
 

Abstract— We are developing a biomimetic electronic neural 
prosthesis to replace regions of the hippocampal brain area that 
have been damaged by disease or insult.  We have used the 
hippocampal slice preparation as the first step in developing 
such a prosthesis.  The major intrinsic circuitry of the 
hippocampus consists of an excitatory cascade involving the 
Dentate Gyrus (DG), CA3, and CA1 subregions; this trisynaptic 
circuit can be maintained in a transverse slice preparation.  Our 
demonstration of a neural prosthesis for the hippocampal slice 
involves: (i) surgically removing CA3 function from the 
trisynaptic circuit by transecting CA3 axons, (ii) replacing 
biological CA3 function with a hardware VLSI (very large scale 
integration) model of the nonlinear dynamics of CA3, and (iii) 
through a specially designed multi-site electrode array, 
transmitting DG output to the hardware device, and routing the 
hardware device output to the synaptic inputs of the CA1 
subregion, thus by-passing the damaged CA3.  Field EPSPs 
were recorded from the CA1 dendritic zone in intact slices and 
“hybrid” DG-VLSI-CA1 slices.  Results show excellent 
agreement between data from intact slices and transected slices 
with the hardware-substituted CA3: propagation of temporal 
patterns of activity from DG VLSI CA1 reproduces that 
observed experimentally in the biological DG CA3 CA1
circuit. 

I. INTRODUCTION

e are developing a neural prosthesis to replace 
hippocampal brain function that is lost due to stroke, 
epilepsy, or dementia.  In doing so, we seek to restore 

long-term memory formation that depends on the 
hippocampus, and that often is severely diminished in 
brain-damaged and Alzheimer’s patients.  Our concept of 
such a prosthesis is a biomimetic model of the nonlinear 
dynamics of the hippocampus – a model that captures how 
hippocampal circuitry re-encodes, or transforms, incoming 
spatio-temporal patterns of neural activity (i.e., the contents 
of short-term memory) into outgoing spatio-temporal patterns 
of neural activity (i.e., the contents of long-term memory) [1].  
Multi-site electrode arrays capable of both 
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electrophysiological recording and electrical stimulation 
would couple such a biomimetic model to undamaged regions 
of the brain afferent (before) and efferent (after) to the 
damage. Thus, through bi-directional communication with 
the brain, the prosthetic system could “by-pass” the damaged 
tissue, and allows the biomimetic model to substitute for lost 
hippocampal function. 

Because of the complexity of such a goal, we have used the 
hippocampal slice preparation as the first step in developing 
such a prosthesis.  The major intrinsic circuitry of the 
hippocampus consists of an excitatory cascade involving the 
Dentate Gyrus (DG), CA3, and CA1 subregions; this 
trisynaptic circuit can be maintained in a transverse slice 
preparation.  Our demonstration of a neural prosthesis for the 
hippocampal slice involves: (i) surgically removing CA3 
function from the trisynaptic circuit by transecting CA3 
axons, (ii) replacing biological CA3 function with a hardware 
model of the nonlinear dynamics of CA3, and (iii) through a 
specially designed multi-site electrode array, transmitting DG 
output to the hardware device, and routing the hardware 
device output to the synaptic inputs of the CA1 subregion, 
thus by-passing the damaged CA3. 

 An important component of our hippocampal prosthesis is 
implementation of the biomimetic model in hardware, to 
achieve miniaturization, parallel processing, and rapid 
computational speed.  We have previously shown 
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Fig. 1. The intrinsic trisynaptic pathway in a hippocampus slice.  The 
main intrinsic circuitry of the hippocampus consists of three major 
subregions: DG, CA3, and CA1.  Input signals from perforant path 
fibers excite DG granule cells.  DG output, in turn, excites CA3 
pyramidal cells through mossy fibers.  Output from CA3 is transmitted 
to CA1 pyramidal cells. This so-called “trisynaptic pathway” is 
considered to be the principal network involved in hippocampal 
neuronal information processing. 
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replacement of the CA3 region of the slice as described above 
with a biomimetic model of CA3 nonlinear dynamics 
implemented using a Field Programmable Gate Array (FPGA) 
[2].  Recently, we have successfully designed and fabricated a 
VLSI (very large scale integration) microchip based on our 
FPGA model.  Here we demonstrate replacement of CA3 
using a VLSI implementation of the biomimetic model. The
data presented in this article was collected with both the 
FPGA and VLSI devices.  Within each experiment, the 
nonlinear model of CA3 dynamics was simulated and then 
implemented into the hardware device.  The results show that 
the propagation of spatio-temporal patterns of activity from 
the intact slice model (DG CA3 CA1) can be reproduced 
in a replacement model (DG VLSI CA1). 

