli and it is therefore interesting to
see whether it is possible to image and to characterize the
interaction of two different inputs, such as the stimulation
of the left posterior and anterior root of the same ganglion.

The electrical signal evoked by the stimulation of the
anterior (posterior) root and recorded from the posterior
(anterior) root is reproduced in Fig. 6E. The full image of
the ganglion is shown in Fig. 6A. In both cases the electri-
cal stimulation elicited just a few action potentials, pre-
sumably produced by different neurons. The first and sec-
ond rows in Fig. 6 reproduce signal images obtained at the
beginning of the stimulation and during the second part of
the stimulation, respectively (see shutter artifactin E). Op-
tical signals elicited by the stimulation of the posterior (an-
terior) left root are shown in the second (third) column and



those elicited by the simultaneous stimulation of both roots
are shown in the fourth column. At the beginning of the
stimulation optical signals were rather restricted and ap-
peared to be localized to one neuron, which was activated
in all signal images in B, C and D. Subsequently the exci-
tation diffused to a larger area of the ganglion. However,
the excitation caused by the simultaneous stimulation of
both roots (see Fig. 6H) was less diffuse than the excita-
tion induced by the stimulation of just the anterior root (see
Fig. 6G). The excitation in images of Fig. 6 extinguished
within 60 ms.

Imaging the afterhyperpolarization in real time mode

When hyperpolarizing voltage pulses of a larger amplitude
(>0.5 V) were used no action potentials were observed
from the roots, but the electrical activity recorded from the
connective fiber was clearly modified (see Fig. 1). When
large depolarizing voltage pulses were used, a vigorous
electrical activity was evoked in the connective fibers. As
a consequence it is interesting to establish whether these
changes of electrical activity of leech neurons produced
optical signals so large as to be also detected in “real time”
mode.

Figure 7A illustrates a fluorescence image of another
stained leech ganglion. A suction pipette was used to stim-
ulate the posterior left root, which is hardly visible in the
fluorescence image shown in Fig. 7A. The stimulation of
the root with a large depolarizing voltage (1 V) caused a
massive excitation of the ganglion, as indicated by the ap-
pearance of a train of action potentials in the connective
fibers (see the electrical recording in Fig. 7H). At the ces-
sation of the stimulation the excitation was depressed for
some seconds. A good test for our imaging system is to see
whether optical signals can be obtained in “real time” mode,
localized in time and space, corresponding to the electrical
signals measured with the suction pipette (see Fig. 7H).

Figure 7 reproduces signal images S, obtained during
the stimulation of the root sucked into the suction electrode
with a depolarizing voltage step. B, C, D, E and F show
signal images S; in false colour (see the scale in the lower
left corner) obtained at the 5th, 7th, 9th, 11th and 13th
frame of the sequence. These signal images S; are super-
imposed on the recovered map of the underlying neuronal
structure. A clear, but transient excitation of the root is ev-
ident. At the cessation of the direct stimulation, a large and
long lasting hyperpolarization could be imaged, most
likely caused by an afterhyperpolarization induced by a
prolonged membrane depolarization in leech neurons
(Baylor & Nicholls 1969; Jansen & Nicholls 1973). The
time course of the measured fluorescence at the two loca-
tions indicated by a and b in Fig. 7A is reproduced in
Fig. 7G. The afterhyperpolarization was completely extin-
guished within 3 seconds and had the same time course as
the depression of the electrical activity observed in the
electrical recording to Fig. 7 H. The duration of the hyper-
polarization described in Fig. 7 increased from about 3 s
to about 7 s when other extracellular Ca** was increased
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to 15 mMm, in agreement with the effect of Ca®* on the after-
hyperpolarization in N cells.

In these experiments the optical signal was primarily
localized on the anterior left root, which was not directly
excited by the suction pipette. When a pair of roots was si-
multaneously stimulated, optical signals were more dif-
fuse, covering almost half of the ganglion. In other experi-
ments the connective fibers or one or both roots were stim-
ulated and in those cases it was possible to observe signal
images of an after discharge. In these experiments the op-
tical signal related to the after discharge was primarily lo-
calized on the connective fibers or on the roots.

