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Recently xt has become possible to form small networks of synapucally connected identified invertebrate neurons m culture 
Using convenUonal sahne-fdled glass electrodes, it is difficult to stmultaneously stimulate and record from more than 2 or 3 cultured 
neurons and to perform experiments lasting longer than several hours. We demonstrate that it as possible to overcome these 
hrmtauons by using planar arrays of electrodes embedded m the bottom of a culture &sh The arrays employ conductive leads and 
msulauon that are transparent, makang the dishes compauble with voltage-sensmve dyes and reverted rmcroscopy ldentffted neurons 
from leech Htrudo me&cmahs, slug Aplysla cahformca, and snarl Hehsoma trtvolvts, have been grown on these arrays Due to their 
large s~ze (soma dmmeter 40-200 ~m) these neurons form seals over the dish electrodes Indwldual electrodes can then be used to 
stimulate and to record acuon potentials m the assocmted neuron With seahng, action potentmls have been recorded simultaneously 
from many neurons for up to two weeks, w~th signal-to-noise ratios as large as 500 1 We developed and tested a simple model that 
describes the voltage waveforms measured w~th array electrodes Potentmls measured from electrodes under cell bo&es were 
primarily denvatwes of the mtraceUular potentml, whale those measured from electrodes under axon stumps were primarily 
proportional to local reward Na + currents. Whale it is relatwely easy to record action potentmls, it ~s difficult to record postsynaptlc 
potentmls because of their small stze and slow rate of rise 

Introduction 

Following pioneering work on leech neurons 
(Ready and Nicholls, 1979), many types of identi- 
fied i n v e r t e b r a t e  n e u r o n s  h a v e  b e e n  g r o w n  in  cul-  

tu re  ( K a c z m a r e k  et  al., 1979; D a g a n  a n d  Lev i t an ,  

1981;  W o n g  et  al., 1981; S c h a c h e r  a n d  P r o s h a n -  

sky,  1983). T h e y  h a v e  p r o v e n  to  be  use fu l  p r e p a r a -  

t ions  for  s t u d y i n g  a va r i e ty  of  n e u r o n a l  p r o p e r t i e s  

i n c l u d i n g  neu r i t e  o u t g r o w t h  ( C o h a n  a n d  K a t e r ,  
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1986) a n d  s y n a p t o g e n e s i s  ( K a c z m a r e k  et al., 1981; 

D a g a n  a n d  L e w t a n ,  1981;  S c h a c h e r  and  P r o s h a n -  

sky, 1983). S tud ie s  h a v e  b e e n  h m i t e d  by  the  inabi l -  

i ty  to r e l i ab ly  a n d  n o n - i n v a s l v e l y  s t imu la t e  and  

r e c o r d  f r o m  spec i f ic  n e u r o n s  m a c u l t u r e d  c i r c m t  

o v e r  e x t e n d e d  t i m e  pe r iods .  W h i l e  the  use  of  

v o l t a g e - s e n s i t i v e  dyes  to  opUca l ly  m e a s u r e  the  

c h a n g e  in  m e m b r a n e  p o t e n t m l  f r o m  large  n u m b e r s  

o f  n e u r o n s  s i m u l t a n e o u s l y  is p r o m i s m g  ( R a y b u r n  

et al., 1984;  C h i e n  et  al., 1987, Pa r sons  et  al., 

1989), i t  ~s l im i t ed  by  the  u n a v a d a b i l i t y  o f  a 

c o m p l e m e n t a r y  m e a n s  for  s t i m u l a t i n g  a n d  by  dye  

pho to tox~c i ty .  A n o t h e r  a p p r o a c h  is to g r o w  neu-  

r o n s  o n  a p l a n a r  a r r a y  o f  s t i m u l a t i n g  and  r eco rd -  

m g  e l ec t rodes .  

0165-0270/89/$03 50 © 1989 Elsewer Science Pubhshers B V (Biomedical Division) 



92 

PolyJmrde 
insulation 

ITO lead ~ , , ~  eal 

V//////_////_//////////d 
I//~///,~S,~,la s s S u bs t r at e / / / / / '  

(a) 

~ ~ac, Glass pfpette 

Sahne / ~ _ ~  Seal 
so,u,,o  

~'S//,,~Tissue culture drsh/./S//~/{ 
Y/ / / / / / / / / / / / / / / / / / / / , / / l  

(b) 

Fag 1 a schematic of a neuron growing over a dash electrode and forming a seal. b' a large dmmeter glass electrode that has been 
placed in contact w~th a neuron to form a seal 

Planar arrays of electrodes embedded in the 
bottom of a culture dish have been used to record 
from a variety of cell culture preparations (Thomas 
et al., 1972; Pine, 1980; Gross et al., 1982; Israel 
et al., 1984; Novak and Wheeler, 1986). In general 
it has been possible to use these multielectrode 
dishes to record small extracellular signals result- 
ing from current flow associated with an action 
potential. It may be difficult to interpret these 
signals, since the signal-to-noise ratio is often poor, 
and it is not always possible to get a one-to-one 
electrode-neuron correspondence. It is possible to 
stimulate neurons using these electrodes (Pine, 
1980). A current pulse passed through an elec- 
trode creates a voltage gradient in the medium 
sufficient to depolarize nearby axons and cell bod- 
ies, causing them to fire action potentials. Such 
stimulation techniques suffer from the disad- 
vantage that it is difficult to use array electrodes 
to detect the resulting action potentials; therefore, 
an independent means of stimulus verification such 
as voltage-sensitive dyes (Salzberg, 1982; Grin- 
vald, 1984; Cohen and Lesher, 1986) or mtracellu- 
lar recording is required. 

