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Abstract

We have developed an ultra small, translucent array of electrodes for use in the parasaggital cerebellar slice preparation. This positionable
array is capable of stimulating multiple independent bundles of parallel fibers (PFs), which synapse onto a single Purkinje neuron.

On asilicon substrate, a low-stress silicon nitride film was used both as a structural layer and as electrical insulation. Evaporated gold pads
and interconnects were sandwiched between two such layers. A bulk anisotropic silicon etch released the individual arrays. The electrodes
are supported within a g:m-thick cantilever of translucent silicon nitride. In one design, eighi-wide square electrodes are arranged on
8-wm-centers. Another design, half the scale of the first, was also tested.

The array was mounted on a micromanipulator and can be visualized by an upright microscope. It can then be positioned in the dendritic
arbor of a Purkinje neuron while not disturbing a recording pipette at the soma. Paired-pulse facilitation experiments have confirmed that the
electrodes are capable of stimulating non-overlapping bundles of PFs.

This device will be useful for exploring spatiotemporal synaptic integration in single neurons. Potential applications in experiments on

cerebellar LTD are also discussed.
© 2003 Elsevier B.V. All rights reserved.

1. Introduction

To understand how networks of neurons in the brain per-
form computations, it is necessary to precisely measure how

individual neurons integrate their synaptic inputs. To explore
this integration, it is instructive to record the behavior of a
neuron in response to inputs which vary not only in tempo-
ral structure, but spatial structure as weleck et al., 2003;
Magee, 2000; Williams and Stuart, 2003

Tight seal, whole-cell recordings of neurons provide the
best method available to observe the electrical activity of
individual neurons. This high-resolution technique is diffi-
cult to carry out in vivo, but is quite easily employed in the
brain slice preparation, which preserves the local circuitry.
Another advantage of brain slices is the ability to tightly
control the synaptic input to an individual neuron. Most in-
puts are silent in the slice but many are still functional upon
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electrical stimulation. Thus, the experimenter is able to ren-
der a tightly controlled stimulus and record the electrical
response of the neuron with high fidelity.

In parasaggital slices of cerebellum, there is an added
benefit from the stereotyped architecture of the cerebellar
cortex. Purkinje neurons, the output cells of this structure,
have a unique two-dimensional dendritic arbor that lies in the
plane of the brain slice. Over 100,000 parallel fibers (PFs)
lie in bundles perpendicular to this plane; these axons form
synapses on the Purkinje neurons. Portions of this extensive
set of inputs can be electrically stimulated to activate these
PF synapses.

Methods of stimulating neural inputs in brain slices have
not changed significantly since the preparation was first
used. Metal or electrolyte-filled glass electrodes are posi-
tioned with micromanipulators and current is passed through
the tissue to be stimulated. In some cases, researchers
have used multi-pronged metal electrodéseck, 1995;
Tominaga et al., 20Q1lor petridish-style multielectrode
arrays Borkholder et al., 1997; Heuschkel et al., 2002;
Novak and Wheeler, 1988; Oka et al., 1999; van Bergen
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et al., 2003 to stimulate neural fibers. However, limita- platinum black
tions on electrode densities have restricted the study of
neighboring synapses on an individual neuron. silicon nitride gold and chrome

The technique of focal photolysis of caged glutamate
offers a high degree of control over the spatiotemporal
characteristics of stimuli to an individual neuroWgng
and Augustine, 1995 Although it is an invaluable tool for (A) cutaway side view
exploring many important questions about the spatial extent
of glutamate action, it bypasses the presynaptic machinery pa—
at the synapse. It would be advantageous to have a means _\
to stimulate several independent synaptic pathways onto a
single neuron.