Discussion

The purpose of this paper was to evaluate the possibility
of obtaining fluorescence signals of the electrical activity
of neurons in the leech ganglion from fluorescence images
acquired with a CCD camera. Our results indicate that
fluorescence signals originating from well identified neu-
rons can be obtained and their time course and spatial lo-
calization can be resolved with a moderate accuracy. These
signal images of the electrical activity can be manipulated
in several ways and interesting properties of the neuronal
events occurring can be described.

The localization of the optical signal

A good localization of the neuronal structure responsible
for the detected optical signal is usually obtained in the
presence of a single layer of neurons such as in cultured
neurons (Parsons et al. 1991) or in preparations with unusu-
ally large neurons such as in the Aplysia (London et al.
1985; Nakashima et al. 1992; Falk et al. 1993; Wu et al.
1994; Tsan et al. 1994). In the presence of a stratified neu-
ronal structure, such as the cortex (Blasdel and Salama
1986) or the olfactory bulb (Kauer 1988) or other olfac-
tory networks (Delaney et al. 1994), the neurons originat-
ing the optical signal could not be identified. The present
study shows that even in the presence of a multilayered
neuronal structure, such as a leech ganglion, it is possible
to localize optical signals as originating from identified
neurons (see Figs. 3-6). Several factors enhance a good
spatial localization: a specific and selective stimulation, a
good signal to noise ratio and image processing techniques.
The fluorescence images described in this paper were not
obtained with a confocal microscope and did not originate
from a narrow focal plane. These optical signals were af-
fected by a significant blur in depth. However some ex-
periments indicate that when neurons were not in the fo-
cal plane of the microscope, they did not originate a strong
fluorescence change. This qualitative observations sug-
gests that the main source of fluorescence changes in the
neuronal structure appearing in focus on the microscope
objective. The localization of optical signals in the (x, y)
plane is satisfactory, being limited by the magnification of
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the objective and the binning procedure. The error in the
(x, y) plane was of the order of 2 or 3 um, adequate to lo-
calize the cell body of a single neuron.

Temporal resolution

Single action potentials from individual neurons can be
well resolved in time by measuring optical signals with
photodiodes (Salzberg et al. 1973; Grinvald et al. 1987).
A major limitation of using a CCD camera to analyse the
electrical activity in the leech nervous system is the re-
duced time resolution. OQur imaging system is able to reli-
ably open and close the shutter within 20 ms, which sets
the limit to our time resolution at about 50 Hz. In the “real
time” mode images can be acquired at a frame rate of
3-5 Hz, which is adequate only to follow slow electrical
signals such as those described in Fig. 7. In the “fixed time”
mode and in the presence of a stable preparation, the
electrical activity can be sampled at a much higher fre-
quency and our optimal time resolution of 50 Hz can be
reached. Our imaging system is not adequate to detect the
exact timing of a single spike, but appears to be able to de-
tect the firing of a neuron within a time window of 20 ms
(see Figs. 4-6). Given the variability of the firing of leech
neurons, it may be convenient to have some temporal
smoothing or averaging obtained by integrating signals
over a window of 20 ms. The use of specially designed
cameras, such as the one recently produced by Fuji (HR
Deltaron 1700; see also Tanifuji et al. 1994), can provide
a much better temporal resolution, with a satisfactory spa-
tial resolution.