Here we report that identified neurons from 
leech Hlrudo medwmalis, slug Aplysta cahformca, 
and snail Helisoma trioolms can be placed on 
electrode arrays where they grow and form seals. 
The electrode then forms a geometrical relation- 
ship with the neuron similar to that formed by a 
patch-type glass electrode of the same diameter 
(Fig. 1). Three types of neurons were studied to 
test whether the technique was generally applica- 
ble, and to determine the importance of different 

factors in obtaining reliable stimulation and re- 
cording. We found this method to be electrophysl- 
ologically similar to that employed in loose-patch- 
mg (Stuhmer et al., 1983), and to recording tech- 
niques used m vivo (Tauc, 1962; Neher and Lux, 
1969). Portions of this work have been published 
m abstract form (Tank et al., 1986; Regehr et al., 
1988a) and related techniques have recently been 
reviewed (Regehr et al., 1988b). 

Materials and Methods 

Culturmg tdenttfied mvertebrate neurons 
The culturing techniques for Helisoma, Aplysia 

and Hirudo were all similar. First, appropriate 
ganglia were removed from either juvenile or adult 
animals and digested in enzyme. Second, the 
ganglia were removed from the enzyme, washed, 
pinned out in a Sylgard dish and desheathed. 
Neurons were identified based on size, coloration, 
and position in the ganglia, and were removed 
either by suction with a pipette or withdrawn from 
the ganglia by stabbing with a fine-tipped glass 
capillary. The neurons were then transferred to a 
coated culture dish filled with the appropriate 
plating medium. 

Hehsoma B5 neurons and B19 neurons were 
cultured, and dishes prepared and coated, as de- 
scribed elsewhere (Wong et al., 1981). Gentamycm 
sulfate (50/~g/ml)  was substituted as the antihio- 
tic in conditioned medium. Neurons were plated 
into conditioned medium and placed near the 
center of the array with their axon stumps point- 



ing towards the middle of the array. Following 
plating, the dishes were not moved for several 
hours to allow the cells to adhere. Neurons would 
often move as much as 50 /~m after they were 
plated. 

Htrudo neurons were cultured as previously 
described (Ready and Nicholls, 1979) and as mod-  
ified by Llu and Nxcholls (personal commumca-  
tion): after removal from the gangha, Retzlus cells 
were incubated overmght in a culture dish filled 
with serum-containing medium. The cells did not 
adhere and lost their associated glIa. This left the 
neuron with a clean cell surface that would adhere 
immediately when placed on an array electrode in 
medium containing no serum. A mouth pipette 
and a large-tipped glass electrode were used for 
cell placement. 

Culturing techniques for Aplysta neurons were 
also similar to those reported elsewhere (Schacher 
and Proshansky, 1983; Lin and Levitan, 1987), 
with some minor differences: gangha were pinned 
to a Sylgard dish containing Aplysta-L15 media 
with 1 g /100 ml methyl cellulose, and neurons 
were removed by impalmg the soma of choice wtth 
a fine-t~pped electrode using a micromanipulator.  
Identified neurons used were those from the left 
upper quadrant of the abdominal  ganglia (LUQs), 
the grant cell R2 (Schacher et al., 1985), abdomi- 
nal neurons L10-L12,  and the metacerebral cell 
(MCC). Exact placement with Aplysta neurons 
was not critical, smce due to their large size they 
would often cover several electrodes. Cells were 
placed using a 20/~l pipetteman. Cells were often 
covered w~th glia which tended to impair ad- 
hesion. 

Dtsh fabrtcatzon 
The multielectrode arrays were fabricated using 

conventional integrated circuit technology. The 
electrode leads were made from transparent in- 
dium tin oxide (ITO) (Gross et al., 1982): the 
insulation was photosensitive polyimide; and the 
electrode tip was electroplated plat inum black. 
The electrode pattern consisted of a hexagonal 
array of 61 electrodes, 12 ~tm in diameter, sep- 
arated by 70 pro. 

