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Abstract

The visual cortex of freshwater turtles contains pyramidal cells, which have a regular spiking (RS) firing pattern,
and several categories of aspiny, inhibitory interneurons. The interneurons show diverse firing patterns, including
the fast spiking (FS) pattern. Postsynaptic potentials (PSPs) evoked in FS cells by visual stimulation of the retina
reach their peak amplitudes as much as 200 ms before PSPs in RS cells (Mancilla et al., 1998). FS cells could,
consequently, control the amplitudes of light-evoked PSPs in RS cells by producing disynaptic, feedforward
inhibitory postsynaptic potentials (IPSPs) that overlap in time with geniculocortical excitatory postsynaptic
potentials (EPSPs). Since FS cells receive recurrent, excitatory inputs from RS cells, they could also control the
amplitudes of light-evoked PSPs in RS cellsvia polysynaptic, feedback inhibition. Thein vitro geniculocortical
preparation ofPseudemys scriptawas used to characterize the temporal relationships of EPSPs and IPSPs produced
in RS cells by electrical activation of geniculate afferents and by diffuse light flashes presented to the retina.
GABAA receptor-mediated inhibition was blocked using extracellular application of bicuculline (3.5 mM) or
intracellular perfusion of picrotoxin (1mM) in individual RS cells. Electrical stimulation of thalamic afferents
produced compound PSPs. Blockade of GABAA receptor-mediated IPSPs with either bicuculline or picrotoxin
provided evidence for both early and late IPSPs in RS cells. Analysis of the apparent reversal potentials of
light-evoked PSPs indicated the existence of early IPSPs during the first 140–300 ms following light onset. Light
responses of cells perfused with picrotoxin diverged from control light responses at about 300 ms after light onset
and had maximum amplitudes that were significantly different from control light responses. These experiments
indicate that the responses of RS cells to both electrical and natural stimulation of geniculate afferents are
controlled by both early and late IPSPs, consistent with activation of both feedforward and feedback pathways.
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Introduction

Neurons within the sensory cortices of vertebrates form microcir-
cuits of interconnected neurons (Davis & Sterling, 1979; Gilbert,
1983; Connors & Kriegstein, 1986; Kriegstein & Connors, 1986;
Douglas & Martin, 1991). The principal input to these circuits are
thalamic afferents that synapse on excitatory cells with spiny den-
drites. These inputs are excitatory and generate excitatory post-
synaptic potentials (EPSPs) in spiny cells. In mammals, the spiny
cells are stellate cells of layer IV and pyramidal cells in several
layers. In turtles, they are principally layer 2 pyramidal cells. Spiny
cells in both mammals and turtles generate a regular spiking (RS)
train of action potentials that show spike-frequency adaptation
following intracellular current injection (McCormick et al., 1985;
Chagnac-Amitai & Connors, 1989; Connors et al., 1982; Connors

& Gutnick, 1990; Franceschetti et al., 1995; Chen et al., 1996;
Gray & McCormick, 1996). Thalamic afferents also effect excit-
atory synapses on inhibitory, aspiny neurons (Garey & Powell,
1971; Ebner & Colonnier, 1975; Peters et al., 1976; Smith et al.,
1980; Peters & Fairén, 1978; Anderson et al., 1994). Aspiny cells
show a variety of firing patterns (e.g. Azouz et al., 1997; Cauli
et al., 1997; Kawaguchi & Kubota, 1997; Gupta et al., 2000), but
frequently show a fast spiking (FS) pattern with little spike-
frequency adaptation (McCormick et al., 1985; Chagnac-Amitai &
Connors, 1989; Connors & Gutnick, 1990; Kawaguchi, 1993, 1995;
Chen et al., 1996; Gray & McCormick, 1996; Thomson et al.,
1996). They make inhibitory synapses on spiny cells and receive
excitatory synapses from the recurrent collaterals of spiny cells.
The output from the circuits is formed by the axons of pyramidal
cells in both mammals and turtles.

The structure of cortical microcircuits implies that RS cells are
potentially subjected to two forms of inhibitory control. They re-
ceive disynaptic inhibitory postsynaptic potentials (IPSPs)via feed-
forward inhibition, and polysynaptic IPSPsvia feedback inhibition
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mediated by the recurrent collaterals of spiny cells. An understand-
ing of how feedforward and feedback inhibition regulate the dis-
charge of spiny cells depends upon a knowledge of the relative
timing of thalamocortical EPSPs in spiny cells and the IPSPs
generatedvia feedforward and feedback mechanisms. The classic
work on the timing of EPSPs and IPSPs in cortical circuits was
based on studies using electrical activation of thalamic afferents
(Li et al., 1960; Anderson, 1965; Watanabe et al., 1966; Eccles,
1969; Ferster & Lindström, 1983). These studies reported that
activation of thalamic afferents results in EPSP–IPSP sequences in
spiny cells, with the relative timing of the IPSP determined by an
additional synaptic delay in the disynaptic pathway. However, Man-
cilla et al. (1998) found that postsynaptic potentials (PSPs) evoked
in FS cells by visual stimulation of the retina in turtles reach their
peak amplitudes as much as 200 ms before those in RS cells. FS
cells could, consequently, control the amplitudes of light-evoked
PSPs in RS cells by producing IPSPs that overlap in time with
geniculocortical excitatory postsynaptic potentials (EPSPs), as well
as through feedback inhibition.