We have developed an ultra small array of electrodes
(eight electrodes in a 3@ 30pum area) capable of stimu- (B) L.

lating multiple, spatially distinct bundles of PFs. Many of o o ) o
the individual PFs in these bundles make passing synapticF'g' 1. (A)Acrc_)ss-_sectlon view summarlzmg_t_he surface-mlcromachlnlng
. . .. . . steps. The device is shown before the bulk silicon etch which will remove

connections onto a single Purkinje neuron in a parasaggl-e silicon under the electrodes. (B) Shown with dotted outlines are the

tal slice of cerebellum. This array is translucent, allowing corner compensation structures. These are used for the bulk-etching step

precise positioning in relationship to the recorded Purkinje to preserve the convex corners of the device. Not to scale. (C) The nitride

neuron. It also has a very small footprint to avoid obstruct- cantilgver containing th_e array protrudgs just enough to be seen from the

ing access to the soma for a recording pipette. This arraybacksme when the device is inverted in the assembly.

will enable studies of how individual neurons integrate com-

plex spatiotemporal patterns of stimuli. It will also facilitate 2.2. Process

detailed explorations of the synapse specificity and timing

parameters of plasticity at this synapse. Conventional thin-films processing techniques were used
to manufacture the microelectrode arrays. Bare, single-
crystal silicon wafers were covered withpin of a very

single-crystal silicon

cantilever with electrodes

side view | -
(C) 100 um

top view

2. Materials and methods low-stress &£25 MPa) silicon nitride film using a plasma-
enhanced chemical vapor deposition (PECVD) machine
2.1. Design (Unaxis, St. Petersburg, FL). This was followed by an
The electrodes and bonding pads are contained on a A) AolBeuGius D ——

1 mm-wide and 6 mm-long rectangular backbone of silicon.
On one end of the backbone, a 10@-long cantilever of
translucent silicon nitride extends out and holds the array of
gold—platinum electrodes. These electrodes are connected
to the bonding pads at the opposite end of the device
(Fig. 1.

Four variations of the same basic array design were tested
(Fig. 2. The number of electrodes and the scale of the
array varied among the designs. Four-micron-wide square
electrodes were arranged onu@a-centers for a total of ei-
ther four or eight electrodes. Two other designs, both with
2x2 pm electrodes on 4m-centers, were also tested. These
geometries were selected to maximize the density of elec-
trodes in a small space. The offset grid arrangement used in
the eight-electrode designs is convenient because it permits
both a large number of evenly spaced pairs of electrodes as
well as several different spacings.

The electrodes were designed to be on a thin silicon nitride

cantilever, only large enough to contain the electrodes and 20 pm
the requisite wires. This minimized the footprint to allow
unobstructed access to the cell soma. Silicon nitride is also a

Fig. 2. (A) The four different microelectrode-array designs used. The top

ient terial due to it llent electrical ti two designs feature g@m-wide square electrodes onuh centers. The
convenient material due 1o Its excellent elecincal properies bottom two designs have gm-wide square electrodes onuén centers.

as an insulator and its biocompatibilitKristensen et al., (B) A close up of a microelectrode array after vias through the silicon
2001). nitride have been etched.
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evaporation deposition of 5 nm of chromium, as an adhesion CA). After optimizing pressure, the silane to ammonia ratio
layer, and 200 nm of gold. After patterning the metal layer was adjusted to yield a film with an index of refraction of
using photolithography and wet chemical etchants (TFA for 2.00. Then a final fine-tuning of the deposition pressure was
gold and 1020 for chromium, both from Transene, Dan- made. All the nitride films used in the present devices ex-
vers, MA), a second Jsm-thick film of silicon nitride was hibited stresses less that25 MPa. These films were highly
deposited. After a second photolithography step, a plasmauniform across the surface of the wafer, varying less than
etch was used to create vias through the silicon nitride to the 3% in thickness from the center to the edgey( 3). Several
electrodes and the bonding pads. This etch was also useaf the films exhibited stresses less thah0 MPa.
to create the corner compensation structurgg. (1) after The corner compensation structures were necessary to
a third photolithography step. Finally, the arrays were re- preserve the convex corners of the device in the anisotropic
leased using a bulk anisotropic silicon etch with potassium KOH etch §ig. 1). The four residual nitride cantilevers were
hydroxide (KOH). removed prior to device assembly. Another consideration of

Key to the development of this microelectrode array was the KOH etch is that it renders sides which slope out from the
the refinement of a low-stress silicon nitride film. A con- top surface of the silicon backbone. The fifth silicon nitride
ventional method for depositing such films, low-pressure cantilever, on which the microelectrode array was mounted,
chemical vapor deposition (LPCVD), is incompatible with protruded sufficiently to be visible from the backside of the
low-melting temperature metals, such as gold, which is useddevice despite the sloping side.
in the present device. PECVD is an alternative, but must be
optimized to yield a low-stress silicon nitride film. 2.3. Assembly

It is possible to deposit silicon nitride films with either
compressive or tensile stress by varying only the deposi-  Since the electrodes are on the top surface of the device,
tion pressure in a PECVD process. Bare silicon wafers were it must be inverted for positioning on the top side of a brain
coated at several different pressures to find a zero-stressslice. A custom PCB (Advanced Circuits, Aurora, CO) was
point (Fig. 3). All film stresses were measured with a Tencor designed to hold a 2 mm-style, eight-pin female connector
Flexus stress measurement system (KLA-Tencor, San Jose(DigiKey, Thief River Falls, MN) on top and a small, surface
mount chip package (Spectrum Semiconductor, San Jose,
CA) on the bottom sideHig. 4). The completed microelec-

150 — trode arrays were glued to the chip packaging and an ultra-
sonic bonder was used to connect the device to the leads on
~ 100 the chip.
g Epoxy was used to insulate the assembly and secure the
% gold wires connecting the device to the chip packaging. On
§ 50 the other side of the PCB, the connector was firmly plugged
[72]
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Fig. 3. (A) Stress measurements of the PECVD silicon nitride film as a 2 mm 15-Mm

function of pressure. Measurements were taken on five intersecting diam-

eters. The error bars represent the standard deviation of these five meafig. 4. (A) Custom PCB designed with through-holes for a 2 mm connector
surements. Simple linear fit with slope of 0.21 MPa/mTorr. Zero crossing on one side and surface mount pads for the chip packaging on the other.
at 1450 mTorr. (B) Five films with less tha#25 MPa stress were mea-  Thicknesses are not to scale. (B) Progressive close-ups of the assembled
sured for their uniformity. The film thicknesses dropped less than 3% device. In the middle panel, note how the array protrudes over the slanting
from the center of the wafer to the perimeter. side of the silicon backbone.
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into a corresponding male connector and wiring harness
that was rigidly attached to a standard, rod-style stimu-
lus pipette holder (S.D. Designs, Grants Pass, OR). The
mechanical engagement between the male and female con-
nectors provided ample stability. The device was mounted
horizontally, parallel to the brain slice surface, at a slight
incline (between 5 and P This angle insured that the
electrode array contacted the slice before the opposite end
of the device contacted either the slice or the bottom of the
recording chamber. The difference in elevation across the
electrode array was at mosfun. This value is less than
the variation in thickness of the brain slices themselves
(£20pm). The final assembly was positioned using a motor-
ized micromanipulator (model MP-255, Sutter Instruments,
Novato, CA).

A solution of 1% chloroplatinic acid, 0.01% lead acetate,
and 0.0025% hydrochloric acid in water was used to pla- Fig. 5. The array in use. The pipette is seen approaching from the right
tinize the gold electrodesGesteland, 1959 A voltage of and the array approaches from the left. The electrodes easily fit within
—0.5 V was placed between the ground and the electrodesthe dendritic arbor of a Purkinje neuron of a 2-week-old rat. The silicon
with a 100 K2 resistor in series. With this configuration, pla- nitride_cantilgver does not qbstruct access to the soma. The neuron has
L . . . been filled with the dye Lucifer Yellow.
tinization was complete in a few seconds resulting in elec-
trode resistances of 16050 k2 for 4-um-wide electrodes

and 500+ 100 k2 for 2-pm-wide electrodes. monitoring system. However, when positioning the array on
a brain slice, the camera system was always used.
2.4. Testing The translucence of the silicon nitride membrane permit-

ted DIC imaging and facilitated positioning of the array in
Parasaggital slices of cerebellum were prepared as pre-the dendritic arbor of the Purkinje neurokiq. 5. This
viously described from 2 to 3-week-old Sprague-Dawley also allowed for visual monitoring of the electrodes during
rats (Smith and Otis, 2003). An upright microscope (Le- stimulation. Stimulus parameters were kept in a range that
ica, Wetzlar, Germany) equipped with infrared DIC op- avoided bubble formation on the electrode surfaces due to
tics and a CCD camera (Hamamatsu, Hamamatsu City,the hydrolysis of water.
Japan) was used to image the tissue. Glass microelectrodes All eight electrodes of the largest, dm-wide electrode
(1.2-2.5 MR) filled with (in mM) 122 K-methylsulfonate,  design fit well within the dendritic arbor of a single Purkinje
5 KCI, 1 NaCl, 10 HEPES, 1 EGTA, 2 Mgg10.4 GTP, 2 neuron in a parasaggital slice of cerebellum from a 14-day-
ATP were used to obtain whole-cell recordings of Purkinje old rat (Fig. 5).
neurons. The cells were held a75mV in voltage clamp Both local bipolar stimuli and monopolar stimuli with
using a BVC-700A (Dagan Instruments, Minneapolis, MN) a remote ground were used. The most reliable stimuli and
patch clamp amplifier. Stimuli had a 100-209€ duration fastest artifacts came from local bipolar stimuli. Stimulus
and an amplitude of 10-1%0A using IsoFlex constant artifacts from a 20@ks stimulus were fast and settled >90%
current stimulus isolators (AMPI, Jerusalem, Israel). Data in <1.5ms. When responses could be elicited, differences
was acquired with an Axon DIGIDATA A/D converter and in performance between the four and eight electrode designs
Axon pCLAMP software (Axon, Union City, CA). All were not noticeable. However, while the designs withi-
experiments were performed at 310.2°C. electrodes generated stimuli with low trial-to-trial variability
(Fig. 60, those with 2pm electrodes required high current
(>150p.A) and failed to yield stable, reproducible responses
3. Results over repeated trials.
A paired-pulse protocol was used to determine whether
To evaluate the performance of the microelectrode ar- there was any overlap among the bundles of parallel fibers
ray, parasaggital slices of rat cerebellum were obtained. A stimulated by adjacent electrodes. The parallel fiber to Purk-
whole-cell recording from a Purkinje neuron was established inje neuron synapse is known to facilitate strongly. When a
and the array was positioned in the molecular layer on the second activation of a PF synapse follows the first by 50 ms,
surface of the slice above the dendritic arbor of the recordedthe Purkinje neuron response to the second stimulus is fa-
neuron. cilitated~180% @tluri and Regehr, 1996 Therefore, pairs
In order to center the array under the objective, it was of stimuli in which each stimulus is delivered to a separate
convenient to use the wider field of view afforded by the input should not exhibit facilitation as pairs delivered to the
eyepieces of the microscope as opposed to the CCD cameraame input do.
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W 4, Discussion

Electrodes A Electrodes B™ Electrodes A We have developed an ultra small array of electrodes for
(A) use in the brain slice preparation. This array is translucent,
biocompatible, and has a very small footprint. These at-
tributes allow it to be positioned on the brain slice surface

above the dendritic arbor of a single Purkinje neuron with-
v v out obstructing access to the cell soma. In this configuration,
multiple independent PF inputs may be stimulated while
)