Fabrication began with a glass substrate (0.041 
× 2.29 × 3.55 cm), coated with a layer of ITO 100 
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nm thick, and with a sheet resistance of 100 
£2/square (Donnelly Corporat ion Midland, MI). 
After cleaning, an electrode and lead pattern were 
produced using Shipley 1350J photoresist, with a 
125 m J / c m  2 exposure for the central pattern and 
an 800 m J / c m  2 exposure for the peripheral part  of 
the wafer to remove the thick edge bead formed 
dunng photoreslst spinning. The ITO was etched 
for 4 min in a freshly prepared solution of 50 
parts H20 ,  50 parts HC1, and 1 part  H N O  3 (vols. 
of concentrated solutions) at 40 ° C. The photore- 
sist was removed and a 3 nm layer of alurmnum 
was evaporated onto the wafer, resulting m a thin 
layer of a luminum oxade wtuch was an effective 
adhesion promoter.  Next, photosensltwe poylmlde 
( M R K  Selectilux H T R  3-50) was spun at 5000 
rpm for 30 s, soft baked for 5 mln at 85°C, 
patterned with the electrode mask, developed, and 
cured for 12 h at 200 ° C. The resulting poly~mide 
was approximately 1 ~tm thick. To reduce the 

b ' -  

F i g  2 a completed multtelectrode culture d~sh 
mounted on a clrcmt board 

b: d~sh 



94 

(a) 

A5 ~ ~  

5V - -  

I F-- 
STIMA AEN 

CD4051 

OUT 

i, 
i 
15 
I 

17 

16 ~ . ~  +5V 

14 ~ A2 

' ~oMfi i i 

13 

12 A4 

11 

'° 1 A2 A1 AO 

] 001uF 

I I K I  10K 

REFOUT 

(d) 

(b) 

AST~ON ;~ 

STIMA ( 

STIMAIN ~. 

,¢,, 

12V 

STIMBIN ) 

STIMB ( 

aSTerN ) 

LF13331 
1 6 ( . OSTIMON 

15 ) £;IMD 

14 ( c>Z IMD,N 

13 - - + ,  'V 

12 - -  

1 I < STIMCIN 

I0 ) shMC 

{., CST ~V~]N 

(e) 

(c) 
REFERENGE REFIN :~ ~"~,,,,,,,,. + 12V 
ELECTRODES ~ M  7 ~  

O REFtA, [ 

IK~q 

10K 
> 

_L 

Alco Switch 
Knob 

,O6 eBB .AS ,E3 .D~3 

eG8 •E8 eC8 ell3 eE3 eB3 

eA7 •H8 eF8 ,A2 ,F3 =C3 eA3 

.B7 .C7 .G1 .B2 °~ .D2 °H4 .G4 

oD7 QE7 .F7 IF1 IE1 oE2 IF4 rE4 

.G7 °IT/ col .C1 ,BI .F2 °C4 .B4 

o A6 eC6 e,c-'6 oA1 *F5 ell5 eA4 

=B6 • E6 =H6 e(~i oE5 eG5 

.O6 .G6 .AS .B5 ,,136 

,04 

i K.£', 

A0 A I  A2 

16 

15 

14 

13 

12 

- -  11 

10 

9 

, +5V 

• i 

ASTIMON 

- -  +SV 

2 - -  

3 - -  

5 - -  

6 

6 - -  

Fig. 3. Interface electronics for the multidectrod¢ array a: channel A. b: stimulus switches, c. reference electrodes, d. dish addresses. 
¢: control box circuitry. 

electrode impedances to less than 500 k12 at 1 
kHz, the electrodes were platinized in a solution 
of  1% chloroplatinic acid in 0.0025% HC1, plus 
0.01% lead acetate, using a current density of  20 

m A / c m  2 for 10 s. Then the bottom of  a small 
tissue culture dish with a 5 m m  diameter hole was 
glued to the top of  the substrate. Fig. 2a shows a 
completed multielectrode dish. It took an average 
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Fig 4 Spontaneous achvlty recorded from Hehsoma neurons using a multlelectrode array (bandwidth 10 Hz-1 kHz) The electrodes 
are 70 ~tm apart 

of about 1 h to fabricate each dish, and they were 
routinely reused for several experiments. 

Dish electromcs 
Fig. 2b shows a dish mounted on the interfac- 

ing printed-circuit board, which in turn mounts to 
the microscope stage. S~xty-three leads go to the 
inputs of eight 8-to-1 multiplexers, with outputs 
designated as channels A-H, The multiplexer out- 
put for each channel is amplified with a gain of 
11, and is differential with respect to two large 
dish ground electrodes. A JFET switch can con- 
nect each channel to an externally generated 
stimulus. Two 34-wire flat cables connect the 
printed circuit board to interface electronics, which 
generates 5 control signals for each channel. Fig. 
3a shows 1 of 8 identical channels, channel A. 
AEN enables multiplexer A; and A0, A1, A2 
select the input to multiplexer A. The 8 stimuli are 

turned on and off using two quad JFET switches, 
and ASTIMON connects STIMAIN to STIMA 
(Fig. 3b). The reference amplifier is shown in Fig. 
3c. 

Electrodes are addressed as in Fig. 3d. By send- 
ing the correct control voltages, any one electrode 
of channels A-H can be accessed, making it possi- 
ble to record and stimulate simultaneously using 8 
electrodes. A control box is used, having 8 switches 
that set the binary code to address the mul- 
tiplexers A-H, and 8 switches to enable stlmuh 
A-H (Fig. 3e). 

