An optogenetic neural recording system
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Abstract—In this paper we present an optogenetic neural  With genetically-encodable optical fluorescent probes; ne
recording system and its application to the study of the mous ronal activity can be observed with high spatial and temipora
visual cortex. We used a 32 x 32 fast and custom-designed imag  e5|ution over a wide area of the cortex. While commercial-
chip and system specifically designed to operate with voltag . . . .
sensitive dyes. The system can operate up to 1000 frames perOﬁ'the'Shelf W'de_ f|e-ld epl-_ﬂuorescence systems in us@yod
second, delivering a peak SNR performance of 63 dB, weighs Can be used for in vivo animal experiments, such systems are
less than 10 grams and consumes 12 mW of power. We used thistoo bulky and consume too much power to be used for awake
device to perform simultaneous electrical stimulation of &ea V1  and freely moving animals.
and optical recording using a voltage sensitive dye in area¥1, In this paper, we present experimental results of our cus-
LM and more in the mouse visual cortex. We also performed . . . . .
electrical stimulation in V4 and recorded optical signals sing tom mlnlatyre Imaging system deS|gned. for freely behaving
a calcium sensitive dye. We report experimental results ondth ~ animals (Figure 1). We conducted experiments on the mouse
calcium and voltage sensitive dye experiments that poteratily =~ visual cortex, using both voltage sensitive dyes (VSD) and
help disambiguate the organization of the mouse visual coeX, calcium sensitive dyes (CSD). The contribution of this pape
revealing its complex structure. is to show how our system can aid in answering higher-

level neuroscience questions such as the complex intenacti
|. INTRODUCTION between the different areas of the mouse visual cortex.€rhes
guestions can only be explored with a high-speed, wide-field

Currently, mammalian neuronal processing of informat#n tecording system that can capture neuronal activity in @yak
not well understood due to the inability to monitor widesate freely-moving animals in their "natural” state.
electrical activity across a large area of the cerebralezort
(10 mm or more) at a task relevant rate (1000 Hz or more). Il. IMAGING SYSTEM
Functional magnetic resonance imaging and positron emisi\Ve use a miniature custom-designed high-speed and low-
sion tomography allow three-dimensional recording of tranoise image sensor nambiguroView to image neural activity
metabolism, but are indirect measures of neuronal activiiy rodents. The CMOS image sensor has a resolution of 32
have low temporal/spatial resolution and require headifirat x 32, compared to 80 x 80 or 128 x 128 of other scientific
Implantable microelectrode arrays allow high speed reéngrd imaging systems. While the resolution is slightly lowerrtha
of neuronal activity in awake, unrestrained, and mobile- arthat of a scientific CMOS imaging system (100 x 100 to 256
mals but spatial resolution is limited and the electrodesatye x 256), it is a good balance for image quality and speed given
the brain tissue [1]. Muti-photon [2] and confocal [3] fiberthe limitations of the particular CMOS process used. Each
optic-tethered laser-scanning have produced high résolutpixel is a modification of the 3- transistors (3T) active pixe
images of neurons in head fixed animals, but lack the sesensor (APS) pixel structure, similar to the one presemted i
sitivity, speed and field of view to record the relatively $ma[5]. The sensitivity of each photodiode is 8.124 V/(iskxand
changes in fluorescence produced by optical probes acrosfeiconversion gain is 0.141V/e™.
particular functional domain of cortex. The CMOS image sensor and control electronics fit in a

