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Loruc and stable recordings of post-synaptic, action and
membrane potentials from visual cortical neurons iz-
viao, are possible with the patch-clamp technique. These
are comparable to the whole-cell configuration, but with
an incomplete seal. EPSPs and IPSPs of normal time
course and up to several mV can be recorded. DC poten-
tials ranged from 30 to -60 mV and input resistances
from 50 to 150 Mft. Iniected currents have the same
effect as if applied intrace llularly. Membrane conductance
after electrical stimulation of the lateral geniculate
nucleus is increased during the first 20 ms, but decreases
from 60 to about 130 ms, during return of the membrane
potential to its resting level. The recording method is
compared to other intracellular recording techniques
in-virto and in-aitro.
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Introduction
Intracellular recordings from cortical neurons are

rarely sufficiently stable for prolonged investigation.
In the visual cortex, additional complications arise
because of the small neuron size and brain pulsations.
Hence, only a few extensive reports on intracellular
records from visual cortical neurons during visual
st imulat ion have been publ ishedr-o and many
questions are not yet clarif ied.rr-8

Application of techniques used for patch clamp
recordings in isolated cellse'r0 and brain slicesrr helped
us achieve smble whole cell recordings of membrane
and post-synaptic potentials (PSPs) over several hours
in an in-viao preparation, but with an incomplete
seal of the microelectrode on to the neuronal membrane.
Ve also measured membrane conductance changes
during stimulus evoked PSPs.

Method and Resuhs
General preparation: Adult cats (2.04.5 kg) bred in
the department's animal farm were anaesthetized
with ketamine hydrochloride i.m. (Ketanest@) (25 mg kg'
i.m.) or with Nembutal@ (35-40 mg kg ' i .p.), and
mainta ined on i .v .  in fus ion of  S-+ mg kg-1 h-1
pentobarbital (Nembutal@) without nitrous oxide or
on 1,-2 mg kg ' h-l Nembutal@ and with a gas mixture
of NrO: Or: CO2 (70:29.2:0.8). Muscle relaxation
with gallamine triethiodide (Flaxedil@) and artificial
respiration were started after a stable anaesthesia with
complete anelgesia had been achieved. End-tidal CO,
vas adjusted to around 3.6"h and body temperature
was maintained around 37-38"C. The ECG was

@Bapid Communications of Oxford Ltd

continually monitored and the absence of heart rate
alteration during squeezing of the pinna was tested
every few hours to ensure adequate anaesthesia. For
improving mechanical  s tabi l i ty ,  a  hydraul ic
microelectrode holder (David Kopf) was mounted
directly on the skull using screws and dental cement.
Brain pulsations were kept to a minimum by producing
a bilateral pneumothorax and by suspending the
animal on the second thoracic vertebra. A brass-
cylinder (diameter 20 mm) was cemented over a
craniotomy (5 mm diameter) done over area 17 and
centered N P4/L1 (Horsley-Clark). A small hole was
cut into the dura just large enough to let in the
electrode. After positioning the electrode, 2-3Yo agar
was poured into the chamber.
Electrodes and solutions; The electrodes were similar
to those used for single channel recording,'o pulled
from hard Borosilicate glass (o.d. 1.5 mm; i.d. 1.05 mm)
with a two step puller (Patch-Clamp Pipette Puller
L/M-3P-A) and the tips were usually additionally
heat-polished. The tip diameter was 1-3 pm and the
resistance 2-7 MA with the fi l l ing solution we used:rr
130 mM K-gluconate, 5 mM NaCl, 10 mM EGTA,
lOmM HEPES,  1mM ATP,  1mM CaC l , ,  2mM
MgClr, pLI 7.4 (KOH). The electrode was fixed to
an electrode-holder that allows positive and negative
pressures to be applied.'
Recordings: \(hile advancing the electrode into the
cortex, we applied a continuous pressure of ZOO-
400 cm HrO to prevent blockage of the electrode tip.
The electrode resistance was continually checked
with current pulses 0.05-0.1 nA, 50 ms, 0.5-1 .0 Hz.
\Without pressure application, the electrode resistance
increases quickly to > 100 M,f), indicating clotting
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FlG.  1 .  Sow approach to  the  fna  recordrng  s i tua t ion .  A :  Top:  Vo l tage
record ing ,  bo t tom:  posr t rve  cur ren t  p luses  o f  0 .05  nA,  50  ms,  1  Hz  F i rs t
sec t ron :  The e  ec t rode rs  c lose  to  the  membrane.  Inc reasrng the  pressure
insrde  the  e lec t rode (a r row)  decreases  the  input  res is tance (snra l le r  anrp  i
tude o f  vo  tage changes caused by  the  cons tan t  cur ren t  pu lses) ,  the  DC
potent ra l  a t  the  t  p  anc j  the  synap l rc  norse .  S  rgh l  suc l ron  and Jorward
movement  o f  the  e lec t  rode s  owly  Increases  a  I  th ree  paramete  rs  ing  h1  pa  r l
o f  f  rs t  sec t ion  and mrdd e  sec t ron) .  When membrane po ten l ra l  and nput
res is tance have reached a  s lab le  eve  ( r igh t  sec t ion) ,  add 1  ona l  suc t ron  is
app ied  (a r rows a t  r igh l ) ,  eadrng to  sudden increase o f  the  negat ive  DC
potent la l  and decrease o f  nput  res  s tance.  Th  s  i s  shown a l  h rgher  t ime
reso lu t ion  in  B : .  Ar rows po in t  to  s tepwise  ncrease o f  negat  ve  po ten t ia l
dur  ng  suc t ion  CC:  Fecord  f rom another  ce l l ,  in  wh ich  open ing  o f  the
membrane was achreved by  app l  ca t  on  o f  a  pos i t i ve  3  nA pu se  lead ing  to
a  negat rve  vo l tage drop  and a  s l  gh t  inc rease o f  d ischarge ra te .  The
amp i tude var ia t  ons  o f  ac t ro | r  po ten t  a ls  a re  due to  d  g i ta l  convers  on  o t
da ta