II. MATERIALS AND METHODS

A. Hippocampal Slice Preparations 
Hippocampal slices were prepared from 8-10 week old 

male Spraugue-Dawley rats (250-300 gm).  Animals were 
first anesthetized with halothane and then decapitated.  Their 
skulls were rapidly removed and the brain was carefully 
extracted.  Hippocampi were separated from the cortex within 
iced sucrose buffer solution.  Four hundred micron thick 
hippocampal slices were cut transversely from ventral 
hippocampi using a vibratome.  This protocol was approved 
by the Department of Animal Resources and Institutional 
Animal Care at the University of Southern California.  Slices 
were incubated for at least one hour in 2mM MgSO4 artificial 
cerebral spinal fluid (aCSF) at room temperature.  During 
each electrophysiological recording session, one slice at a 
time was transferred to a Multichannel Systems Multi 
Electrode Array (MEA) system containing a chamber 
perfused with normal aCSF (NaCl 128mM, KCl 2.5 mM, 
NaH2PO4 1.25 mM, NaHCO3 26 mM, Glucose 10 mM, 
MgSO4 1 mM, Ascorbic Acid 2 mM, CaCl2 2mM), and 
maintained at room temperature (25-26 ºC).  In order to 
reduce inhibition from CA3 mossy fibers, 2.5-5 μM 
picrotoxin was added to the aCSF.  All solutions were 
bubbled with 95%O2 and 5%CO2 mixed gas.

B. Recording and Stimulation 
Extracellular recording: Electrophysiology data was 

collected by an extracellular recording MEA system 
(www.mutilchannelsystems.com).  Our MEA system consists 
of pre-amps, a data acquisition device, and software operated 
with a custom-built, 60-channel conformal planar 
multielectrode array [3].  The geometry of this conformal 
array was designed to match the cytoarchitecture of 
hippocampus slices.  The electrodes of this conformal array 
are platinum based. Data were collected at a sampling 
frequency of 10 kHz per channel with a gain of 1200 and 
recorded using MCRack (v3.2.1.0). 

External electrode stimulation: Electrical stimulation was 
applied to the perforant pathway (PP) of each slice with an 
external electrode to generate electrophysiological responses 

throughout the trisynaptic pathway (evoked field potential 
responses in DG, CA3, and CA1).  When the full trisynaptic 
response was observed, we then stimulated the slice with a 
series of random impulse trains (RITs).  Four 300-pulse 
Poisson distributed RITs consisting of fixed current intensity 
(biphasic, 100-300 μA) were delivered to the PP by an 
external bipolar electrode of twisted Nichrome wires.  A 5-7 
minute waiting period occurred between each RIT. 

Internal electrode stimulation: During the replacement 
experiment hardware generated biphasic current stimulation 
was sent to the stratum radiatum of CA1 through a pair of 
microelectrodes in the MEA.  The current was first set at 50% 
of maximal intensity based on the I/O curve (Fig. 3, 50-70 
μA) and fine adjustments were applied as necessary. 

C. Removing CA3 Function from the Trisynaptic Circuit 
To remove the contribution of CA3 from the trisynaptic 

circuit of the hippocampal slice, we used a sharpened piece of 
Poly Dimethyl Siloxane rubber (PDMS) that was fixed and 
stabilized by an 18 gauge syringe needle.  This cutting device 
was held by a micromanipulator.  Before placing the slice on 
the array, the relative coordinates for positioning the cutting 
device was measured and marked to correspond to the region 
of CA3 axons projecting to CA1. 