Results 

Recordmg 
We used multielectrode arrays to record spon- 

taneous electrical activity from small networks of 
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Fig 5. a. Hehsoma neurons growing on multlelectrode array Cell A is a B19 neuron and cell B is a B5 neuron, b spontaneous 
activity recorded by the multlelectrode array c' lntracellular potential of cell B (bottom trace) and simultaneous array recording (top 

trace), d" lntracellular potential of cell A (bottom trace) and simultaneous array recording (top trace) 

invertebrate neurons with good signal-to-noise 
ratios and one-to-one electrode-neuron cor- 
respondence. Outgrowth, morphology and electro- 
physiology of neurons grown on the arrays were 
indistinguishable from control neurons plated in 
the same medium on similarly coated glass 
coverslips (see Figs. 4-7). 

A recording experiment using Helisoma neu- 
rons is shown in Fig. 4. Spontaneous action poten- 
tial activity was recorded from neuron A, a 
Helisoma B5 neuron, and from Helisoma B19 
neurons B and C. ExtraceUular action potential 
recordings exhibiting large signal-to-noise ratios 
were generally obtained only from array elec- 
trodes seen to have a neuron growing directly over 
them, thus forming a seal. Seal resistances were 
typically several megohms when a Hehsoma neu- 

ron was seen to completely cover an electrode. 
Growth such as that shown in Fig. 4, in which the 
cells formed lamellipodia around the cell soma, 
generally resulted in larger seal resistances and 
improved signal-to-noise ratios. Signals recorded 
from Helisoma B19 neurons were in general much 
larger (100 ~V-3 mV) than those recorded from 
Helisoma B5 neurons (20-300/~V). Often the elec- 
trical potentials measured were essential deriva- 
tives of the intracellular potential (as is the case in 
Fig. 4b). More complicated waveforms were also 
recorded. An explanation of the nature of these 
array recordings is given in the following section. 
Multielectrode dishes were used to monitor spon- 
taneous activity for up to 13 days from Helisoma 
neurons. 

In addition to recording from somata sealed to 
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from electrode B8 d. lntracellular potential of cell 1 (top trace) and waveform recorded by dish electrodes B8 and C8 (bot tom 
traces) e spontaneous actwlty recorded from electrodes A2 and B2. f lntraceiluiar potenUal of cell 3 (top trace) and waveform 

recorded by dish electrodes A2 and B2 (bottom traces)+ 

dish electrodes, it was also possible to record from 
neurltes as illustrated in the experiment shown in 
F~g. 5. Cell A is a Hehsoma BI9 neuron with an 

axon stump under cell B, which is a B5 neuron. 
Spontaneous activity was recorded by dish elec- 
trodes 1 and 2 (Fig. 5b). Waveforms recorded 
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from neuntes were generally slmtlar to those shown 
in Fig. 5b. By comparing the recordings made by 
these two dish electrodes, we see that the seal 
provided by neuron B over electrode 2 resulted in 

a significant improvement  in the signal-to-noise 
ratio. Simultaneous measurements of cell mem- 
brane potential, using conventional microetec- 
trodes, of cells A and B revealed that the sponta- 
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Fig 7 a' three LUQ neurons on a multlelectrode array coated with air-dried concanavahn A (24 h after plating) b'  mtracellular 
penet ranon of cell 3 and recording with dish electrode F1 c mtracellular potential of  cell 1 and waveform recorded by dish electrode 
B2 d: mtraceUular potential of cell 3 and waveform recorded by dish electrode A3. e: mtrac¢llular potennal  of cell 1 and waveform 

recorded by dish electrode F1. f mtracellular potential of cell 3 and waveform recorded by dish electrode A3 



neous  ac t ivny  recorded  b y  the dish e lec t rodes  was 
due  to cell A. Dish  e lec t rode  2 also r ecorded  
waveforms assoc ia ted  with  ac t ion  po ten t ia l s  in cell 
B which were charac ter i s t ic  of  those recorded  by  
e lect rodes  benea th  Hehsorna B5 somata .  

W e  found  that  mul t l e lec t rode  ar rays  can  be  
used with cons iderab le  success wi th  Htrudo neu- 
rons.  The  cul tur ing  technique for these neurons  
resul ted in ex t remely  clean neurona l  soma ta  that  
immedia t e ly  adhered  when p laced  on  dish elec- 
t rodes  coa ted  with concanavahn  A (Ross  et al., 
1988). Despi te  the smal ler  size of the leech neu- 
rons  it was poss ib le  to record  f rom a single cell 
f rom two e lec t rode  sites by careful  cell p lacement ,  
as was the case in the exper iment  shown in Fig. 6. 
The  neurons  shown here are Retz ius  neurons  af ter  
24 h m culture.  I t  was poss ib le  to record  f rom cells 
1, 3 and 4 s imul taneous ly  with good  s ignal - to-noise  
rat io,  and to record  the spon taneous  electr ical  
act iv i ty  f rom cells 1 and  2. Figs. 6c and e show 
examples  of  spon taneous  ac t ion  po ten t i a l s  re- 
co rded  by  a r ray  electrodes.  In t race l lu la r  pene t ra -  
t ions conf i rmed  that  d ish  e lect rodes  B8 and  C8 
were recording  f rom cell 1, dish e lect rodes  A2  and  
B2 recorded f rom cell 3, and  dish e lec t rodes  C3 
and  F3 recorded  f rom cell 4. These  record ings  
demons t r a t e  the t r emendous  var ia t ion  in the size 
of signals recorded  f rom ar ray  e lec t rodes  even 
though all of  the neurons  were Retzius  cells. Also,  
as spon taneous  act ivi ty  was recorded  over an ex- 
t ended  time, the signal size would  somet imes  
change  m amphtude .  Differences  in seal resis- 
tances  were p r o b a b l y  respons ib le  for these van-  
a t ions  tn signal size, bu t  the seal resis tances were 
not  measured  tn these exper iments .  W e  were un- 
ab le  to de tec t  a signal f rom elect rodes  that  d id  not  
appea r  to be  comple te ly  covered by  a neuron.  