Due to the inability for these methods to perform suchead mountable package (Figure 1-B). Each photodiode in our
experiments, little is known about the interaction betweesystem has a large well depth of 7.126 Méo reduce the
the V1 and higher areas in the visual cortex of rodents [4T/C noise, which is a major component of temporal noise.
Imaging techniques of brain activity can help to understarithe resulting peak SNR performance of 63 dB {0 bits)
the visual cortex of rodents, in particular given the receig comparable to that of a much larger, research-grade image
rapid increase in the availability of knockout animals ngadsensor made for fixed-animal biological experiments, which
for visualization of cortical activity with fluorescent reqters typically have data output of 12 bits. While scientific CMOS
and probes. imaging systems weigh several pounds and consumes tens of
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Fig. 1. (A) Head-mountable microscope (B) Our imaging systplaced in © o
a housing to connect to the microscope, measures 22.25 mm2% #2m. 0 0
(C) Complete imaging system, with a quarter for size conspari The head- o —
mountable imaging system is co_nnected to the data captue fabout the 0 100 200 0 100 200
size of a credit card) via a 20-wire flex cable. Time (ms) Time (ms)
C D
watts of power, our imaging system weighs a few grams apg. 2. (A) V1 and its surrounding areas as seen with MiCAMirbkt.
consumes only 12 mW of power. The red box in A is the area imaged by our imaging system (B Black-

: dered box in B is the site where the changes in fluorescisnecorded
The phOtOdIOde saturates at 120 lux at 500 frames y MiICAM Ultima (C) and our imaging system (D) as an averageloée

second (fps) with a SNR of 63 dB. For reference, off-thans. The black bar in the graphs represents stimulation keagth.

shelf scientific CMOS image sensors had a SNR of 55 to 72

dB during in vivo experiments. The peak quantum efficiency

(QE) was only about 2&. This is much less than scientificactivity can remain hundreds of milliseconds even after the
CMOS imagers which typically have up to B0QE. This simulation has ended (Figure 2).

discrepancy is due to the fact that the CMOS process used

is not optimized for optical imaging applications. Figure 1 IV. CALCIUM SENSITIVE DYE IMAGING

A shows our current prototype of miniature microscope for ) . . .

the fluorescent imaging system. Also Figure 1-C shows theln the experiments in the previous section, VSDs were used,

entire data-collection system built around the custom gamé!Ue 0 their response times (in the order of milliseconds or
NeuroView. less). However, it is thought that the major signal sourae fo

VSDs is postsynaptic potentials rather than action paénti
[1l. V OLTAGE SENSITIVE DYE IMAGING [9]. Calcium sensitive dyes (CSD) can be used to study direct
Our experiments involve the stimulation of one area of treffects of action potentials in neurons, due to the fact émat
cortex, while observing the resulting activity over a widea action potential opens voltage-dependent Cahannels and
of the cortex. This kind of experiments can clearly hightigh causes [C&]i to increase in the cell somata [10]. Excitability,
the advantages of wide-field epi-fluorescence imaging: witfeurotransmitter release, associativity, plasticity geae tran-
high spatial and temporal resolution, the propagation tibac scription are all controlled by C&[11]. With CSDs, we can
potentials can be clearly observed on large, multiple caiti discriminate the propagation of excitatory signals thaiuire
areas. super-threshold activation, which helps to reveal thetjlas
One example is a voltage sensitive dye (VSD) experimegitianges of the synaptic transmission.
on mouse visual cortex to investigate the effect of intracak We used our imaging system to demonstrate the spatiotem-
electrical stimulation in V1 and surrounding visual aréfise poral properties of the [C&]i changes evoked by layer 4
visual cortex of a mouse was transdurally stained with Rstimulation in primary visual cortical slice preparatiobg
1691. An electrode was inserted into V1 (250 um) and a traineans of C&" imaging to study the propagation of action
of 10 cathodic-first bi-phasic rectangular pulses of 280 potentials in the primary visual cortical neuronal netvsork
phase duration and amplitude of 72 were applied at 200 Detailed preparation protocols can be found in [13].
Hz to the electrode. Further details of the experiment malto  An electrode inserted into Layer 4 and a signal with 100
is described in [6]. us phase duration and amplitude of -4@/+100 A were
The change in fluorescence in the visual cortex was recordmaplied. [C&*]i transients were induced by the electrical
with MiCAM Ultima at 500 fps to confirm the biological stimulation of layer 4 of the visual cortex. Redshirt Imagi
validity of the output. Then, we replaced MiCAM Ultima withNeuroCCD-SM256 was used to initially verify the validity
our imaging system and ran the same experiment at 250 fpé.the experimental output. NeuroCCD was configured to
Both imaging systems gave comparable results, as showrrum at 360 fps at a resolution of 64 x 64. Then, data was
Figure 2. The observations of V1 response to train stimdi acollected using our imaging system at 25 fps during the same
similar to those obtained in [7], [8] - it is clear that the toal experiment.
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red dot, neuronal activity spreads from V1 to LM regions & thsual cortex. The change in fluorescence detected is asasid.05.
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Data from a VSD experiment showing the effect of setinh V1, collected with our imaging system. When V1 is sfiabed at the location of the