Electrodes A

100 pA recording from the neuron with a whole-cell patch pipette.
5@ Four different designs were evaluated in the present study.
The designs with 4sm-wide electrodes were able to stimu-
late independent bundles of parallel fibers even when adja-
cent pairs of electrodes were used. With these experiments,
there was no way to monitor exactly which parallel fibers
were activated, only that they were not overlapping. It may
be possible to monitor active parallel fibers by using voltage-
or calcium-sensitive dyes loaded in the fibeBsawn et al.,
2003. Without such data, it can be useful to use the geome-
try of the electrode array to estimate the separation between
the two separate groups of parallel fibers. Adjacent pairs of
Fig. 6. (A and B) The first two EPSCs were evoked by bipolar stimuli from - 4-,m-wide electrodes laid at the vertices of apr@-pitch

the same pair of electrodes (“Electrodes A”). Note the strong facilitation. grid. Therefore, it would be reasonable to assume that the

The third EPSC was in response to a bipolar stimulus on a different pair t ind dent f sti lated fib tained
of electrodes &m away (“Electrodes B”). The fourth EPSC was evoked WO Independent groups of simulated fibers were containe

by the same pair of electrodes as the first two EPSCs. Note the absencdn @ 6—12um radius.
of facilitation. Both an example trace (A), and the average of 50 sweeps Two Of the designs had @gm-wide electrodes which

(B), are shown. Stimulus artifacts have been blanked for clarity in panels proved to be inefficient at stimulating neural tissue. Al-
(A) and (B). (C) Responses to stimuli were stable; 30 sweeps shown. tho,9h parallel fiber stimulation was possible with the
Similar results were seen in two other cells. . . . .
2-num-wide electrodes, adjacent pairs of electrodes stimu-
lated overlapping bundles of parallel fibers. This is most
Indeed, it was observed that the bundles of PFs stimu- likely due to electrode geometry, array geometry and high
lated by adjacent pairs of electrodes do not overlap signif- electrode resistances.
icantly (Fig. 6A and B n = 7 configurations over three In studying how a neuron integrates its synaptic input,
cells showed independence). The electrode array could beconventional methods make it difficult to activate more than
repositioned several times in order to optimize stimulation one local presynaptic afferent. Since most neurons, and es-
results. Low stimulus intensities<60u.A) were most likely pecially Purkinje neurons, receive input from many different
to yield independent stimulation sites when pairs of elec- presynaptic fibers, this array will be useful to explore how
trodes were adjacent. The same stimulus amplitude was notspatiotemporally complex inputs are integrated in individual
necessarily used on each pair of electrodes. As expected, th@eurons.
more distant (>§m) pairs of electrodes were more likely to The architecture of dendritic spines, bulbous outgrowths
stimulate independent bundles of parallel fibers (2.7 distant with thin bottlenecks attached to the primary dendrite, sug-
independent stimulation sites per cell). However, adjacent gests that these structures function as independent units of
(8 um) pairs of electrodes could elicit independent re- neuronal connectivity. However, evidence of neurotransmit-
sponses as well (1.67 adjacent independent stimulation siteger spillover at synapses argues that the situation is not so
per cell). simple Oiamond, 2002 Since dendritic spines on Purkinje
After 4—6 h of use on brain slice tissue, it became neces- neurons are 0.543m apart (Palay and Chan-Palay, 1974),
sary to clean the electrodes to assure reliable and efficientan array of stimulus electrodes such as has been described
stimulation. The nitride cantilever is delicate and cannot be could find an important application in such studies.
placed in an ultrasonic bath or coarsely handled. We found Investigations of cerebellar long-term depression (LTD)
that scraping the array at an angle across the edge of a sharthay also benefit from the use of this device. Cerebellar LTD
of glass glued to the recording chamber gave good results.is a depression of PF input that is induced by pairing PF input
This was done under observation with a microscope to as-and either climbing fiber (CF) complex spikes or short depo-
sure the nitride membrane was not deflected too sharply.larizations. The spatial extent of this phenomenon is unclear
After cleaning, replatinization was performed if visual in- (Reynolds and Hartell, 2000; Wang et al., 2R08n experi-
spection revealed the loss of the platinum black layer from ment looking at the synapse specificity of LTD is straightfor-
any of the electrodes. ward using the presently described device. By having access

50 pA
(©) 10 ms
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