Images of the electrical activity of the leech nervous
system

Several physiological properties of the electrical activity
of the leech nervous system can be analysed with the op-
tical techniques described in this paper. Firstly, our imag-
ing system is able to follow in “real time” slow electrical
signals, such as afterhyperpolarization (Baylor and Ni-
cholls 1969; Jansen and Nicholls 1973) (see Fig. 7). Sec-
ondly, in the “fixed time” mode and in the presence of a
stable preparation, nonlinear interactions between differ-
ent inputs can be analysed and a coarse three dimensional
description of the electrical activity elicited by a specific
stimulation is obtained. The analysis of the interaction be-
tween adjacent and distant ganglia with the present tech-
nique is likely to be useful for the understanding of neuro-
nal networks controlling swimming (Stent et al. 1978) and
crawling (Baader and Kirstan 1995).

Analysis of nonlinear interactions
When reliable images of the electrical activity are obtained,

they can be processed so as to gather new and relevant in-
formation.

For instance, in order to have a better understanding of
the neuronal interactions occurring in the leech ganglia,
images shown in Fig. 6 should be analysed in more details.
The most evident and straightforward way to analyse the
interactions between two different inputs is to verify the
degree of linear or nonlinear summation. It is, therefore,
convenient to compute the obtained image, 11, as:

I1=(Sa+Sp) —Sap “)

where Sap is the signal image obtained by the simultane-
ous activation of the left posterior and anterior roots and
Sa (Sp) is the signal image obtained by the activation of
the anterior (posterior) left root. It is evident that wherever
image I1 is close to zero, i.e. within the background noise,
the interaction between the two inputs is essentially linear.
The image I1, as computed from images of Fig. 6, for the
first and second frame is shown in Fig. 8 A and C, respec-
tively. The image in A is almost within the background
noise, with the exception of the red-yellow spot localized
over a neuron in the upper left side of the ganglion. In con-
trast, the image in Cis significantly different from the back-
ground noise in a large portion of the viewed ganglion. As
a consequence the interaction between the two inputs was
almost linear at the beginning of the stimulation, but be-
came significantly non linear after about 20 ms.

A nonlinear interaction between two inputs may be
caused by several mechanisms. An obvious kind of non-
linearity is simply caused by saturation: if both inputs pro-
duce the maximal activation of the same neuron, the com-
bination of the two inputs will produce a signal which is
less than the sum of the signals produced by the individ-
ual inputs. Another kind of nonlinear interaction is caused
by shunting or silent inhibition (Torre & Poggio 1978);
one input does not cause an appreciable signal, but is able
to significantly block the signal produced by the other
input.

In order to distinguish between these cases, images
should be made binary so that each location of the image
is active or silent. Given a threshold 7 a binary image B
can be obtained by a signal image S, by setting B;=0 if
S;j<7and Byj=1 if 5;;> 7, where S;; is the image signal at
location (i,j). The threshold is set to 1.6%e, i.e. only loca-
tions of the image with an optical signal larger than 1.6%o
are considered active. Once images have been made binary
it is simple to distinguish between the different cases: sat-
uration occurs at location 1,j when the output of the stim-
ulation of each individual roots is 1 and the output of stim-
ulating both roots is again 1. As a consequence, if Ba, Bp
and Bap are the binary images of the electrical activity fol-
lowing stimulation of the anterior root, the posterior root
and both roots, respectively, the locations on the image
where saturation occurs are represented by the binary im-
age Bs:

Bs=Ba AND Bp AND Bap (5)

These locations are indicated by the yellow region in the
second column of Fig. 8. Similarly locations where the in-
put from the anterior root shunts the excitation elicited by
the posterior root can be easily identified as the binary im-



age Bps:
Bps=Bp AND (Ba NOR Bap) 6)

where NOR is the AND of the negation of the two binary
images. In an analogous way the image Bas, defined as:

Bas=Ba AND (Bp NOR Bap) (7)

indicates those locations where stimulation of the anterior
root shunts the excitation elicited by the posterior root. Im-
ages Bps and Bas are shown as green and blue spots in
Fig. 8 B, D respectively.