Based on our  exper ience  with  Hehsoma neu- 
rons  and leech neurons ,  it  was clear  that  ob t a in ing  
large seal resis tances would  lead to improved  re- 
cord ing  with mul t le lec t rode  arrays.  Thus,  the large 
ident i f ied  Aplysm neurons,  R2, LUQs ,  and  the 
MCC,  seemed par t i cu la r ly  sui ted to s tudy with  the 
ar ray  In the exper imen t  of  Fig. 7, 3 L U Q  neurons  
were grown on a mul t i e lec t rode  a r ray  coa ted  with 
a i r -dr ied  concanava l in  A. It was poss ib le  to record  
f rom two of  the neurons  wi th  good  s ignal - to-noise  
ra t io  (cell 1, Fig. 7c, cell 3, Fig. 7b, d), and  the 
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two neurons  were synap t i ca l ly  connec ted  (Fig.  7e, 
f). However  it  was no t  poss ib le  to record  act ivi ty  
f rom any e lec t rode  sites o ther  than A3 and F1. In 

(~) 

O~5m~ ° 

(b) 

i 

it it 
__.J t _ / f - - - -  ,,.,_ 

,' 

,i / 
T /' 

Fig 9 a a current pulse of 05 ms duration (bottom trace) 
passed through a dish electrode stimulates a cell to fire an 
impulse The same dish electrode is used to record the resulting 
action potential (top trace), and an mtracellular electrode is 
used to verify the response (middle trace) b a current pulse 
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general, ~t was more difficult to get a good seal 
when worlong with Aplysta neurons: they tended 
to be coated with glia, and Aplysla saline has 
extremely tugh ionic strength. Without a seal the 
signal was shunted to ground. Even for an elec- 
trode beneath the soma, if the cell did not com- 
pletely seal over the &sh electrode, the resulting 
s~gnal was extremely small. It  was not the soma 
s~ze that was ~mportant, but rather the area of the 

neuron m contact w~th the substrate surrounding 
the electrode. 

It is possible to obtmn large seals and excellent 
signals from Aplysta neurons. An example of such 
a recording is shown in Fig. 8 m wluch a MCC 
was grown on the array for 24 h. An mtracellular 
electrode was used to stmultaneously stimulate the 
cell and to record the resulting acuon potentml. 
The signal-to-noise rauo of the potential measured 
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Fig. 10, a: schemauc of a neuron sealed to an emhedded dish electrode, b. approximate equivalent clrcmt for a neuron sealed in tins 
manner.  Tins eqmvalent  ctrcmt also applies to a patch-type electrode, c: a graplucal representation of the various contributions to the 
potential recorded by the &sh  electrode during an action potenual  Vc~ t is the contribution due to capacitive current  through the 
membrane  above the patch electrode. Dur ing  an action potential, the mtracellular potential is gwen by Vc. u. Dur ing the n s m g  phase 
of the action potential, Na  + enters through sodium channels giwng a contribution V~t .  at the dish electrode. Potassium channels 
then open and as potassium leaves the cell, there Is a positive contribution to the potential V~=+ t recorded by the dish electrode. Vi °ut 

~s the contribution due to current flow through non-~on-selecttve channels 



with the array electrode was 500:1.  While such 
signal-to-noise is much larger than can normally 
be obtained with Aplysm neurons, if such seals 
could be reliably obtained it would be possible to 
measure postsynaptic potentials. 

Stimulation 
For neurons sealed to dish electrodes, it was 

possible to use the multielectrode array to both 
stimulate a neuron and record the resulting action 
potential. In the experiment shown in Fig. 9a, a 
dish electrode is used to stimulate a Helisoma 
neuron and to record the resulting ~mpulse. In the 
experiment shown m Fig. 9b, a current pulse 
passed through a dish electrode was used to 
stimulate a Hehsoma neuron to fire an action 
potential which was recorded by another array 
electrode (see Fig. 5a with electrode 1 stimulating 
cell 1 and electrode 2 recording the resulting ac- 
tion potential). A large stimulus current is required 
to elicit an action potential because the stimulat- 
ing electrode is not sealed beneath the cell. 

Similar results have been obtained for Htrudo 
and Aplysm neurons. However, due to smaller 
seal resistances and low input impedance for 
Aplysia neurons, it was often impossible to stimu- 
late them. Dish electrodes are prormsing for 
chronic stimulation experiments in which a means 
of non-invaslvely verifying stimulation IS required. 
It is important to monitor the seal resistance and 
adjust the stimulus current to avoid exceeding the 
membrane breakdown voltage. 

Theory 

Equivalent circuit 
By consIdenng a simple equivalent circuit, it is 

possible to understand the pnnclples involved In 
stimulation and recording using sealed array elec- 
trodes and similar types of electrodes (Regehr et 
al., 1988a). Fig. 10a is a schematic circuit of a 
neuron sealed to a dish electrode, and Fig. 10b is 
an electrical eqmvalent circuit of a large diameter 
electrode sealed to a cell. The electrode impedance 
Z~ depends upon the type of electrode used. In the 
case of a glass loose-patch electrode it is essen- 
tal ly resistive, and varies between 100 k~2 and 1 
M$2. For metal electrodes, the impedance varies as 
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the area of the exposed metal and ~s primarily 
capacttatlve. It is desirable to have a low electrode 
impedance to facilitate measuring the seal resis- 
tance, to reduce the Johnson no~se, and to allow 
larger sumulus currents without gas evolution. 
The seal resistance R , ~  is the resistance between 
the electrode and bath due to medium between the 
cell and the insulation. It can be measured and ~s 
typically on the order of megohms. When the 
membrane is closer to the insulation, or the area 
of membrane-msulauon contact increases, the seal 
resistance increases. The spreading resistance, 
Rspread, lS the resistance due to the extracellular 
solution. The magnitude of this resistance can be 
estimated by considering a spherically symmetric 
electrode of radius r in a medium of resistivity p, 
with the bath ground far away, R,p~d = p/4~rr. 
This approximation is quahtatlvely correct for both 
glass-patch electrodes and dish electrodes (al- 
though the details differ due to differences m the 
geometry). The resistances R,o~,~ and R , ~  are 
linearly proportional to the medium resistivity. 

Recording 
The patch region beneath the electrode is made 

up of a layer of membrane with a capacitance 
estimated by assuming a membrane capacitance of 
approximately 1 #F/cm2:  therefore C~ is 1 pF for 
a 100 btm z patch. Spanning this membrane are N 
different channel types with electrochemical driv- 
ing forces I/1 .. V~. The resistances R~ R,~ cor- 
responding to each particular channel type are 
voltage and time dependent, with Rd~n = 
( g~.hann~.ha n )- 1 and ~chan the conductance of a par- 
tlcular channel type, and n~h~, , the number of 
open channels of particular channel type m the 
patch. The net resistance depends upon the chan- 
nel densities, which are generally non-uniform over 
the cell and unknown in the patch region. The 
whole cell impedance Zm2 IS also voltage and time 
dependent. At the resting potential of the cell, 
Zme can be approximated by a capacitor and a 
resistor in parallel, t~ ... ~ are the current passing 
through each particular type of channel, and t is 
the current through the membrane capacitance. 

Fig. 10c shows quahtative[y the contrlbunons 
of different channels and the capaotlve current to 
the signal recorded by the loose-patch electrode. 
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V°p t is the differentiated intracellular voltage seen 
through the capacitance of the membrane under 
the electrode. For this signal to be large, the 
action potential must be fast V~t+ is the voltage 
drop across the seal resistance due to current 
flowing through tetrodotoxin (TTX)-sensltive 
sodium channels in the patch (Fig. 10c). The 
sodium conductance gNa + is voltage dependent, 
and the number of open channels nNa. is both 
voltage and time dependent. The shape of the 
contribution of current flowing through the sodium 
channels is given by, (gNa+)(nNa+)(Vcell- Vya+ ). 
The contribution per ion channel can be ap- 
proximated by assuming a conductance of 10 pS 
per sodium channel and a driving force of - 5 0  
mV, so the maximum voltage contribution per 
open sodium channel is about - 1 ~tV for R,e~l = 2 
M$2. Similarly, the voltage drop across the seal 
resistance due to current flowing through inward 
rectifying potassium channels m the patch is given 
by, VoK, + = (gK+)(nK+)(Vc~li -- V K, ). 

V1 °m is the voltage drop across the seal resis- 
tance due to current leakage through the patch. 
For a leakage resistance R l = 5 G~2 and Rsea~ = 2 
M/a, a 100 mV action potential gives nse to a 
signal vol, t = 40 #V. This signal is the lntracellular 
signal attenuated by an amount R sea,l( R s~aJ + R m)- 
By applying a large current pulse to the patch 
electrode it is possible to temporarily make this 
signal very large by putting holes in the patch 
beneath the membrane and greatly decreasing the 
leakage resistance. Ideally one would like this 
signal to be as large as possible, so that patch 
recording would make it possible to record post- 
synaptic potentials. But, for seal resistances less 
than several times the cell's resting input imped- 
ance, R l cannot be made too small or the cell may 
be damaged due to the resulting low conduction 
path to the bath. For any given cell type, an 
acceptable maximum leakage resistance R ) +  R,e~ 
that will not harm the cell can be empirically 
determined. 

The recorded voltage Voa t IS given by. 

Vou t = l c d- E lchan R seal "['- R spread ) 
chan = 1 

dVj_ ! '~ ) 
Vout = (~'ml dt + ~ ( Vcel' - ~b~,, ) 

V,o,,,~ = v~'+ + v~<'+ ' + v<,',,, 
?v 

d= Z l chan ( R  seat ~- R spread ) 
than = 4 

While the contnbutlons of sodium channels, 
potassium channels, and non-selective holes have 
been shown explicitly, there may be significant 
contributions from other unspecified channel types 
contained in the patch membrane. 

