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Abstract

This protocol describes an implementation of recording and analysis of evoked potentials in the hippocampal cortex, combined with
lesioning using multichannel silicon probes. Multichannel recording offers the advantage of capturing a potential field at one instant in
time. The potentials are then subjected to current source density (CSD) analysis, to reveal the layer-by-layer current sources and sinks.
Signals from each channel of a silicon probe (maximum 16 channels in this study) were amplified and digitized at up to 40 kHz after
sample-and-hold circuits. A modular lesion circuit board could be inserted between the input preamplifiers and the silicon probe, such that
any one of the 16 electrodes could be connected to a DC lesion current. By making a lesion at the electrode showing a physiological event
of interest, the anatomical location of the event can be precisely identified, as shown for the distal dendritic current sink in CA1 following
medial perforant path stimulation. Making two discrete lesions through the silicon probe is useful to indicate the degree of tissue
shrinkage during histological procedures. In addition, potential /CSD profiles were stable following small movements of the silicon probe,
suggesting that the probe did not cause excessive damage to the brain.  2002 Elsevier Science B.V. All rights reserved.
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1. Type of research 2. Time required

• Electrical activity from a layered structure like the • Surgery and placement of electrodes, 30–60 min.
cortex can be optimally recorded by placing extracel- • Recordings, 5–120 min.
lular electrodes in different layers of the cortex. • Perfusion of animal, 15 min.

• Simultaneous recordings are made at multichannel • Fixing of brain, 2 days.
electrodes on a linear array, in this case fabricated • Histology, 30 min.
with precise inter-electrode distances on a silicon
probe [1,16].

• Current source density analysis yields the location of
current sources and sinks and the time course of the 3. Materials
source and sinks.

3.1. Animals

*Corresponding author. Tel.: 11-519-663-3733; fax: 11-519-663-
Rats of 250 to 450 g (Charles River, St. Constant,3753.

E-mail address: sleung@uwo.ca (L.S. Leung). Quebec, Canada).
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Fig. 1. Schematic diagram showing lesion circuitry (left) and recording circuit (right). The lesion current source (bottom) access to the electrodes on the
silicon probe is normally blocked by the high impedance analog switches. The switches are opened by a decoding circuit that is based on a 4-bit selection
scheme. Lesion voltage is limited by the Zener diodes. Each recording channel is connected to a preamplifier as shown, before a main amplifier and
computer analog-to-digital converter (ADC) with sample-and-hold circuits. For more details, see text.

3.2. Special equipment in the skull for placement of (1) the recording probe in
CA1/dentate gyrus at P3.6–4.5, L2.4–3 (with respect to

• Multichannel electrodes. Silicon probes (University of bregma), (2) stimulating electrodes at (i) alveus in CA1 at
Michigan). 0.5–1.5 mm posterior and slightly lateral to the recording

• Recording equipment. Custom-made preamplifiers site, (ii) stratum radiatum of CA3b to activate the apical
(Fig. 1); 16-channel amplifier (AC Instrumentation, dendritic synapses of CA1, and (iii) the medial perforant
Seattle, WA); WIN-30DS (United Electronics, Water- path at P4.4, L4, |3.3 mm ventral to the skull. Stimulation
town, MA); Microsoft Windows based microcomputer. rate was ,0.1 Hz.

• Lesion equipment. Lesion circuitry (Fig. 1); Grass 88 Silicon probes were provided by the NIH NCRR Center
stimulator and PSIU6 photoisolation unit (AstroMed, for Neural Communication Technology at the University
MA). of Michigan. The technology used to fabricate these probes

permits precise control over features such as site size and
spacing leading to a high degree of reproducibility and

4. Detailed procedure great flexibility in their design [1]. The typical probe used
had 16 recording sites spaced 50 mm apart on a vertical

4.1. Surgical procedures shank (‘16-channel probe’; catalogue name 5mm50). The
width of the shank of the latter probe increased from 33 to

The rat was anesthetized with urethane (1.5 mg/kg i.p.) 200 mm, measuring 123 mm at the farthest recording site
and placed in a stereotaxic frame. Burr holes were drilled from the tip; the shank thickness was 15 mm. Occasionally,
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another ‘236 channel probe’ was used; this probe had two and the silicon probe. The size of the circuit was restricted
shanks separated by 150 mm and six recording sites at because of space constraints and to minimize recording
25-mm intervals on each shank. The latter shank increased noise. This necessitated the use of surface mount technolo-
from 23 to 100 mm, measuring 63 mm at the recording site gy (SMT) components. The finished board measured 2.5
farthest from the tip. In some experiments, the 236- cm square. The electronic switching capability provided by
channel probe was moved up or down by 100 mm, or the the lesion circuit board was necessary to avoid having to
16-channel probe by two steps each of 25 mm, in order to connect manually for passing a lesion current. The circuit
obtain more coverage in depth. The stability of the allowed recording from all 16 channels and subsequent
response was determined by superposition of records at the selection of one or more of the 16 sites for lesioning. The
same absolute depth after one or two moves. The silicon DC lesion current (normally 30–50 mA for 1–3 s) was
probe, packaged on a PC board with a 238 male integrated derived from a Grass PSIU6 unit driven by a Grass
circuit (IC) plug, fits into a matching plug containing 16 stimulator (S88 or S44). Initially, each electrode was
custom-made preamplifiers. A preamplifier (Fig. 1) re- isolated from the lesion current source by an open analog
moved the DC (high pass filter with corner frequency at 1 switch of .10 GV. With a software command, a selected
Hz) and amplified each signal by 50 times before the main analog switch was closed, and a DC current could then be
amplifier (variable gain 2 to 100 times). The main amplifier passed through this electrode site. The lesion voltage was
also had 16 channels, each with adjustable low and high limited to 68.9 V by Zener diodes. The parallel port of the
pass filters. The 16 amplified signals were then fed into a computer was used to generate signals that operate the 16
12-bit Analog to Digital Converter (Analog Devices RTI- analog switches by a 4-bit addressing system (Fig. 1). The
2100-DS with 0.75 MHz throughput). The 16 signals were 4-bit signal, together with two check bits, allows selection
held by sample-and-hold circuits until they were sampled, of only one of the 16 electrodes at a time, and minimizes
typically at 20–40 kHz per channel. Single or average the possibility of enabling multiple channels by inadvertent
(N54) evoked potential sweeps were stored by a custom human or hardware error. Four 4066 CMOS chips serve as
program. the analog switches.

Theoretically, the potential field in the brain is generated After lesioning, the rat brain was removed after intracar-
in one instant in time [13] and thus simultaneous recording dial perfusion with phosphate buffered saline and 4%
of this potential field by a multichannel electrode is formalin, and allowed to be immersed in formalin for 2
important. One-dimensional CSD(z, t) as a function of days. It was then sliced into 40-mm-thick coronal sections
depth z and time t was calculated by a second-order using a frozen microtome. The lesioned sites and the
differencing formula [6,9,12]: recording track were identified in coronal sections stained

with thionin. Digital photographic images were taken by a
CSD(z, t) 5 s[2C(z, t) 2C(z 1 N 3 Dz, t) Nikon CoolPix 990 camera on a Nikon E600FN micro-

2 scope, before and after staining.2C(z 2 N 3 Dz, t)] /(N 3 Dz)

where C(z, t) is the potential at depth z and time t, and Dz
is the spacing between adjacent electrodes on the silicon 5. Results
probe, i.e. 25 mm for the 236 channel probe and 50 mm
for the 16-channel probe. Conductivity s was assumed to Recordings from the 16-channel probe are shown in Fig.
be constant across depth, and the CSDs are reported in 2. The medial perforant path (MPP) was stimulated and