To confirm that the CA3 to CA1 pathway was successfully 
transected, we applied a four pulse train of stimulation to the 
PP and measured the response in CA1.  Figure 2A shows 
typical trisynaptic responses recorded from an intact slice in 
the DG, CA3, and CA1 subregions.  In Fig. 2B, no CA1 
EPSPs are observed in a slice with transected CA3 axons.  To 
verify that properties of synaptic transmission in CA1 were 
not significantly altered after transecting CA3 efferents, 
paired-pulse stimulation was applied to the stratum radiatum 
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Fig. 2.  Confirmation of removing CA3 function from the trisynaptic 
circuit.  Typical trisynaptic responses recorded in a quadruplet train in 
A) intact slice.  No CA1 responses were triggered in B) transected slice.  
The location of transection is indicated by the arrow. 
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of CA1 (the region of CA3 afferents to CA1) before and after 
the transection process.  The paired-pulse stimulation 
protocol included current intensities ranging from 10 to 100 
μA, with 10 μA increments, and a 30ms inter-pulse 
interval.  In Fig. 3, typical paired-pulse facilitation is 
observed (difference in field EPSP amplitude to the 1st and 2nd

pulses).  Although the I/O curves show a slight increase in 
amplitudes of field EPSPs to both 1st and 2nd pulses, the 
differences at 50% of maximal intensity (the intensity used 
during random train stimulation) is negligible.  Hence, 
fundamental properties of synaptic transmission in CA1 are 
preserved.

D. CA3 Modeling Approach 
A single input/output Volterra-Poisson model was used to 

represent the nonlinear dynamics of CA3 function.  From the 
recorded datasets, amplitudes of DG population spikes (PSs) 
were used as measures of the input to CA3, and amplitudes of 
CA3 PSs were used as measures of system output.  Model 
estimation was completed using PS amplitudes and interspike 
intervals of the input/output sequences. The nonlinear 
input/output characteristics are defined in terms of the kernels 
(ki) of a functional power series of the following form [4]: 
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where Ai, Aj represent the varying amplitudes of PSs 
recorded at the DG (input), y(ni) represents the PS amplitudes 
recorded at CA3 (output) and k1, k2, and k3 are the 1st, 2nd, and 
3rd order kernels respectively.  ni is the time of occurrence of 
the current impulse in the input/output sequence and nj is the 
time of occurrence of the jth impulse prior to the present 
impulse within the kernel memory window . Estimation of 
the kernels is facilitated by expanding them on the 

orthonormal basis of Laguerre polynomials, the coefficients 
of which can be obtained via least squares method. 

E. VLSI Implementation  
To replace CA3 function, the entire input/output (DG to 

CA3) response system of the hardware implementation is 
depicted in Fig. 4.  This device has three major interfaces to: 
the host PCI system, an analog-to-digital converter, and to a 
digital-to-analog converter.  The PCI provides a primary 33 
MHz clock and all other slower clocks used in the design are 
derived from the primary using clock synthesis.  The PCI 
control buses give the commands to upload the values to 
registers inside the chip through proper address decoding.  
Some diagnostic values can be read from the chip back to the 
host.  The incoming neural signal was amplified with a 1200 
gain to get a suitable signal range for TI TLC4541 5V ADC 
running in 10 kHz.  After converting to the digital domain, 
each extracted amplitude is represented using unsigned 16 
bits as 0000 (Hex) for -5V and FFFF (Hex) for 5V.  A Finite 
State Machine is responsible for generating control signals 
for the data path blocks such as spike detection, polynomial 
update, output response generator, and biphasic output 
waveform generator.  Since the computation has to be 
executed rapidly enough so that it will complete before the 
next PS, the Laguerre polynomial update and output 
generator sub-blocks are at a rate of 2.6 MHz.  The spike 
detection runs at 10 KHz and waveform generator block at 20 
KHz to meet the ADC and DAC data throughput speed. 

The design was implemented using VHDL language and 
simulated by Mentor-Graphics ModelSim.  After logic 
synthesis, placement, and routing using standard cells, the 
VLSI was fabricated using a TSMC 0.18 m process with a 
1.1 mm2 area.  The die photo is shown in Fig. 5.  Total gate 
count after synthesis is 2000, and the whole chip consumes 
only 230 nW (excluding the peripheral data converters). 