The results predicted by this simple equivalent 
circuit were tested by two-electrode experiments. 
These experiments were based on the assumption 
that sealed dish electrodes behave similarly to 
glass-patch electrodes of the same diameter. Ex- 
perimental results using array electrodes indicate 
that this assumption was justified. Patch pipettes 
with tip openings 5-14 #m in diameter were used 
to cover a cell membrane patch similar in area to 
that covered by a dish electrode. An intracellular 
electrode was used to simultaneously record the 
lntracellular potential. Using glass electrodes al- 
lowed accurate monitoring of the seal resistance. 
substitution of the ionic contents of the pipette. 
and recordings from different parts of the cell. 
Tests were conducted primarily with Aplys ia  neu- 
rons. although some tests were performed on 
H e h s o m a  neurons. 

Results from a representative experiment are 
shown in Fig. 11. In this experiment, the giant cell 
R2 from the Aplys la  abdominal ganglion was 
stimulated with the intracellular electrode and the 
patch electrode was placed on different areas of 
the cell. The seal resistance was determined by 
injecting a current pulse of known amplitude 
through the patch electrode. Patch electrode re- 
cordings were then compared with the derivative 
of the lntracellular potential (dV~ell /dt) .  For a 
patch electrode containing ASW, the recordings 
from patches on the soma were essentially deriva- 
tives of the action potential indicating that the 
capacitatlve current was much greater than the 
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Fig 11 Example of a simultaneous two-electrode experiment performed using identified Aply~m neurons. A known current pulse 
was rejected through the patch electrode to measure Rseal + R e for traces b - f  (R e = 130 k12, and current injected for different traces 
was different), a neuron R2 with circles to show where the patch electrode was placed (patch electrode d]ameter 9 jam for b, c and d, 
11 ftm for e and f). b s~multaneous recording of the action potenual using an mtracellular electrode and a patch electrode sealed to 
patch 2 (Rseal = 250 kO) c: the top trace shows the dV~,/dt for two trials Trial A was conducted with the patch electrode .lust 
above the soma, and mal  B with the electrode sealed to spot 1 (real A- Rsedl = 0 kl2, trial B R~a) = 300 kfg) d' top trace shows 
dVceHfldt for two trials, and the bottom trace shows two successwe recordings using the patch electrode, the first with the electrode 
just above the surface of the axon stump, and the second with the electrode sealed to spot 2 (trial A Rs~j = 0 k~2, trial B 
Rseal = 260 k12). e, top trace shows d V ~ J d t  and the bottom trace a simultaneous patch electrode recording with a patch electrode 
contammg 50 ftM TTX m ASW sealed to the axon stump on spot 2 ( R ~ I  = 300 kO) f top trace shows dVc~ll/dt and the bottom 
trace a s~multaneous patch electrode recording w]th the same TTX-hlled patch electrode used m e but now sealed to the axon stump 

at spot 1 (R~aj = 200 k~2), 



104 

runic currents. However, when sealed over the 
axon stump, the prunary contrlbunon was due to 
TTX-sensmve sodmm currents F~g. l l c ,d  show 
that a seal is reqmred to record signals using a 
large diameter pipette. Without a seal, the current 
generated during an action potential was shunted 
to ground. For all of these experiments, no suction 
was apphed to the patch pipette. Even without 
providing sucnon the patch would sometimes visi- 
bly deform. These cases were rejected. Even though 
there was no clear deformation of the patch mem- 
brane, the signals recorded vm the patch pipette 
located on the soma were much larger than one 
would predict based on the equanon Vou t = 
R~e~lCml (dV~n/d t ), the measured area of the patch 
pipette, the seal resis tance Rseat and the measured 
dV~en/dt. For example, with a seal resistance of 
300 kI2, dV~H/dt = 80 m V / m s ,  and a 9-ttm diam- 
eter patch electrode, one would predict the poten- 
tml amphtude recorded by the patch electrode to 
be 15 /LV. Instead, as shown in Fg. l lc,  the re- 
corded signal was 400 /LV, a factor of 27 larger. 
For the dual electrode experiments, the patch elec- 
trode recordings were a factor of 38 + 16 (n = 16) 
larger than one would predict from the capaclta- 
nve contribution, using the area of the pipette tip 
to calculate Cm~ We Interpret this to be a result of 
the area of the patch pipette tip being an under- 
esnmate of the area of the membrane within the 
patch due to invaginations of the membrane.  
Qualitatively, this result ~s consistent with anat- 
omy (Graubard,  1975). For the 16 soma patches 
taken on Aplysm neurons, the wave forms were 
qualitanvely similar to the derivative. However, on 
some traces there were small ~omc components  
superimposed upon the capaot ive  signals as was 
somenmes observed when recording w~th array 
electrodes (see for example Fig. 7b,c lower traces). 
These were hkely due to outward K + currents, but 
this was not confirmed pharmacologically as was 
done for Na  ÷ currents. 