2units of V/mm . simultaneously-acquired signals from the 16 channels were
averaged (four sweeps) to give average evoked potentials
(AEPs; Fig. 2A). CSD analysis showed that the earliest4.2. Lesion procedures
event in the dentate gyrus was a sink (area with vertical
lines in Fig. 2B and C) with onset of |2 ms from the MPPAfter the experiment, the site of each stimulating
stimulus (solid circle). This sink corresponds to the excita-electrode was lesioned by passing 0.5–1 mA current for
tion at the middle of the dendrites of the dentate granule1–2 s duration. The current was derived from a photoisola-
cells. The earliest event in CA1 was a sink of |4 ms onsettion unit PSIU6 that was connected to a Grass stimulator.
(area with horizontal lines in Fig. 2B and C), with itsThe magnitude of the current was read directly from the
maximum assigned as 0 mm. The CA1 sink corresponds toGrass stimulator. Accuracy of the current reading was
the excitation of the distal apical dendrites by MPP, and itstated to be within 10%, which was confirmed by sub-
was accompanied by small sources at the proximal apicalsequent calibration by reading the DC voltage drop across
dendrites (2350 and 2350 mm). The CSD responses to aa fixed resistor.
second stimulus pulse (Fig. 2C), 50 ms delayed from theA special lesion circuit board was built for making
first pulse (Fig. 2B), showed paired-pulse facilitationlesions through an electrode on the 16-channel silicon
(increase) of the CA1 distal dendritic sink (arrow in Fig.probe. It was designed to be modular such that it would be
2C) but not of the sink at the dentate gyrus (arrow head,inserted (or removed) between the preamplifier input stage
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Fig. 2. Laminar profiles of average evoked potentials (A) and CSDs (B and C) acquired by a 16-channel silicon probe placed in CA1 and dentate gyrus,
following middle perforant path stimulation (60 mA, 0.2 ms stimulus intensity). Schematic CA1 pyramidal cell and dentate granule cell shown at left.
Lesion was made at 0 mm, the site labeled with an open circle with a cross. Positive depth is in the ventral direction. Histology of probe track and lesion is
shown in Fig. 3A (rat PBP131). (A) Average evoked potential (AEP; average of four sweeps) profile at 50-mm intervals. (B) One-dimensional CSDs,
derived using N 5 1 (Dz 5 50 mm) in CSD equation in text, derived from AEPs (first-pulse responses only) shown in A. (C) CSDs derived from the
second-pulse responses (AEPs not shown); the second pulse was 50 ms after the first pulse. Note paired-pulse facilitation of the distal dendritic sink in CA1
(arrow with shaft at 0 mm of part C) but not of the sink in the dentate gyrus (arrow head at 150 mm, part C).

Fig. 2C). The electrode showing the maximum of the CA1 dotted lines, show the earliest onset latency at the proximal
distal dendritic sink (0 mm in Fig. 2) was connected to a apical dendrites (Fig. 4). CSD analysis (not shown)
DC current source for 1 s. Subsequent histology revealed a confirmed that the orthodromic population spike sink
lesion in stratum lacunosum-moleculare of CA1, 0–50 mm originated at the proximal apical dendrites, 150–200 mm
away from the hippocampal fissure (Fig. 3A). from the cell body layer (labeled 0), and then propagated

Some researchers have expressed concern on the pos- to the cell bodies and the basal dendrites [7].
sible damage caused by the silicon probe on the brain. In another experiment (three rats), the 16-channel probe
While tissue disruption inevitably occurred, the recordings recorded from the dentate gyrus and CA3c (in the hilus of
were sufficiently stable that recordings were possible after the dentate gyrus) following CA3b stimulation. After
small movements of the probe. In three rats recorded with recording AEPs from an original position (position 1), the
a 236 probe (25-mm intervals between two vertical probe was moved down in two steps, each of 25 mm, to
electrodes), the probe was moved vertically down (ventral) position 2 and then to position 3 (Fig. 5). The choice of a
by 100 mm. The sets of AEP profiles before and after step of 25 mm was because this is half the spatial interval
moving are shown in Fig. 4. In the region of overlap, the between channels, and the evoked potential at a fixed
AEPs were comparable, suggesting that potentials were (absolute) depth could be compared after two steps of 25
stable before and after movement of the recording probe. mm each. An adequate spatial sampling interval was
Fig. 4 illustrates an orthodromic population spike follow- determined to be 50–75 mm in the cerebellum [6], but finer
ing excitation of the apical dendrites of CA1 pyramidal sampling may yield additional information [9]. The good
cells. The negative peaks of the population spike, linked by overlay of the early responses (,5 ms latency) in absolute
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in the histological procedures, a lesion was made, respec-
tively, at the topmost and bottommost of the 16 channels
on the probe. The histology of one such experiment is
shown in Fig. 3B. The spatial interval between the middle
of the two lesions made was found to be 720 and 750 mm
in two rats, or the shrinkage was negligible in these tissues
as compared to the actual distance of 750 mm between the
electrodes. Obviously, shrinkage of brain tissue depends on
the particular histological processes used.

6. Discussion

The CSD profiles obtained by simultaneous recordings
using a silicon probe were similar to those acquired by
mapping using a single microelectrode. A good example is
shown following CA3b stimulation (Fig. 5), which evoked
a complex sequence of antidromic invasion and dendritic
excitation in CA3c (within the hilus), in addition to an
early, proximal following by a late, mid-dendritic excita-
tion of the dentate granule cells. These complex spatial and
temporal patterns of activity have been reported using
single electrode mapping [14,15]. The primary advantage
of the silicon probe recordings over single-electrode
mapping is that responses are recorded simultaneously
without delay across channels; thus, response stationarity
over time need not be assumed. The practical advantage of
a rapid acquisition of the potential profile (and CSDs) will
facilitate studies in which the responses change with time,
such as experiments on EEG, synaptic plasticity and
pharmacological responses.

In our experience with different types of multichannelFig. 3. Histology showing lesion marks through the 16-channel silicon
probe. (A) The lesion (arrow) at the site with the maximal CA1 distal electrodes available to biomedical researchers, the silicon
dendritic sink (0 mm in Fig. 2) was made by 30 mA DC for 1 s. (B) Two probes in this report [1,2,16] are the best for studying
separate lesions at the two outermost electrodes of a 16-channel silicon depth profiles of electrical activity in the cortex. The
probe (PBP60). The centers of the electrode sites were separated by 750

dimensions of a 16-channel Prohaska probe [3] weremm, while the centers of the lesion in the histological slide was separated
considerably larger than those of a silicon probe, such thatby 750 mm as well, but each lesion had an approximate ‘radius’ of 20 to

25 mm. Each lesion was made by 50 mA DC for 3 s. tissue disruption inevitably occurred (unpublished observa-
tions). The Kuperstein and Eichenbaum [8] probe was not
ideal for CSD analysis since the availability of contiguous

depth suggests that the responses (and the hippocampus) (adjacent) working channels was not guaranteed.
were stable before and after the probe movements. How- The mechanical disruption of the brain by a silicon
ever, late responses were more variable. In combination, probe was small, and the track of an acutely placed silicon
the two sets of data (position 1 and 2) gave a spatial probe may be difficult to detect sometimes. Ylinen et al.
resolution of 25 mm (Fig. 5A). The larger responses with [16] and Bragin et al. [2] deliberately left the probe in the
the later (position 3) than earlier (position 2) argues brain tissue to be identified during histological sectioning.
against damage inflicted by movement of the silicon probe. We believe that it is difficult to keep the probe in place,
In terms of physiology, CA3b stimulation evoked in CA3c after removal of the skull and dura, and it is even more
pyramidal cells a population antidromic spike (shaded gray difficult to be sure that the probe did not move between
in Fig. 5) followed by a dendritic excitatory sink that is recording and histological sectioning. Thus, an alternate
shown by slanted lines in Fig. 5 [14,15]. CA3b stimulation method of localizing the electrode is desired, and we used
evoked in the dentate gyrus a proximal dendritic sink the conventional lesion technique.
(vertical lines) followed by a mid-dendritic layer sink We designed a system such that a modular lesion circuit
(horizontal lines) attributed to a multisynaptic circuit of board could be inserted between the input amplifiers and
CA3–CA1–entorhinal cortex–dentate gyrus [14,15]. the recording probes. We have implemented the system

In order to investigate the shrinkage of the brain tissue only for acute recordings, although the same could be done
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Fig. 4. Stability of average evoked potentials (AEPs) following two sequential vertical (downward) movements of 236 probe, each of 100 mm. Responses
were evoked by paired-pulse stimuli of 150 mA and 50 ms interpulse interval applied to CA3, with first pulse evoking a population spike and second not.
Sets of AEPs were plotted at expected absolute depths, at every 25 mm, with overlapping traces at common depths. The middle set of AEPs is shown as
light traces, as compared to dark traces for the upper and lower sets of AEPs. Sites with overlapping AEPs are expanded on the right side, but shown with
first-pulse responses only.

for chronic recordings as well. By using software-address- recorded. However, the signals at fixed depths were stable
able switches, any of the 16 electrodes can be connected to before and after upward or downward movements of the
the DC lesion current. Previously, we showed that a 50-mA probe, as shown for average evoked potentials and CSDs
DC for 3 s would make an |50–100 mm diameter lesion (Figs. 4 and 5). Response stationarity is still an issue, as
of the brain [7]. Even 30 mA for 0.5 s was able to make a indicated by the more variable late, multisynaptic re-
lesion at some electrodes (Fig. 3A). We have not sys- sponses (Fig. 5). A more elegant solution is to fabricate
tematically studied the reason for this variability in lesion probes with closer spatial intervals and more channels.
current, but it is likely that the DC impedance of an Probes with 32 channels at 20–25 mm intervals are being
electrode site may vary, especially after repeated use. fabricated now. Although the complexity will be increased,
Subsequent recordings could be made from an electrode the present recording/ lesion system could be upgraded to
that had passed a lesion current, with no apparent differ- record and lesion from 32 channels.
ence from before the lesion.

The advantage of lesion at a selected electrode of the
16-channel probe cannot be overemphasized. The event of 7. Quick procedure
interest may occur only at one channel, and the closer the
mark (lesion) is to the recorded event, the more certain is 7.1. Surgery
the location of the event [4,10]. We showed the lesion at
the site of the maximal sink (excitation) evoked by medial Rats are anesthetized and placed in a stereotaxic frame.
perforant path in hippocampal CA1 (Fig. 3A). The latter Stimulating electrodes and multichannel silicon probe are
sink occurred near the hippocampal fissure, among the placed in the hippocampus.
distal dendrites of the hippocampal CA1 pyramidal cells
[5,11]. 7.2. Lesion

We showed that the silicon probes used did not disrupt
the brain tissue significantly, and stepping may be used to Analysis to identify current sources and sinks is per-
increase the spatial sampling interval or extend the cover- formed on-line, and a recording channel showing a specific
age in depth. With a fixed position of the 16-channel probe, sink or source is connected to the lesion current source.
only 16 signals spanning 750 mm will be simultaneously Histology of the brain is then done.
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Fig. 5. CSDs from 16-channel probe in the dentate gyrus and hilus following stimulation of CA3b. Schematic dentate granule cell and CA3c cell in the
hilus are shown on the left. Probe recorded first in position 1, then moved 25 mm down to position 2, and then another 25 mm down to position 3. (A) The
CSDs at position 2, shown at 50-mm intervals. (B) Overlay of CSDs at positions 1 and 3, shown at 50-mm intervals. CA3b stimulation evoked an
antidromic spike (sink shaded gray, immediately after the stimulus labeled with a solid circle) followed by dendritic excitation (sink with slanted lines) in
CA3c pyramidal cells. CA3b stimulation evoked in the dentate gyrus an inner molecular layer (IML) sink (vertical lines) followed by a late, 20-ms latency
middle molecular layer (MML) sink (horizontal lines). The early responses (,5 ms) showed minimal variations in the overlap, while the late responses
(arrow) showed more variation.
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