with tissue d6bris. At a depth of 400-1000 pm rhe
pressure in the clectrode is reduccd to 30-50 cm H2O),
and the electrodc is furthcr advanced during the
search for visually responsive cells. Changes of
electrode rcsistancc often appear without signs of
neuronal activity, indicating possible contact with
various membrane elements. Close contact with a
neuron is clearly recognized by the appearance of
large action potentials and an incrcase of electrclde
noisc up to several 100 pV. Then the positive pressure
is  again reduced to 1-10cm H2O. As the e lcct rode
is further advanced, thc serial resistance increases and
the tip potential becomes more negative. Increasing
the pressure reduces the resistance (see Fig. 1A,
arrow in section 1 ); reducing the pressure increases
the resistance again and may be accompanied by a
slight negative shift of the DC-potential (Fig. 1A,
end of  sect ion 1) .

At this point, a small negative pressure (l-20 cm
HrO) is applied to the electrode while it is further
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FlG. 2.  Responses of  a complex cel l  to an opt imal ly  or iented l ight  bar moving
across its receptive field in the directions indicated by the arrows. The
recordings at the top (A) and bottom (B) are separated by 2 h, but the speed
of bar movement is  h igher in B.  Lef t :  Low t ime resolut ion.  Right :  Higher t ime
resolut ion of  the under l ined port ions o{  the lef t  records.  Di f ferences i  n act ion
potent iaL ampl i tude are caused by dig i ta l  conversion.

advanced (Fig. 1A, sections I and 2), sometimes with
a continuous negative current (0.05-0.5 nA). During
this procedure, the electrode noise increases sig-
nificantly, thc DC-potential gradually becomes more
negative, and the action potentials become essentially
monophasic with only a small negative afterpotential.
At this stage, sudden negative increments of the DC-
potential by a few mV are only occasionally seen.
'When the DC-potential and the resistance have
rcached a stablc level (usually -10 to 20 mV and
100-300 M,f), respectively) (Fig. 1A, beginning of
section 3), we apply a strong ltegative prcssure of

30 to -100 cm HrO for  a few seconds (Fig.  1A,
arrows in scction 3) and/or single positive current
pulses (20-50 ms, 0.1-10 nA). During these proce-
dures an additional negative increment of the membrane
potcntial by 10-20 mV may appear (see Fig. 18 and
C). Any negative pressure may then be released. The
drop of membrane potential during these negative
prcssure pulses may consist of scveral steps of a few
mV cach (arrows in Fig. 18) indicating that the
mcmbranes between the electrode and the cell interior
are broken in successive steps. The breakage through
the membrane is also oftcn accomoanied bv a sudden
drop of the resistance of the pipett"-.eli assembly
to values around 100 mO (typically 50-150 MO). In
the example of Fig. 1A and B, the resistance dropped
from 225 to 130 M(). The recording situation is now
stable and may thus be maintained for several hours
(see Fig. 2). During one day of recording about 2-3 cells
(usually one per electrode) could be thoroughly
investigated, i.e. up to 6-8 cells per experiment.

The records indicate an intracellular recording situation
as judged from the monophasic action potentials with
a duration of 1.5 to 5 ms, from the amplitude, form
and stimulus dependence of EPSPs and IPSPs, from
the relatively constant f ir ing threshold for action
potentials and, especially, from the effect of intracellular
current puises. Positive pulses depol arize the cell and
above threshold, induce cell firing without signs ol
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T t m e  a f t e r  L G N  S t i m u l a t i o n  ( m s )

, lG .3 .A :  Conduc tancechanges lo l l ow tnge lec t r i ca  s t imu l i i n t heLGN.Top t race :  Responseso f  t hece l l ( smp le , r es t i ngpo ten t i a l : - 40mV,ac t i onpo ten t i a l s :
30 mV, input  res stance:  1 30 M{))  wi th shor l - latency EPSP {arrow) f  o l lowed by strong and long last ing IPSP. Lower l races:  F ve negat ive current  puises (10
m s , 0 . 0 5 n A )  a r e g i v e n a f t e r t h e L G N s t i m u l u s , t h e f  r s t o n e l O m s a f t e r t h e L G N - s t i m u l u s a n d t h e f o l o w i n g o n e s a t 4 0 m s  n t e r v a l s . T h e v o l t a g e c h a n g e
is measured f rom the end of  the pulse unt  |  4 ms later  (see vert ical  l ines af ter  the pulses).  B:  Relat ive conductance changes of  14 v lsual  cort ical  neurons
fol lowing LGN st imulat ion.  Values are given as percentage (ordinate)  of  contro l  rneasurements wi thout  LGN strmu at ion;  each point  is  the mean of  8-10
m e a s u r e m e n l s o n o n e c e l  . N o t e c o n d u c t a n c e  n c r e a s e a t 2 0 m s a n d d e c r e a s e a l  6 0 a n d 1 0 0 m s { o l o w n g L G N s t i m u u s .
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adaptation, while negativc pulses polarize thc cclls.
Thc amplitude of EPSPs increases during ncgativc
and dccreases during positivc current injcction and,
aice versa, for IPSPs.

There arc however indications that thc electrode
may not bc in dircct contact with thc cytoplasm of
thc recorded ccll as in whole cell rccordings in
cortical slices.u' '2 This is indicated by thc rclatively
low mcmbrane potcntial which rangcd bctwccn -30

and -60 mV, and small amplitude action potcntials,
ranging from 30 to 50 mV. Threshold positive cur-
rents to excitc a ccll werc in thc rangc of, or only
;l ightly highcr than, those in classical intracellular
recordings. In rare instances, wholc cell recordings
with large membranc and action potcntials (60-
80 mV) were achievcd, but thcir incidence and stabil ity
wcrc 

.as 
capricious as those of classical intracellular

recorolngs.
Conductance measurements.'Even though it was difficult
to estimatc true cell resistancc, it was possible tcr
measure changcs of input resistancc during cvoked post-
synaptic activity. Figurc 3 shows conductance changes
afgcr electricai stimulation of LGN (lateral gcniculate
nuclcus). The LGN-stimulus lcd to an initial excitation
with an EPSP latency of 2 ms and followed by an
IPSP of 1OO ms duration (Fig. 3A, top trace). The
lower records show the effect of applying a sequence
of five current pulscs. The amplitudc of voltage
change caused by thc pulse is proportional to the
input resistance and inversely related to conductance.
The first pulse is slightly smaller than the following
ones, indicating a higher conductance during the
'nit ial 

part of the IPSP, but decreased conductance
during its decay phase.

Conductance changes following LGN stimulation
were measurcd in 14 cells and Fig. 38 shows the
relative conductance changes at different intervals
after thc LGN stimulus. Conductance increased in
thcsc cel ls  1O-20ms af tcr  the LGN st imulus,  i .e .
during the peak of thc IPSP, by 7.2Y" on average.
At 60 and 100 ms, conductance was decreased
(averagc 5.0%) and was then close to the baseline
level 140-180 ms after the LGN stimulus. The dif-
ferences betwccn the mean valucs of the first and
thosc of thc sccond and third groups were significant
(r tcst,p < 0.001). \We havc also measured conductancc
during visual stimulation in the optimum and non-
optimum orientations as well as during strong
intraccllular hyperpolarizing or dcpolarizing current
injections, but have rarely seen significant conductance
changcs  unde r  any  o f  t hose  cond i t i ons .

Discussion
Applying methodology adopted from patch-clamp

techniqucs clearly improved the yield and stabil ity
of intracellular recordings in the visual cortex izi-
vivo. Yet the rccording was not as clear as one would
expect if thc electrode were in direct contact with
the intracellular compartmcnt such as in classical
intracellular recordings or in tight-seal whole cell
recordings.'o Sizes of membranc and action potentials
were only about one to two thirds, while the
amplitude of PSPs and their t ime coursc were in
the same range and current in;'ections had the typical
polarity-dependent effects. In thesc respects, our
recordings are comparable to the 'quasi-intraceliular'

recordings from thalamic cells. 't Gradual increase of
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the resting potential during penetration is also similar
in both recording methods.

One reason for the small size of the ootentials in
our recordings may be that the electrode is in direct
contact with the intracellular compartment, but that
the seal between the electrode and the membrane
is not sufficiently t ight, causing current leakage.
l-Iowever such leakage can lead to injury discharges,
which were not usually observed. Another possibil i ty
is that the electrode tip is either not in direct contact
with the intracellular compartment or only through
a small hole because the tip is sti l l  covered with some
membrane remains of ."i1, overlying rhe recorded
neuron.  Such ovcr ly ing mernbrancs,  sandwiched
between the electrode tip and the neuronal membrane
and possibly partly broken over the electrode open-
ing, are compressed at the electrode edge which is
thereforc not directly sealed to the neural membranc.
In such a situation, the resistance for recording
intracellular events should be high, but the total input
resistance would be reduced by the parallel shunting
resistance across the incompletc seal.ra The cell is
then not or only a l itt le damagcd, but the rneasured
mcmbrane potential should be lower th;rn the true
membrane potential. The fact that PSPs arc sti l l  well
recognized while action potcntials are attcnuated
suggests that this arrangement has a low pass fi l tering
propcrty. I-arge currcnt pulses may break the membranc
completely yielding trLre intracellular rccords, though
usually injuring the cell and often l imiting recording
time. Our recordings may incorporate both the above
possibil i t ies to different degrees.

The conductancc changes during post-synaptic
excitation and inhibit ion measured with this tech-
niquc arc in the range of those reported by others
in in-aiao rccordings frorn cortical cclls in crts and
ratsr5'r( ' but they arc clearly srnaller than those r.neasurcd
in cortical slices.15The reason for this may be partly
the relative ly large shunt, but it should also be
reahzed that in-viao cells are under a continuous barrage
of EPSPs and IPSPs'? keeping total cell resistance low.
Electrical stimulation of the LGN or, for that matter,
visual stimulation only adds to this ongoing posts)/naptic
activity. In facq total cell resistances of in-viao recorded
cells using fine microelectrodes range between 10 and
50 MO,r/ 'e which are lower than those measured in
slices.' '  However, we cannot explain the enormous
difference betwcen cell resistances reoorted for whole
cel l  record ings in  s l ices '220 and thosc f rom in-u ioo
measurements.

The conductance increase following the LGN-
stimulus was restricted to the init ial 20 ms. This is
the time during which EPSPs appear and includes
the rise time of the post-excitatory IPSP.zr From 50

to about 130 ms, conductance was decreased, slowly
returning to its control level. This corresponds
approximately to the time course of cortical IPSPs
after electrical stimulation of cortical afferents. Since
this inhibit ion involves all cortical neuronsle many
intrinsic synapses should also be silent. Furthermore,
the electrical stimulus in the LGN also activates the
inhibitory circuits in the LGN itself and thus silences
LGN-r.reurons for about 1OO-150 ms,22'2r so that the
synapses of thalamo-cortical afferents are also not
active. As a consequence, postsynaptic ion channels
are closed and conductance sl.rould indeed decrease
during the later part of the IPSP. Our data thus
indicate that earlier estimates of synaptic currents
during IPSPsr6''e'24 are too long, but they are in
agreement with recent measurements of post-synaptic
inhibitory currents in whole cell recordings in slices.2o

Conclusion
Vhole ccll recording from cortical cells in-aiao

cven with an inconrplete seal is a considerabie
methodological improvement which allows one to
analyse spontaneous and cvoked postsynaptic events
in visual cortical neurons over long time periods.
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