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High-Speed CCD Imaging System for Monitoring Neural Activity
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We have designed and constructed a high-speed CCD imaging system for optically
detecting neural activity from preparations stained externally with a voltage-sensitive dye,
and have used this system to image evoked and epileptiform neural activity in the rat
somatosensory cortex. The imaging system uses a commercially available 1/3-inch CCD
chip, and it can continuously capture images for more than 8 seconds, at 1000 frames/sec,
with spatial resolution of 128 x 62 pixels. The spatial/temporal resolution of the CCD sensor
is variable by changing the geometry of on-chip binning pixels, which can be controlled by a
PC/AT computer. Dye bleaching correction was not necessary for long-term imaging of
epileptiform neural events, since the sensitivity of the CCD sensor was increased by combining

the signal from adjacent pixels.
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Fig.1 An overview of the CCD imaging system.
(A) An outlook of the camera module and the processor unit.
(B) A block diagram of the system.
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Tablel Specifications of implemented imaging modes

Imaging On-chip CCD readout Minimum Spatial resolution  Dynamic Number
mode binning pixels after frame interval  after on-memory range of one  of storable
format  on-chip binning Ty, (Msec) binning pixel {bit) frames
[ 2x2 256 x 246 3.20 256 x 246 8 2131
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Fig.2 A software package developed for the optical imaging. The acquisition window (upper middle) shows the
current settings of the imaging system. The image of the preparation is redrawn every 1 second in the monitor-
mode, which enables easy positioning of electrodes. In the analysis window (lower left) and the signal window
(center), the time course of the optical signal is traced when a pixel is specified by mouse clicking. Using the
color code adjusted in the analysis window, the image window (lower right) displays a sequence of images at
even intervals between the start and the end frames. File averaging is processed in the extreme right window.
The upper right window shows the optical signals recorded in different imaging modes, and the result is discussed
in the section 3.9.
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Fig.3 Optical apparatus and in vivo experimental setup.
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Fig.4 In vivooptical imaging of evoked neural activity in the barrel cortex before and after the addition of bicuculline to the
cortical surface.
A: the surface image of the recorded cortical area (4.7 x 3.5 mm). The anatomical whisker barrel map identified after
the experiment is superimposed (left, anterior; top, medial). The stimulating electrode was placed outside of the
view and penetrated obliquely into lower layer VI below the recorded cortical area. Optical imaging was done with
spatial resolution of 128 x 62 pixels, and a small rectangle in the figure is the area (approximatelyudT) x 56
covered by a single pixel.
B: optical signals (lower traces) detected by a pixel (indicated as the rectangle in A), and the field potentials (upper
traces) obtained from the same site simultaneously. The optical recordings were done before (blue traces) and after
(red traces) an application of bicuculline (100 mM), which was dropped over the exposed cortical surface and then
washed away 5 minutes later. The optical signals were acquired for 512 ms at the rate of 1.0 ms/frame. Stimuli were
given at 5-second intervals, and eight trials were averaged.
C: real-time imaging of neural activity before bicuculline. Neural activity was encoded in pseudocolor (the color
code bar in B) and superimposed on the surface image. A fraction of each optical signal, the amplitude of which was
below the threshold (background noise) level, was not color coded. The threshold level was determined to be above
the fluctuation of the optical signals before the stimulation. The time after stimulation is indicated in each image.
D: real-time imaging of the spread of neural activity after bicuculline.
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Fig.5 In vivooptical imaging of epileptiform discharges recorded in the somatosensory cortex. Epileptic events were
recorded after dropping bicuculline (50M) over the exposed cortex.
A: the surface image of the recorded cortical area. The outlines of whisker barrels are superimposed (left, anterior;
top,medial).
B: an optical signal (lower trace) detected by a pixel (small rectangle in A), and the field potential (upper trace)
obtained from the same site simultaneously. Images of 128 x 62 pixels were acquired for 8192 ms at 1.0 ms/frame.
The striking periodic noise of the optical signal was due to the heartbeat.
C: magnified traces underlined in B.
D: real-time imaging of the spread of epileptiform activity during the period presented in C. The pseudocolor bar
in C was used to encode epileptiform activity, and the threshold level was chosen to be above the level of the
heartbeat noise. The elapsed time since the beginning of image acquisition is shown below each image. Note that
the frames are not selected at regular intervals.
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Fig.6 In vitro optical imaging of evoked neural activity before and after the addition of bicuculline.

A: the image of the slice preparation. The outlines of whisker barrels in layer IV and laminar boundaries identified
histologically after the experiment, are superimposed. The slice was stimulated at the layer VI-white matter border,
and optical signals were acquired for 512 ms at 1.0 ms/image before and aftébiduculline.

B: optical signals (lower traces) recorded by a pixel indicated in A (small rectangle) and the field potentials (upper
traces) obtained from the same site simultaneously. Stimuli were given at 5-second intervals, and eight trials were

averaged.

C: real-time imaging of neural activity before bicuculline.

D: after bicuculline. The color code bar used for imaging is shown in B. The time after stimulation is indicated in

each image.
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Fig.7 An example of long-term monitoring of neural activity. The somatosensory cortical slice was placed in the imaging
chamber and submerged in flowing ACSF (2.0 ml/min, 25°C). Images of 128 x 62 pixels were acquired for a period
of 16384 ms at the rate of 2.0 ms/image. Thalamocortical afferent fibers were stimulated at 4, 8 and 12 sec since the
beginning of image acquisition, and four drops|i/@rop) of high concentrated bicuculline (10 mM) were added to
the upper stream of the flowing ACSF between 10 and 12 sec. The stimulating electrode was outside of the view.

A: an optical signal recorded by a single pixel (small rectangle in the first frame in B).
B: real-time imaging of neural activity in response to the third stimulation. The elapsed recording time is shown

000000000000 Fig7(B)000016000 vboouoooooooouoooooonood

DDoDO0000O0o0O00O0oooOoO0oooooog U0000000000000000000000
000000000000 ccbO0O0DO0O0OO0D0OOO0O0OOO0OO0O0DOO0OO0

goooobooboboooogooooboooooogo
goboobooboooobooo
ccbobopobooboouoboobobobooo
goobobOoboboooboooKTcooobooo
goooobooboboooogooooboooooogo

3900/0000
goooboobobboboo cecbobooobg
gbooobbooboobboboooobobooooboon
gbooobbooboobboboooobobooooboon

10220 3~



ccbouoooboouooboboooobooooobooooboooono

gooooboboo0oooooobbooooog
goooobbbooogooooobobobooog
gooobgoobgobob cecbogbooobuoobo
gooobogoobgooo 75,000 0000Db0OO0DOO
gooooboboo0oooooobbooooog
goooboobobboboonbDg 0.365 % 0O
gbooobooboboobooboobooog
gooooboboo0oooooobbooooog
000000000000 104N 00000000
oo®O0O00000O0O0O0O00-oc00ooboo 2000
goooobbbooogooooobobobooog
gooobdgo 0.26 % J0DOOOoDOoOobOOOO
goooboobobobooboooboobooog
goooboobobbobo0obUOuObFrRPGA DO
DSPOOO0ODLDODOODODObOObOObOObOOOOn
g3ipo0ooooboooboobooboooboobo
goDOdosSNODODODODOOO
OFig2000000000O0OLEDDOODO100 ms
goooobbbooogooooobobobooog
gooooboboo0oooooobbooooog
0000000000 sSNODODOODODOOoOO
goooobbbooogooooobobobooog
goooobbbooogooooobobobooog
gooooboboo0oooooobbooooog
gooooboboo0oooooobbooooog
o00oO0oOo0o0oOobOOobOooogonDo sINODOoDb o
goooobbbooogooooobobobooog
goooboobobobooboooboobooog
oooobooobobobooooobooo

s§oooon

goodOoccb Dbobouoobouobuoobon
goooobbbooogooooobobobooog
goooobbbooogooooobobobooog
gooooboboo0oooooobbooooog
00o00o00000D0D0obO0oO0@) obobooooobo
goooobbbooogooooobobobooog
O0000b0O0obO00ob0o0obDOoOooooooge?)
gooooboboo0oooooobbooooog
0000000 SINODOODODODO@®OoDOooo
goooobbbooogooooobobobooog

0291

obooboobobooobg cecbouoboobo
UD000bDOoD 2664x16810 00000 30x19 mm
gboobg ccbopobooboooboobooba
ggobooboooooobooboboboooooobobo
gopooobgoobooobooobooobooooboog
gooooobbboooooooobobobooo
gooooobbboooooooobobobooo
gopooobgoobooobooobooobooooboog
gogboobooooobobooooobooboobo

oo

gooooobbboboooooooooboo
gooooobbboooooooobobobooo
gooooobbboooooooobobobooo
gboobooboooobgoobcecebbooooo
gooooobobboooooogooooboboobooo
gooooobbboooooooobobobooo
gooooobbboooooooobobobooo
opooobooo
gooooobobboooooogooooboboobooo
gooooobbboooooooobobobooo
gooooobbboooooooobobobooo
ob0ooboooobooboboboboooobon

good

1)

2)

3)

4)

-1 02303

Grinvald, A., Cohen, L.B., Lesher, S. and Boyle, M.B.:
Simultaneous optical monitoring of activity of many
neurons in invertebrate ganglia using a 124-element
photodiode array, J. Neurophysiol., 45 (1981) 829-840.
Salzberg, B.M., Obaid, A.L., Senseman, D.M. and
Gainer, H.: Optical recording of action potentials from
vertebrate nerve terminals using potentiometric probes
provides evidence for sodium and calcium components,
Nature, 306 (1983) 36-40.

Cohen, L.B. and Lesher, S.: Optical monitoring of
membrane potential: methods of multisite optical
measurement. In P. DeWeer and B.M. Salzberg (Eds.),
Optical Methods in Cell Physiology, John Wiley &
Sons, New York (1986) 71-99.

Orbach, H.S. and Cohen, L.B.: Optical monitoring of



0292

5)

6)

7

8)

9)

10)

11)

12)

13)

14)

gboooooooooooOwk3aogosen

activity from many areas of the in vitro and in vivo
salamander olfactory bulb: a new method for studying
functional organization in the vertebrate central nervousl5)
system, J. Neurosci., 3 (1983) 2251-2262.

Grinvald, A., Anglister, L., Freeman, J.A., Hildesheim,

R. and Manker, A.: Real-time optical imaging of
naturally evoked electrical activity in intact frog brain,
Nature, 308 (1984) 848-850.

Orbach, H.S., Cohen, L.B. and Grinvald, A.: Optical 16)
mapping of electrical activity in rat somatosensory and
visual cortex, J. Neurosci., 5 (1985) 1886-1895.

Kauer, J.S., Senseman, D.M. and Cohen, L.B.: Odor-
elicited activity monitored simultaneously from 124 17)
regions of the salamander olfactory bulb using a voltage-
sensitive dye, Brain Res., 418 (1987) 255-261.

London, J.A., Cohen, L.B. and Wu, J.Y.: Optical
recordings of the cortical response to whisker18)
stimulation before and after the addition of an
epileptogenic agent, J. Neurosci., 9 (1989) 2182-2190.
Cinelli, A.R. and Salzberg, B.M.: Multiple site optical
recording of transmembrane voltage (MSORTYV), 19)
single-unit recordings, and evoked field potentials from
the olfactory bulb of skate (Raja erinacea), J.
Neurophysiol., 64 (1990) 1767-1790.

Cinelli, A.R. and Salzberg, B.M.: Dendritic origin of

late events in optical recordings from salamander20)
olfactory bulb, J. Neurophysiol., 68 (1992) 786-806.
lijima, T., Matsumoto, G. and Kidokoro, Y.: Synaptic
activation of rat adrenal medulla examined with a large
photodiode array in combination with a voltage- 21)
sensitive dye, Neuroscience, 51 (1992) 211-219.
Nakashima, M., Yamada, S., Shiono, S., Maeda, M. and
Satoh, F.: 448-detector optical recording system:
development and application to Aplysia gill-withdrawal 22)
reflex, IEEE Trans. Biomed. Eng., 39 (1992) 26-36.

Falk, C.X., Wu, J.Y., Cohen, L.B. and Tang, A.C.:
Nonuniform expression of habituation in the activity

of distinct classes of neurons in the Aplysia abdominal23)
ganglion, J. Neurosci., 13 (1993) 4072-4081.

Hirota, A., Sato, K., Momose-Sato, Y., Sakai, T. and
Kamino, K.: A new simultaneous 1020-site optical 24)
recording system for monitoring neural activity using

102403~

voltage-sensitive dyes, J Neurosci. Methods, 56 (1995)
187-194.

Frostig, R.D., Lieke, E.E., Ts’o, D.Y. and Grinvald, A.:
Cortical functional architecture and local coupling
between neuronal activity and the microcirculation
revealed by in vivo high-resolution optical imaging of
intrinsic signals, Proc. Natl. Acad. Sci. USA, 87 (1990)
6082-6086.

Ts'o, D.Y., Frostig, R.D., Lieke, E.E. and Grinvald, A.:
Functional organization of primate visual cortex
revealed by high resolution optical imaging, Science,
249 (1990) 417-420.

Lasser-Ross, N., Miyakawa, H., Lev-Ram, V., Young,
S.R. and Ross, W.N.: High time resolution fluorescence
imaging with a CCD camera, J. Neurosci. Methods, 36
(1991) 253-261.

Cabo, C., Pertsov, A.M., Baxter, W.T., Davidenko, J.M.,
Gray, R.A. and Jalife, J.: Wave-front curvature as a
cause of slow conduction and block in isolated cardiac
muscle, Circ. Res., 75 (1994) 1014-1028.