F. Experiment Protocol 
(1) Preparing Hippocampus slices 
(2) Positioning the slice over the conformal MEA 
(3) Stimulating the PP with RITs, Recording the trisynaptic 

responses in DG, CA3 and CA1 
(4) Building a mathematical model of the CA3 subregion 
(5) Loading the Laguerre coefficients into FPGA/VLSI device 
(6) Terminating the CA3-CA1 connections 
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(7) Stimulating the PP with the same RITs, recording the 
responses in DG and CA1 

(8) Comparing CA1 response from (3) and (7) 

III. RESULTS

Neuronal signals that represent the output from the DG 
provided the input to the VLSI-based biomimetic model of 
CA3 nonlinear dynamics.  Output from the VLSI device, 
which represents the equivalent of responses from CA3, 
provided the activation of synaptic inputs to CA1.  In total, 
the system processed real-time signals from DG, and utilizing 
the VLSI computational kernel model, both transformed 
those DG inputs into biologically appropriate CA3 outputs, 
and converted those outputs into biphasic current stimulation.  
The stimulation was then sent to the CA1 subregion to induce 
field EPSPs (Fig. 6).

Results from five successful experiments (all phases 
completed) are reported here.  Examples from two of those 
five are shown in Fig. 7.  Each panel illustrates results from 
one experiment: amplitudes of population EPSPs recorded 

from the CA1 region are shown as a function of 50 impulses 
chosen from among 2,400 impulses of the random trains 
(1,200 administered before transecting inputs to CA3; 1,200 
administered after transection).  Time intervals between 
impulses are not represented in the figures; only “Input 
Event” number (sequence of sample impulses) is shown to 
collapse the x-axis.  Data for the intact slice (CA1 trisynaptic) 
are shown in black squares; data for the “hybrid” slice with 
the substituted FPGA model of CA3 (CA1 replacement) are 
shown in gray diamond.  For what is a wide range of intervals 
captured in this 50-impulse sequence, and what is a 3-5 fold 
difference in population EPSP amplitude, CA1 output from 
the hybrid slice matches extremely well the CA1 output from 
the intact slice.  The accuracy of the amplitude comparison 
was evaluated using the normalized mean square error 
(NMSE) of the amplitude and the average NMSE was 12.5%. 
More experiments and quantification studies are in progress 
now to optimize the system.  In the future, the major focus 
will be on reducing the CA1 NMSE and expanding to 
multi-channel model. 
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Fig. 6.  In the transected slice model, DG was elicited from RITs 
stimulation (upper traces) and the signal was connected to the VLSI 
device where DG spike analyzing, CA3 kernel model prediction, and 
biphasic output generation were processed in real-time (middle box).  
CA1 field EPSPs were induced by the “hybrid” model (lower trace). 
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Fig. 5.  The die photo of the VLSI implants. (Fabricated by TSMC 0.18 
CMOS with a 1.1 mm2 area)

4399


	MAIN MENU
	Go to Previous Document
	CD-ROM Help
	Search CD-ROM
	Search Results
	Print


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Gray Gamma 2.2)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.3
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 0
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo true
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 2.00333
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 2.00333
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 600
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00167
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000410064006f006200650020005000440046002065876863900275284e8e55464e1a65876863768467e5770b548c62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef69069752865bc666e901a554652d965874ef6768467e5770b548c52175370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA (Utilizzare queste impostazioni per creare documenti Adobe PDF adatti per visualizzare e stampare documenti aziendali in modo affidabile. I documenti PDF creati possono essere aperti con Acrobat e Adobe Reader 5.0 e versioni successive.)
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020be44c988b2c8c2a40020bb38c11cb97c0020c548c815c801c73cb85c0020bcf4ace00020c778c1c4d558b2940020b3700020ac00c7a50020c801d569d55c002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken waarmee zakelijke documenten betrouwbaar kunnen worden weergegeven en afgedrukt. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents suitable for export to IEEE PDF eXpress. May 2005. PaperCept.)
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice


