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Whole cell recording from neurons in slices of reptilian
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We describe methods for obtaiming stable, whole-cell recordings from neurons in brain hemuspheres from turtles and m brain
shices from rats and turtles Synaptic currents and membrane properties of central neurons can be studied 1n voltage and current
clamp 1n cells maintained within their endogenous synaptic circmts. The methods described here are compatible with unmodified
dissecting microscopes and recording chambers, and with brain shices of standard thickness (400-500 pm).

Introduction

Microelectrode recording techniques have been
used extensively to measure synaptic and mem-
brane properties of neurons in brain shices (Din-
gledine, 1984). A limitation of microelectrode
methods 1s the tradeoff between small electrode
tip size needed for impaling neurons and the low
resistance needed for passing current through the
microelectrode. This compromise 1s largely avoided
by the electrodes used in the whole-cell patch-
clamp techmique (see Sakmann and Neher, 1983).
In whole cell recording, a high-resistance (giga-
ohm) seal 1s 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
intenor. Whole cell recording from neurons in
mtact 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 1ndicates that, if care 15 taken to
prevent clogging of the patch pipette tip. whole
cell recordings can be made 1n thin shices of mam-
malian tissue (Konnerth et al., 1988), in thin
amphibian retinal shces (Barnes and Werblin,
1986), and in an enzymatically 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 forming a seal. Coleman and
Miller (1989) maintained 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 mammalian and
reptihan cerebral cortex that does not require spe-
cial optics, physical disruption, or enzymatic treat-
ment of tissue. We demonstrate the broad applica-
bility of this procedure with typical recordings in
both current- and voltage-clamp 1n several neuro-
nal preparations.
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Methods and results

Solutions

Mammalian artificial cerebrospinal flud
(aCSF; Connors et al., 1982) contained (in mM):
NaCl, 124; KCl, 5; MgSO,, 2; CaCl,, 2; NaH,
PO,, 1.25; NaHCO;, 26; dextrose, 10. Turtle aCSF
(Mori et al., 1981) contained (in mM): NaCl, 96.5;
K(l, 2.6; MgCl,, 2; CaCl,, 2 or 4, NaHCO, 31.5;
dextrose, 10. In some experiments, bicuculline
methiodide (Sigma) was added to the bathing
aCSF.

Tissue preparation

Rats (Sprague—Dawley) aged PO to P45 and
turtles ( Pseudemys scripta elegans) at embryonic,
hatchling and adult ages were used in these experi-
ments. Animals were anesthetized with hypother-
mua (rat aged P0O-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-

Rat

glue). Shees (400-500 pum thick) were cut and
collected 1n cooled aCSF (5°C). To facilitate shic-
ing of the thin cerebral mantle of the turtle.
cerebral hemispheres were immersed in warm 3%
agar (Difco) m turtle aCSF and then the agar
blocks containing the hemispheres were hardened
on ice and shiced with a vibratome (200-1500 pm).

The thinness of the turtle cerebral cortex and
its resistance to anoxia allow the entire cortical
mantle to be removed as a sheet for some exper-
ments, obviating the need for shcing Rostral,
caudal and midline septal cuts of the hemisphere
allow the thin (400 pm in hatchling. 800 gm in
adult) cerebral cortex to be flattened for re-
cording. Subcortical structures and their connec-
tions to the cortex can thus be maintained, or
alternatively an 1incision lateral to dorsal cortex
can be used to completely 1solate the cortical slab

Tissue stabilization for recording

A fibrin clot (Harnison, 1910; Takahashi, 1978)
was used to attach acutely prepared slices and
slabs to 35-mm petr1 dishes for recording (Fig. 1).
Tissue was picked up with a spatula, excess aCSF
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Fig. 1. Schematic illustration of the attachment of tissue preparations to petri dishes for recording. Turtle brain hemuspheres or rat or
turtle bramn shces were placed 1n a small volume of chicken plasma, and then an equal volume of thrombimn was added to form a fibrin
clot to hold tissue 1n place (see text for details)