Sttmulatlon 
Generally, neurons used in these experiments 

will fire an action potential when depolarized by 
5-15 mV from their resting potential. Such a 
depolarizanon can be achieved by injecting less 
than 1 nA with an intracellular electrode. In order 

to achieve such a depolanzanon,  with large-diame- 
ter patch electrodes much larger currents are re- 
quired. For a current pulse applied through the 
patch electrode, only a small fraction passes into 
the cell through the patch and then out through 
the rest of the cell. Most of the current flows 
through the seal resistance to ground. For a 
stimulus current pulse/st,m, the voltage applied to 
the patch is Vpatc h = IsumRseal assuming R~eal IS 
much smaller than Zmr A positive current pulse 
thus hyperpolarizes the patch membrane and de- 
polarizes the rest of the cell membrane. For 
stimulus pulses which are short compared to the 
nme constant of the cell (which is typically 5-20 
ms). the internal voltage change is approximated 
by (Regehr et al., 1988a): 

A/Oral dVpatch 
AVcen = Cm2 dt + 

Crn2 chan= 1 

Since channel type and density in the patch are 
not known, the necessary stimulus current must be 
empirically determined. There are two constraants 
limiting the stimulus current. First, if a voltage 
greater than about 1 V is applied to a metal 
electrode, gas may evolve which damages the cells. 
An electrode can be approximated by a capacitor 
with a capacitance Ce. A current pulse with amph-  
tude /st,m and duration At results in an electrode 
potential AV~ =/sam X A I / C  e which limats the total 
charge 1At useful for stimulating. Second, I~t,m 
must be kept small to prevent Vpat¢ h from exceed- 
mg about 300 mV, or the membrane in the patch 
may be electrically broken down. This would 
damage the cell unless Rseal was much larger than 
has been reliably obtained. 

Discussion 

Stimulating and recording with multietectrode 
arrays offers the ability to non-invasively monitor 
spontaneous activity simultaneously from a large 
number  of neurons. Success for both stimulating 
and recording depends upon causing the neuron 
to seal over the dish electrode. The necessary seal 



resistance was found to be dependent on cell type. 
For example, differences in recordings obtained 
from Hehsoma B5 and B19 neurons can be ex- 
plained m terms of differences in the electrophysl- 
ology of these two types of neurons (Cohan et al., 
1985). For B19 neurons which have a very fast 
action potential, dVcell/dt is large and the capacx- 
uve term dominates. However, for B5 neurons, the 
action potential ~s broad, the capacitive term is 
much smaller, and the contribution from leakage 
and ionic currents can be of comparable size. 
Consequently, to obtain a signal-to-noise ratio of 
10 : 1 from an array electrode beneath the soma of 
a B5 neuron, a seal of about 1 MYg is required, 
whale a seal of only 200 k[2 is required for an 
electrode sealed beneath a B19 neuron. In general, 
higher seal resistances are obtained in lower ionic 
strength electrolytes. This would tend to favor 
Hehsoma neurons over Hwudo neurons, which 
would in turn be favored over Aplysta neurons. 
However, success with the leech neurons demon- 
strated that a culturing technique that left the cell 
body extremely clean, when used with an ap- 
propriately sticky substrate, led to large seal resis- 
tances and allowed rehable stimulation and re- 
cording. Even for Aplysta neurons, it was possible 
to obtain large seals that facihtated recording w~th 
excellent signal-to-noise ratio. In fact, arrays could 
be used to measure subthreshold responses if 
high-resistance seals could be reliably obtained. 
Substrate preparation and the condition of the cell 
surface are crucial factors in reliably obtaining 
large seals. It may also be possible to extend this 
technique to smaller neurons, such as vertebrate 
neurons. Building arrays of smaller electrodes 
would not be difficult. The major difficulty is 
obtaining rehable seals to the electrodes, cell 
placement, and finding substrates sticky enough to 
prevent cell movement after plating. 

These results suggest techniques that might be 
implemented to obtain ~mproved recording. Once 
neurons have grown out and formed connections, 
a confluent layer of cells, such as glia, could be 
grown over the neurons. This may seal the neu- 
rons to the electrodes, preventing bath electrolytes 
from shunting the signal, and allowing recordings 
from processes as well as somata. It may be possi- 
ble to apply these methods to smaller vertebrate 
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cells, since the 'sealing' need not be done by the 
neurons, but would be done by other cell types. 
Alternattvely, a gas permeant electrical insulator 
(e.g. silicone oil) could be lowered over cells dur- 
ing recording sessions. 

At present, no reliable technique exists to 
chromcally electrically stimulate individual cul- 
tured neurons. While we have demonstrated that 
sealed &sh electrodes can sttmulate neurons, we 
did not perform long-term experiments. In the 
course of our experiments tt became clear that 
great care must be taken to measure the seal 
resistance during long-term stxmulat~on. A de- 
crease In the seal resistance would result in the 
stimulus current dropping below threshold, and an 
mcrease m seal resistance could result m Vpatc h 
becoming large enough during stlmulat~on to ex- 
ceed the membrane breakdown-voltage of the cell 
and damage it. By carefully monitoring the seal 
resistance it should be possible to use array elec- 
trodes for long-term stimulation experiments. 
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