The interaction between two binary inputs can also be
analysed in a more general way. Given two binary inputs,
their logical combination may originate 8 possible cases,
listed in Table 1 with a conventional definition. The first
3 cases listed in Table 1 can be classified as linear interac-
tions, while the remaining 5 cases are essentially nonlin-
ear interactions, whose saturation and shunting inhibition
have already been discussed. Nonlinear inhibition can be
detected as the binary image I;; defined as:

I,,=Bp AND Ba AND (NOT Bap) (8)

and it was also present at some extent in the images shown
in Fig. 6. Regions of nonlinear inhibition are indicated in
Fig. 8 B, D in red. It may be useful to note that non linear-
ities can be introduced by a larger number of biophysical
mechanisms and the classification used in Table 1 and
above has to be considered simply as conventional. For in-
stance conduction block (Guet al. 1989; Gu 1991) is likely
to originate many non linear interactions in leech neurons.

It is useful to notice that the neuron in the upper part of
the ganglion was characterized by a saturation at the be-
ginning of the stimulation, which became a non linear in-
hibition after 20 ms.

Superlinearity was almost negligible in images shown
in Fig. 6, but was present when each individual input failed
to produce any significant signal, but their combination
originated an evident optical signal.

The analysis of non linear interactions illustrated in Fig.
8 depends on the threshold used to obtain binary images.
When the threshold was varied between 0.9%o and 2%o the
qualitative analysis of Fig. 8B and D did not change sig-
nificantly. This simple processing of the signal images of
Fig. 6 provides a map of functional interactions between
the viewed network and indicates the region of saturation
(yellow), of silent inhibition (green and blue) and of non-
linear inhibition (red).

Three dimensional reconstruction of the dynamics
of the electrical activity

Once image sequences are available for different focal
planes we can recover a three dimensional reconstruction
of the dynamics of the electrical activity within the net-
work.

Figure 9 A, B, C and D reproduce four fluorescence im-
ages of the ganglion taken by focusing neurons in the most
superficial central layer and in other more interior layers.
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Table 1 Classification of the interaction between two binary inputs
(input 1 and input 2). 8 combinations are possible, three of which
can be classified as linear interactions and 5 as nonlinear interactions

Input 1 Input 2 Imput 1+2 Interaction

1 0 1 Linear

0 1 1 Linear

0 0 0 Linear

1 1 1 Saturation

1 I 0 Nonlinear inhibition
L 0 0 Shunting inhibition

0 1 0 Shunting inhibition

0 0 1 Superlinearity

Columns indicated by T, T, and T refer to signal images
taken 0, 20 ms and 40 ms after the onset of the stimulation
respectively, with T; and T, during the voltage pulse and
T; immediately after its cessation. It is evident that a rather
weak stimulation of the left posterior root excites several
neurons of the ganglion in the ventral layer and in more
interior layers.

The width of the ganglion is about 200 um; for this rea-
son, it was quite difficult to obtain images of the neurons
of dorsal layer in focus, when the ventral layer was sitting
just above the microscope objectives. Therefore a com-
plete three dimensional reconstruction of the neural activ-
ity in a leech ganglion could not be obtained in a single ex-
periment.

CCD cameras vs photodiode arrays

It is evident that photodiode arrays have a temporal reso-
lution adequate to resolve individual action potentials.
Commercially available CCD cameras have a limited tem-
poral resolution, but may have a much better spatial reso-
lution. As a consequence the two imaging systems may be
advantageous in different cases. It is evident that the opti-
mal imaging system has a good temporal and spatial reso-
lution and these devices may become available in the near
future.

Imaging systems generate images, which must be ana-
lysed with the most appropriate tools. For instance meth-
ods and techniques for image analysis recently developed
in Image Resoration, Computer Vision and Graphics could
used. This paper presents some simple examples, such as
the recovery of the neuronal structure (see Fig. 3), the anal-
ysis of nonlinear interactions (see Fig. 8) and of the three
dimensional dynamics (see Fig. 9). The development of
better imaging systems and appropriate tools for the anal-
ysis of these images is likely to provide new and relevant
neurobiological insights.
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