was blotted away and the tissue gently pushed off
the spatula into a small volume (10-15 ul) of
chicken plasma (Sigma). An equal volume of
bovine thrombin (285 umts/ml, Sigma) was ad-
ded. taking care to mix the thrombm and plasma
without coating the tissue surface with the clot.
The clot was allowed to form for approx. 20 min
in an oxygenated (95% O,/5% CO,). humidified
environment. Adding fibrinogen (5 pl of a 2
mg/ml solution, Sigma) or tissue thromboplastin
after adding thrombin shortened the time needed
for clot formation to approx. 10 mun. 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 borosilicate glass (WPI, New Haven, CT) on
a Kopf vertical puller and had tip resistances of
3-7MQ. 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 (in mM): solution 1:
potassium methanesulfonate, 110; KCI, 10;
HEPES buffer, 10; potassium EGTA, 5; MgCl,,
1: solution 2: CsF, 130; TEA-Cl, 10; NaCl, 5;
MgCl,, 1, CaCl,, 1; EGTA, 11; HEPES buffer,
10; or solution 3: CsCl, 120; HEPES buffer, 10;
EGTA, 11; CaCl,. 1. MgCl,, 1; TEA, 2, QX-314,
16.7.

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

Bipolar stimulating electrodes were fashioned
by gluing together 2 insulated tungsten electrodes
(Frederick Haer), with tips approx. 500 ym apart.
Stimulating current (100 usec duration) was ap-
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plied through the electrodes from a stimulus 1sola-
tion unit (WPI).

Electronics and data acquisition

Recordings were made using a List EPC 7
patch clamp amplifier. The head stage carrying
the electrode was mounted on either a Narashige
hydraulic micromanipulator or a Leitz mechanical
micromanipulator. 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
acquisition program run on a Hewlett Packard
Vectra ES/12 was used to acquire and analyze
data on- and off-line.

Obtaiming whole cell recordings

The techmques detailed below and illustrated
mn Fig. 2 allowed whole cell recordings from neu-
rons 1n turtle and rat cerebral cortex. A petn1 dish
containing neural tissue was placed on the stage of
an upright microscope (aus Jena) or in a chamber
viewed with a dissecting microscope, and the tis-
sue was superfused with oxygenated aCSF at room
temperature (22-25° C). Positive 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 while 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 imtial amphtude)
signalled that the electrode tip was approaching a
cell. Shight negative pressure was then applied with
the syringe (1-2 ml), frequently resulting in the
formation of stable G{ seals. In this configura-
tion, 1t was possible 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-
ing additional slight negative pressure and positive
voltage steps from a holding potential of —70 mV.

Visual inspection using Hoffman interference
contrast optics helped 1n electrode placement, al-
lowing indwvidual cells and cell layers to be clearly
seen, but 1t was not necessary to select specific
individual neurons for recording. We found use of
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a low power dissecting microscope sufficient for
placing the electrode.

The techmiques described above provided a high
success rate in recording from central neurons in
turtle (n = 320) and rat (n = 270) brain slices. G2
seals (usually 2-10 G§£2) were formed and whole
cell recordings obtained in more than 90% of
attempts in turtle preparations and 1n approx. 50%
of attempts in rat slices.

Recordings in turtle cortex
Recordings could be maintained in both em-

bryonic and mature slices for up to several hours.
Cortical neurons in juvenile turtles tvpically had
stable resting potentials (—61.1+ 112 mV, n =
19), stmilar to the values obtained using conven-
tional sharp electrodes mn mature ammals (Con-
nors and Kriegstein, 1986). In response to current
injection, all neurons fired repetitive action poten-
tials (74 £ 134 mV i amphtude, »==22), with
duration at half-amplitude ranging from 15 to 4
msec. The distinct action potential waveforms and
firing patterns of pyramdal and nonpyramudal
cells (Connors and Kriegstein, 1986). were re-
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Fig 2. Events in the formation of a whole-cell recording 1n intact turtle cerebral cortex The upper panel depicts the electrode
(suppled) bypassing the ependymal ghal layer, then approaching and sealing onto a neuron, these events are momtored (lower panel)
by observing the amplitude of the current produced by small voltage steps apphied to the pipette. Decrease 1n the current amplitude
(a,b) reveals a resistance increase as a neuron is approached Application of light suction (c) results m a further decrease in current
amphitude as a gigaohm seal forms (d), more easily measured if the voltage step amphtude 1s increased. The patch is ruptured by
addittonal suction, and electrical continuity between pipette and cell interior 1s obtamed (e)., yielding a whole-cell recording
Stimulation of the optic tract 1n a turtle hemisphere preparation () produced a barrage of synaptic currents (Vh = — 70 mV)
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Fig 3 A Voltage responses to current pulse injection 1n current clamp mode 1n embrvonic (stage 22) neuron 1n turtle cortex B plot
of current-voltage relation for the same cell, illustrating long time constants and high input impedances characteristic of neurons

recorded by this method

tained. Neurons had high input impedances com-
pared to those recorded by Connors and Krieg-
stein (1986) (314 + 187 M£, n=23) and long
membrane time constants (tau =171 + 73 msec,
n=23)

A typical recording in current clamp mode
from an embryonic (stage 22) turtle pyranudal
neuron is shown 1n 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 1n voltage
clamp, large transient inward currents appeared;
such currents were probably not under voltage
control (not shown).