TABLE |
6 COMPARISON OFIMAGING SYSTEMS
[[ MiCAM Ultima | NeuroCCD [ This work
4 Weight (g) 250 > 2,000 < 10
Power (mW) > 100 51,000 12
Resolution 100 x 100 256 x 256 32 x 32
= Peak SNR (dB) > 70 80 63
o 5 ? Well Size (Me ) 10 0.7 7.126
L Shutter Global Global Global
e Max FPS 10,000 100 1000
©
0
today. The imaging system is capable of recording as low as
a 0.1% change in fluorescence at hundreds of fps using VSD

and CSD. Data obtained with our miniature system shows that
it is comparable to that of the non head-mountable scientific

imaging systems.

Fig. 4. A CSD experiment in the V4 region of a slice of the vistartex.

The image at the top right corner of the graph is from our imggystem.
The electrode and the area of stimulation (red dot) can kelglseen. The
graph shows dF/F in the area marked by the black square faorgéesiun.
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The two systems performed similarly, other than the slower
frame rate of NV2. The slower frame rate is not too detri-
m?ntal' as calcium dye tranS|e.n'.[s are in the order O.f ten_s‘ & brain tissue response to chronically implanted silicon rogtectrode
milliseconds. The neuronal activity observed by our imggin  arrays,”Experimental Neurology, vol. 195, pp. 115-126, 2005.
system in Figure 4 and Figure 5 were comparable of that if] F. Helmchen, M. Fee, D. Tank, and W. Denk, “A miniature thea
[14] and can be used to determine the spatiotemporal broper mou‘nted tv_vo-photon microscope: high resolution brain imgdn freely
=7h ) p ) p ' pf _p moving animals,”Neuron, vol. 31, no. 1, pp. 903-912, 2001.
ties of the [C&"]i changes evoked by layer 4 stimulation in [3] B. Flusberg, A. Nimmerjahn, E. Cocker, E. Mukamel, R. @#o,
primary visual cortical slice preparations by means of‘Ca T Ko, L. Burns, J. Jung, and M. Schnitzer, *High-speed, atimized
imaaing to studv the propagation of action potentials in the fluorescence microscopy in freely moving micligture Methods, vol. 5,

iaging t y the propag p no. 1, pp. 935-938, 2008.
primary visual cortical neuronal networks. [4] Q. Wang and A. Burkhalter, “Area map of mouse visual cattélhe

Journal of Comparative Neurology, vol. 357, no. 3, pp. 339 —357, 2007.
V. CONCLUSION [5] J. Park, V. Pieribone, J. Verhagen, C. vonHehn, and Euigllo,

. . . “High-speed fluorescence imaging system for freely movingnals,”
We have demonstrated a miniature imaging system that can , |EgE International Symposium on Circits and Systems, 1SCAS* 09.
be used in head-mounted microscopes to measure neuronal Taipei, Taiwan: IEEE, May 2009, pp. 2429 — 2432.
activity in the mouse visual cortex. The imaging systen6]l Y. Okazaki, T. Fehervari, H. Sawai, and T. Yagi, “In vivoptial

29 25 22 25 d iahs | th 10 measurements of the activities of mouse striate and esigstortices
measures : mm X : mm and weighs less than 9. evoked by intracortical electrical stimulation,” 26th Symposium on

which is less than any other scientific imaging system abpkila Biological and Physiological Engineering BPES2010, 2010.
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