Kleinfeld, D., Delaney, K.R., Fee, M.S., Flores, J.A.,
Tank, D.W. and Gelperin, A.: Dynamics of propagating
waves in the olfactory network of a terrestrial mollusk:
an electrical and optical study, J. Neurophysiol., 72
(1994) 1402-1419.

Gogan, P., Schmiedel-Jakob, I., Chitti, Y. and Tyc-
Dumont, S.: Fluorescence imaging of local membrane
electric fields during the excitation of single neurons in
culture, Biophys. J., 69 (1995) 299-310.

Kogan, A., Ross, W.N., Zecevic, D. and Lasser-Ross,
N.: Optical recording from cerebellar Purkinje cells
using intracellularly injected voltage-sensitive dyes,
Brain Res., 700 (1995) 235-239.

Potter, S.M., Mart, A. and Pine, J.: High-speed CCD
movie camera with random pixel selection for
neurobiology research, Proc. SPIE., 2869 (1997) 243-
253.
gooodgono seod,0booboboooboooo
goboobooboboobogo S/N boooo
(1991)

Ichikawa, M., lijima, T. and Matsumoto, G.: Real-time
optical recording of neural activities in the brain. In T.



25)

26)

27)

28)

29)

30)

31)

32)

33)

ccbouoooboouooboboooobooooobooooboooono 0] 293

Ono, L.R. Squire, M.E. Raichle, D.I. Perrett and M.
Fukuda (Eds.), Brain mechanisms of perception and
memory, Oxford UP, New York (1993) 638-648.
Barish, M.E., Ichikawa, M., Tominaga, T., Matsumoto,
G. and lijima, T.: Enhanced fast synaptic transmission
and a delayed depolarization induced by transien
potassium current blockade in rat hippocampal slice a
studied by optical recording, J. Neurosci., 16 (1996)
5672-5687.

lijima, T., Witter, M.P., Ichikawa, M., Tominaga, T.,
Kajiwara, R. and Matsumoto, G.: Entorhinal-
hippocampal interactions revealed by real-time imaging
Science, 272 (1996) 1176-1179.

Kajiwara, R., Sand, O., Kidokoro, Y., Barish, M.E. and
lijima, T.: Functional organization of chromaffin cells
and cholinergic synaptic transmission in rat adrenal
medulla, Jpn. J. Phsiol., 47 (1997) 449-464.
Takashima, I., Ichikawa, M. and lijima, T.: High-speed
CCD imaging system for monitoring neural activity in
vivo and in vitro, using a voltage-sensitive dye, J.
Neurosci.Methods,91 (1999) 147-159.

Ratzlaff, E.H. and Grinvald, A.: A tandem-lens

epifluorescence macroscope: hundred-fold brightness

advantage for wide-field imaging, J. Neurosci. Methods,
36 (1991) 127-137.
Wong-Riley, M.: Changes in the visual system of

monocularly sutured or enucleated cats demonstrable

with cytochrome oxidase histochemistry, Brain Res.,
171 (1979) 11-28.

Takashima, I. and lijima, T.: Analysis of the functional
architecture of whisker barrel field of the rat Sl cortex
with optical recordings; Importance of inhibitory neural

system for the discrimination of each whisker, Soc.
Neurosci. Abstr. 57 (1994) 7.

Takashima, I. and lijima, T.: Optical imaging of

integrated neural activities in rat barrel cortex in
response to multi-whisker stimulation, Soc. Neurosci.
Abstr. 53 (1995) 10.

Davenport, W.B. and Root, W.L.: An introduction to
the theory of random signals and noise, McGraw-Hill,
New York (1958) 112-144.

01999.104000

-1 0250 3~

good

ooooooo

Ichiro TAKASHIMA
0000o0oooOo0o0ooooOooOooooooo
0000o0oooOo0o0ooooOooOooooooo
00o0oUooooooooooooooo

E-mail : takashim@etl.go.jp
0000o0oooOo0o0ooooOooOooooooo
00o0oUooooUooooooooooooo

ooooooo

Riichi kaswara
0000o0oooOo0o0ooooOooOooooooo
00o0oUooooooooooooooo

E-mail : kajiwara@etl.go.jp
0000o0oooOo0o0ooooOooOooooooo
oo

ooooooo

Toshionaima
O00o0oooOoooooooooooooooo
0o0o0ooooooooooooooooUoo
O00o0oooOoooooooooooooooo
E-mail : iijima@etl.go.jp
00000o0ooooo00oo0oo0ooUOoUooO
0000o00ooOoooooooooooooooo