By slowly varying membrane potential in volt-
age clamp and leting the cell stabilize at each
potential, synaptic currents could be studied over
a wide voltage range. Thalamic stimulation in a
hemisphere preparation produced distinct excita-
tory and mhibitory postsynaptic currents (EPSCs
and IPSCs, Fig. 4), that reversed at —2 and —52
mV, near the equilibrium potentials for cation (0

mV) and C1™ (—-55 mV) conductances respec-
tively The EPSC/IPSC sequence could be easily
discerned in voltage-clamp; evoked synaptic
potentials in current-clamp from the same cell are
shown 1n Fig 4B for comparison.

Recordings in rat cortex

Recordings were made 1n rat hippocampal and
neocortical slices. With recording solution 1, typi-
cal resting potentials in hippocampal pyramidal
cells ranged from —46 to —70 mV, and nput
impedances ranged from 210 to 1600 M£2. With
the cestum containing intracellular solution, mput
resistances were 2—3 times greater

Fig. 5 shows responses of a layer II-1I1 pyra-
nudal cell 1n visual cortex of a P43 rat. The EPSC
was isolated by blocking GABA , receptor media-
ted inhibition with bicuculline (5 pM). Early and
late components of the EPSC in disinhubited shices
reversed at the same potential (5 mV) but differed
in their voltage-dependence (Fig. 5B).

200
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Fig. 4 Synaptic currents evoked by thalamocortical simulation, recorded in voltage clamp (A) 1n stage 22 turtle neuron shown in Fig
3. and (B) the synaptic potentials produced by these currents recorded in current clamp C plot of excitatory (EPSC) and mhibitory
(IPSC) synaptic currents from (A).

Recordings in noncortical structures

Whole cell recordings were obtained from a
variety of turtle brain regions, including the retina,
thalamus, optic tectum, basal forebramn, 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.

Anatomucal-physiological correlations

To correlate physiological features with mor-
phology, lucifer yellow was mcluded 1n the pipette
solution and injected into cells with hyperpolariz-

ing 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 synaptic
currents and membrane properties in neurons of
the turtle and mammalian cerebral cortex. Record-
ings can be obtained from neurons in a variety of
brain regions and from animals ranging in age
from embryonic to adult. The techmiques de-
scribed here are easily implemented with a stan-
dard intracellular recording apparatus, addition-
ally requiring only a suitable voltage clamp
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Fig 5 Synaptic currents recorded from a layer II-11I neocortical pyramidal neuron n the presence of 5 uM bicuculline A svnaptic
currents recorded at different membrane potentials B plot of the early and late components of the currents shown in A

amplhifier. Application 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 neurites
requires an awareness that distal neuronal mem-
branes may not be isopotential with the soma
(Rall and Segev 1985; Carnevale and Johnston
1982). However, 1t 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
electrotonically compact than thought from con-
ventional microelectrode recording, thus facilitat-
g 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 sites 1sopotential with
the soma. Even distal dendritic membrane may be

under voltage control since specific activation of
thalamocortical synapses 1n turtle, which are
located exclusively on the distal dendrites (Smith
et al.. 1980), produces synaptic currents that re-
versed near the expected equilibrium potentials

The methods detailed here offer the advantages
of whole cell recording for cells 1n relatively intact
neural structures The low resistance access to the
cell mtenor allows better control of membrane
voltage for assessing synaptic events, and the high
resistance of the electrode seal gives a better ap-
proximation of cell intrinsic membrane properties.
The relatively large tip diameters of patch pipettes
allow ready exchange of electrode solution for
control of the intracellular milieu and allow ntro-
duction of kinases and other proteins difficult to
mject at known concentration with sharp elec-
trodes (Neher. 1988). Finally, small or immature
neurons difficult to record from with conventional
microelectrodes 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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