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We describe methods for obtaining stable, whole-cell recordings from neurons in brain hermspheres from turtles and m brain 
shces from rats and turtles Synaptlc currents and membrane  properties of central neurons can be stud~ed m voltage and current 
clamp m cells maintained wlttun their endogenous synapnc circuits. The methods  described here are compatible wtth unmodified 
dissecting microscopes and recording chambers,  and with brain shces of standard thickness (400-500 ~tm). 

Introduction 

Microelectrode recording techniques have been 
used extensively to measure synaptic and mem- 
brane propemes of neurons in brain slices (Dln- 
gledine, 1984). A hmitation of rmcroelectrode 
methods is the tradeoff between small electrode 
tip size needed for impaling neurons and the low 
resistance needed for passing current through the 
microelectrode. This compromise is largely avoided 
by the electrodes used m the whole-cell patch- 
clamp techmque (see Sakmann and Neher, 1983). 
In whole cell recording, a high-resistance (giga- 
ohm) seal is formed between a relatively large 
electrode tip and a cell membrane, and then the 
underlying membrane patch is ruptured to pro- 
duce low resistance electrical access to the cell 
interior. Whole cell recording from neurons m 
Intact neuronal tissue has been considered imprac- 
tical, because the extracellular matrix and ghal 
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investment of neuronal perikarya were assumed to 
prevent formation of gigaohm seals between elec- 
trodes and cells. 

Recent work indicates that, If care is taken to 
prevent clogging of the patch pipette tip, whole 
cell recordings can be made in thin shces of mam- 
mahan ussue (Konnerth et al., 1988), in thin 
amphibian retinal shces (Barnes and Werbhn, 
1986), and in an enzymatlcally treated eyecup 
preparation (Coleman and Miller, 1989) Kon- 
nerth et al. (1988) used a suction pipette to 'clean' 
the surface of a visually identified neuron in a 
tissue slice before forrmng a seal. Coleman and 
Miller (1989) maintamed an unclogged tip by 
applying positive pressure through the recording 
pipette and sealing onto cells below the retinal 
surface We describe here a simple method for 
obtaining whole-cell recordings in mammahan and 
reptihan cerebral cortex that does not require spe- 
cial optms, physical disruption, or enzymatic treat- 
ment of tissue. We demonstrate the broad apphca- 
bility of this procedure with typical recordings in 
both current- and voltage-clamp in several neuro- 
nal preparations. 
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Methods and results 

Soluttons 
Mammalian artificial cerebrospmal fluid 

(aCSF; Connors et al., 1982) contained (in mM): 
NaC1, 124; KCI, 5; MgSO4, 2; CaC12. 2; Na i l  2 
PO 4, 1.25; NaHCO s, 26; dextrose, 10. Turtle aCSF 
(Moil et al., 1981) contained (in mM): NaC1, 96.5; 
KC1, 2.6; MgC12, 2; CaC12, 2 or 4; NaHCO 3 31.5; 
dextrose, 10. In some experiments, bicuculline 
methiodide (Sigma) was added to the bathing 
aCSF. 

Ttssue preparation 
Rats (Sprague-Dawley) aged P0 to P45 and 

turtles ( Pseudemys scrtpta elegans ) at embryonic, 
hatchling and adult ages were used in these expen- 
ments, Animals were anesthetized with hypother- 
rma (rat aged P0-9, embryonic and hatchling tur- 
tles) or with an intraperitoneal injection of 
pentobarbital (50 mg/kg)  in older animals (rats 
P10-45, adult turtles). Cerebral hemispheres were 
removed, blocked and mounted on the vibratome 
stage (Lancer) with cyanoacrylate glue (Krazy- 

glue), Shces (400-500 ~m thick) were cut and 
collected m cooled aCSF (5 °C). To facditate slic- 
ing of the thin cerebral mantle t)f the turtle, 
cerebral hemispheres were immersed in warm 3~ 
agar (Difco) m turtle aCSF and then the agar 
blocks contmning the hemispheres were hardened 
on ice and shced with a vtbratome (200-1500 ~m). 

The thinness of the turtle cerebral cortex and 
~ts resistance to anoxla allow the entire cortical 
mantle to be removed as a sheet for some experi- 
ments, obviating the need for shcmg Rostral, 
caudal and midhne septal cuts of the hemisphere 
allow the thin (400 /~m in hatchling. 800 /*m in 
adult) cerebral cortex to be flattened for re- 
cording. Subcortlcal structures and their connec- 
tions to the cortex can thus be maintained, or 
alternaUvely an recision lateral to dorsal cortex 
can be used to completely isolate the cortical slab 

Tissue stabthzatton for recording 
A fibrin clot (Harrison, 1910; Takahashl, 1978) 

was used to attach acutely prepared slices and 
slabs to 35-mm petn dishes for recording (Fig. 1). 
Ttssue was ptcked up with a spatula, excess aCSF 

Turtle 

Rat Plasma Thrombin Clot 
Ftg. 1. SchemaUc dlustraUon of the attachment of Ussue preparaUons to petn dishes for rccorchng. Turtle brain hermspheres or rat or 
turtle brain slices were placed m a small volume of cl'ucken plasma, and then an equal volume of thrombm was added to form a fibrin 

clot to hold ussue m place (see text for detads) 



was blotted away and the tissue gently pushed off 
the spatula into a small volume (10-15 t~l) of 
chicken plasma (Sigma). An equal volume of 
bovine thrombin (285 unlts/ml,  Sigma) was ad- 
ded, taking care to max the thrombm and plasma 
without coating the ussue surface with the clot. 
The clot was allowed to form for approx. 20 rain 
m an oxygenated (95% 02/5% CO2). hurmdified 
enwronment. Adding fibrlnogen (5 /~1 of a 2 
m g / ml  soluuon, Sigma) or tissue thromboplastin 
after adding thrombin shortened the t~me needed 
for clot formation to approx. 10 man. Following 
clot formation, the petri dish was filled with aCSF 
and maintained in an oxygenated, humidified en- 
vironment until used. 

Electrodes 
Patch electrodes were pulled (one stage pull) 

from boroslhcate glass (WPI, New Haven, CT) on 
a Kopf vertical puller and had tip resistances of 
3-7M~2. In some experiments, Sigmacoat (Sigma) 
was applied to the electrode shank to reduce elec- 
trode capacitance. Electrodes were filled with one 
of 3 solutions, containing (m raM): solution 1: 
potassium methanesulfonate, 110; KCI, 10; 
HEPES buffer, 10; potassium EGTA, 5; MgC12, 
1: solution 2: CsF, 130; TEA-C1, 10; NaC1, 5: 
MgC12, 1, CaCI 2, 1; EGTA, 11; HEPES buffer, 
10; or solution 3: CsC1, 120; HEPES buffer, 10; 
EGTA, 11; CaC12, 1, MgC12, 1; TEA, 2, QX-314, 
16.7. 

In some experiments, a saturated solution of 
the fluorescent dye lucifer yellow (LY) dipotas- 
smm salt (Molecular Probes) was prepared in 
soluuons 2 or 3 and used to fill the tips of 
electrodes, which were then backfilled with the 
same solution without LY, Tissue was hxed with 
phosphate-buffered 4% paraformaldehyde, viewed 
under fluorescence to verify the LY fall, and then 
sectioned Sections were incubated with an anti- 
serum against LY (kindly provided by Dr. B. 
Wong) and further processed using standard 
histochermcal techniques, as described by Taghert 
et al. (1982). 

Bipolar stimulating electrodes were fastuoned 
by gluing together 2 insulated tungsten electrodes 
(Frederick Haer), with tips approx. 500 #m apart. 
Stimulating current (100 /~sec duratmn) was ap- 
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plied through the electrodes from a stimulus isola- 
tion umt (WPI). 

Electrontcs and data acqutsmon 
Recordings were made using a List EPC 7 

patch clamp amphfier. The head stage carrying 
the electrode was mounted on either a Narashlge 
hydrauhc macromanipulator or a Leltz mechanical 
macromampulator. Current and voltage data were 
digitized using a Neuro-corder (model DR-484, 
Neurodata Instruments) and stored on VCR tape 
for subsequent analysis. The pCLAMP data 
acqmsition program run on a Hewlett Packard 
Vectra ES/12  was used to acquire and analyze 
data on- and off-line, 

Obtammg whole cell recordmgs 
The techniques detailed below and illustrated 

in Fig. 2 allowed whole cell recordings from neu- 
rons in turtle and rat cerebral cortex. A petrl dish 
containing neural tissue was placed on the stage of 
an upright microscope (aus Jena) or an a chamber 
viewed with a dissecting microscope, and the tis- 
sue was superfused with oxygenated aCSF at room 
temperature (22-25 ° C). Posiuve pressure was ap- 
plied to the back of a recording pipette using a 
10-ml synnge connected by polyethylene tubing to 
the electrode holder, and wtule maintaining posi- 
tive pressure, the electrode pipette tip was then 
passed into the tissue and could be driven to any 
desired depth. Small voltage steps (1 mV) were 
applied, and a small decrease in the current 
deflection (from 20 to 50% of initial amplitude) 
signalled that the electrode tip was approaching a 
cell. Slight negative pressure was then applied with 
the syringe (1-2 ml), frequently resulting in the 
formation of stable G~2 seals. In this configura- 
tion, it was possable to record current from spon- 
taneous action potentials or single channel activity 
in cell-attached patches. The membrane patch was 
ruptured to obtain whole-cell recordings by apply- 
mg additional slight negative pressure and positive 
voltage steps from a holding potential of - 70 mV. 

Visual inspection using Hoffman interference 
contrast optics helped in electrode placement, al- 
lowing individual cells and cell layers to be clearly 
seen, but it was not necessary to select specific 
individual neurons for recording. We found use of 



206 

a low power dissecting microscope sufficient for 
placing the electrode. 

The techmques described above provided a lugh 
success rate in recording from central  neurons  in 

turtle (n  = 320) and  rat (n  --- 270) bra in  slices. GI2 
seals (usually 2 - 1 0  GI2) were formed and whole 
cell recordings ob ta ined  m more  than 90% of 
at tempts  in  turtle preparat ions  and  in approx. 50% 

of at tempts in rat slices. 

Recordings m turtle cortex 
Recordings could be m m n t a i n e d  in both em- 

bryonlc  and  mature  slices for up to several hour~. 
Cortical neurons  in juveni le  turtles t~plcally had 
stable resting potent ia ls  (--61.1 _+ 11 2 mY, n 
19), similar to the values ob ta ined  using conven-  

t ional sharp electrodes in mature  ammals  (Con- 
nors and Krlegsteln,  1986). In  response to current  
mjection, all neurons  fired repet/tlve action poten-  
tmls (74+_ 13.4 mV m amphtude ,  n = 22), with 

dura t ion  at ha l f -ampl i tude  ranging from 1 5 to 4 
msec. The d~stinct act ion potent ia l  waveforms and 
firing pat terns  of pyramida l  and  nonpyranuda l  
cells (Connors  and  Knegs te ln ,  1986), were re- 

a b c d ] f e 
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neuron suction 
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Perlkaryal layer 

-qt Subcellular zone 

Ependymal layer 

Whole cell recording 

............................................................................. lllllltlll 
Voltage 
Fig 2. Events m the formaUon of a whole,cell recording in intact turtle cerebral cortex The upper panel depxcts the electrode 
(sUppled) bypassing the ependymal ghal layer, then approaching and sealing onto a neuron, these events are momtored (lower panel) 
by obserwng the amphtude of the current produced by small voltage steps apphed to the pipette. Decrease m the current amphtude 
(a,b) reveals a resistance increase as a neuron ~s approached Application of light sucUon (c) results m a further decrease m current 
amphtude as a gagaohm seal forms (d), more easily measured if the voltage step amphtude Is increased. The patch Is ruptured by 
addmonal suctmn, and electrical contmmty between pipette and cell interior is obtmned (e), yielding a whole-cell recording 

Stlmulatmn of the optic tract in a turtle hermsphere preparatmn (v) produced a barrage of synapt]c currents (Vh = - 70 mV) 
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Fig 3 A Voltage responses to current pulse rejection m current clamp mode m embryomc (stage 22) neuron m turtle cortex B plol 
of current-voltage relation for the same cell, illustrating long time constants and h~gh input impedances characteristic of neurons 
recorded by this method 

talned. Neurons had high input impedances com- 
pared to those recorded by Connors and Krleg- 
stein (1986) (314+187  Mr2, n = 2 3 )  and long 
membrane time constants ( tau--171 + 73 msec, 
n = 23) 

A typical recording in current clamp mode 
from an embryonic (stage 22) turtle pyramidal 
neuron is shown in Fig. 3, This cell had a stable 
resting potential and fired repetitively when de- 
polarized When the membrane was stepped to a 
series of increasingly depolarized levels m voltage 
clamp, large transient mward currents appeared; 
such currents were probably not under voltage 
control (not shown). 

By slowly varying membrane potential in volt- 
age clamp and letting the cell stabilize at each 
potential, synaptlc currents could be studied over 
a wide voltage range. Thalamic stimulation in a 
hemisphere preparation produced distinct excita- 
tory and inhibitory postsynaptlc currents (EPSCs 
and IPSCs, Fig. 4), that reversed at - 2  and - 5 2  
mV, near the equlhbrmm potentials for cation (0 

mV) and C1 ( - 5 5  mV) conductances respec- 
tively The EPSC/ IPSC sequence could be easily 
discerned in voltage-clamp; evoked synaptlc 
potentials in current-clamp from the same cell are 
shown m Fig 4B for comparison. 

Recordmgs  m rat cortex 

Recordings were made m rat hlppocampal and 
neocortlcal slices. With recordmg solution 1, typi- 
cal resting potentials in hlppocampal pyramidal 
cells ranged from - 4 6  to - 7 0  mV, and input 
impedances ranged from 210 to 1600 M~2. With 
the cesium containing lntracellular solution, input 
resistances were 2-3 times greater 

Fig. 5 shows responses of a layer II-III  pyra- 
midal cell in visual cortex of a P43 rat. The EPSC 
was isolated by blocking GABA ~ receptor media- 
ted inhibition with blcuculhne (5 /aM). Early and 
late components of the EPSC in dislnhibtted slices 
reversed at the same potential (5 mV) but differed 
in their voltage-dependence (Fig. 5B). 
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Fig. 4 SynapUc currents evoked by thalamocomcal sumulauon, recorded m voltage clamp (A) m stage 22 turtle neuron shown m Fig 
3, and (B) the synaptlc potentials produced by these currents recorded in current clamp C plot of excitatory (EPSC) and inhibitory 

(IPSC) synaptlc currents from (A). 

Recordings tn noncorttcal structures 
Whole cell recordings were obtained from a 

variety of turtle brain regions, mcluchng the retina, 
thalamus, optic tectum, basal forebram, and 
cerebellum. Brain regions with clear laminar struc- 
ture (cortex, cerebellum, optic tectum but not 
retina) were easier to record from than those with 
nuclear organization (thalamus, basal forebrain). 
Cortical, cerebellar, and tectal recordings were 
obtained by approaching the cells from the 
ventricular surface in intact hemisphere prepara- 
tions of hatchling turtles. 

Anatomtcal-physiologtcal correlattons 
To correlate physiological features with mor- 

phology, lucifer yellow was included in the pipette 
solution and rejected into cells with hyperpolariz- 

lng pulses. LY-filled electrodes exhibited excellent 
recording properties, allowing routine identifica- 
tion of all recorded cells after each experiment. 

Discussion 

Our results demonstrate  that whole-cell record- 
ing techniques can be applied to study synaptm 
currents and membrane  properties in neurons of 
the turtle and mammal ian  cerebral cortex. Record- 
ings can be obtained from neurons m a variety of 
brain regions and from animals ranging m age 
from embryonic to adult. The techmques de- 
scribed here are easily implemented with a stan- 
dard intraeellular recording apparatus, addition- 
ally requiring only a suitable voltage clamp 
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currents recorded at different membrane potennals  B plot of the early and late components of the currents shown m A 

amphfter. Apphcatlon of the fibrin clot technique 
(Harrison, 1910, Takahashi, 1978) provided excel- 
lent tissue stabilization and convenience for re- 
cording. 

Interpretation of voltage- and current-clamp 
recordings from intact neurons with long neuntes 
requires an awareness that distal neuronal mem- 
branes may not be isopotential with the soma 
(Rall and Segev 1985; Carnevale and Johnston 
1982). However, it has been suggested that the 
electrical length of neuronal dendrites has been 
overestimated by current models (Glenn 1988). 
Moreover, the high input impedances observed 
with whole cell recording (Coleman and Miller 
1989, this study) indicate that neurons are more 
electrotonlcally compact than thought from con- 
vennonal mlcroelectrode recording, thus facilitat- 
ing the recording of distal events, In the data 
reported here, the correspondence of synaptic re- 
versal potentials recorded in voltage clamp to the 
expected equilibrium potentials would suggest that 
the synaptic events occur at s~tes isopotentlal w~th 
the soma. Even distal dendritic membrane may be 

under voltage control since specific acttvanon of 
thalamocortscal synapses m turtle, which are 
located exclusively on the distal dendrites (Smnth 
et al., 1980), produces synaptxc currents that re- 
versed near the expected equilibrmm potennals 

The methods detailed here offer the advantages 
of whole cell recording for cells m relatively intact 
neural structures The low resistance access to the 
cell anterior allows better control of membrane 
voltage for assessing synapnc events, and the high 
resistance of the electrode seal gives a better ap- 
proximation of cell intrinsic membrane propernes. 
The relanvely large tip diameters of patch pipettes 
allow ready exchange of electrode solution for 
control of the intracellular milieu and allow intro- 
duction of kmases and other proteins difficult to 
reject at known concentration with sharp elec- 
trodes (Neher, 1988). Finally, small or immature 
neurons difficult to record from with conventional 
rmcroelectrodes can be studied in situ. Whole-cell 
recording methods should, therefore, prove useful 
for studies in a variety of neural preparations 
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