The in vitro geniculocortical preparation of the turtle,Pseud-
emys scripta,was used in this study to characterize the temporal
relationships of thalamocortical EPSPs and GABAA receptor-
mediated IPSPs in RS cells. This was done by studying the voltage
dependence of PSPs evoked by both electrical activation of genic-
ulate afferents and stimulation of the retina with diffuse light flashes.
GABAA receptor-mediated inhibition was blocked using extracel-
lular application of bicuculline or intracellular perfusion of picro-
toxin. The experiments indicate that the firing of RS cells is
controlled by GABAA receptor-mediated inhibitionvia both feed-
forward and feedback pathways.

Materials and methods

Tissue preparation

Freshwater turtles of the genusPseudemyswere anesthetized by
intraperitoneal injections of sodium Brevital (50 mg0kg) and cool-

ing until torpid, or by sodium Brevital injections without cooling.
The geniculocortical preparation was obtained by removing the
brain caudal to the olfactory bulbs and rostral to the optic tectum,
but keeping the eyes attached (Fig. 1). One cortical hemisphere
and the contralateral eye were retained for the experiments. Cuts
were made rostrocaudally along the medial cortex and mediolat-
erally at the rostral and caudal ends of the hemisphere to unfold the
cortex and expose its ventricular surface. The retina was exposed
for direct illumination by removing the anterior part of the eye
(Fig. 1A). The preparation for electrical stimulation studies was
obtained using the same procedure, except that the optic nerve was
cut (Fig. 1B). Preparations were kept at room temperature (20–
228C) and perfused with oxygenated (95% O205% CO2) turtle
Ringer’s solution containing (in mM) 96.5 NaCl, 2.6 KCl, 2.0
MgCl2, 4.0 CaCl2, 31.5 NaHCO3, and 10.0 dextrose (Mori et al.,
1981). The solution was maintained at a pH of 7.6.

Recording methods

Intracellular sharp electrodes (80–140 MV) were made from thick-
walled (O.D. 1.2 mm, I.D. 0.60 mm) borosilicate glass and filled
with 4.0 M potassium acetate. Pipettes were advanced through the
tissue at known angles using a Narashige (Narashige, Tokyo, Ja-
pan) hydraulic microdrive positioned on a Newport (Newport,
Fountain Valley, CA) motion controller. The position of the mi-
croelectrode was obtained by measuring theX andY positions on
the motion controller and it’s depth in the tissue calculated by
multiplying the depth reading from the microdrive by a correction
factor for the angle of the pipette. Experiments were done in cur-
rent clamp using an Axoclamp 2A preamplifier connected to a
Nicolet 410 (Nicolet, Madison, WI) digital oscilloscope. Data were
stored on floppy disks for off-line analysis.

Visual and electrical stimulation

A bipolar stimulating electrode placed in the lateral forebrain bun-
dle was used to deliver 100-ms current pulses at 1 Hz for electrical

Fig. 1. Geniculocortical preparation. A: A preparation with the eye attached was used for light experiments. The location of the
dissected dorsal ventricular ridge (DVR), the lateral forebrain bundle (LFB), and the cortex (CTX) are indicated. Rostro-caudal and
lateral-medial axes are also indicated. A 640-nm light emitting diode (LED) is positioned 3 mm from the retina to provide the light
stimulus while responses of cortical cells are recorded using sharp electrodes. B: A preparation with the eye removed was used for
electrical-stimulation experiments. A bipolar stimulating electrode is placed in the LFB to electrically stimulate the thalamocortical
axons while responses of cortical cells are recorded using a sharp electrode.
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stimulation experiments. Responses were averaged over 20 trials.
Stimulus intervals were controlled using a WPI 1830 interval gen-
erator module (World Precision Instrument, New Haven, CT) con-
nected to a WPI 1831 pulse train modulator. Stimulus intensity was
controlled by using a WPI 305 stimulus isolator adjusted to deliver
current at threshold~T ! or multiples of the threshold intensity
(3 T !. Threshold intensity varied between cells and was defined as
the first intensity producing a PSP that could be distinguished from
baseline noise by visual inspection.

The preparation was maintained in the dark for 1 h prior to
beginning the experiments using visual stimulation. Square, 640-nm
light pulses from a light-emitting diode positioned 3 mm from the
retina were used to provide diffuse illumination to the dark-
adapted retina. This wavelength is optimal for activating turtle
ganglion cells which are dominated by input from red cones. Light
pulses varied in intensity from 0 to 2.63 104 photonsmm22 s21

and had durations of 1 s. The retina was maintained in the dark for
1.5 min between trials. Response threshold was measured with an
accuracy of 2213 photonsmm22 s21. The pulse duration was con-
trolled using the same interval generator module and pulse train
used for electrical stimulation. Stimulus intensity was controlled
using the same stimulus isolator used for electrical stimulation.
Randomly interleaved intensities were used to generate intensity–
response (IR) functions.

Drug application

Bath application of bicuculline methiodide (3.5 mM, Sigma, St.
Louis, MO) was used to block GABAA receptor-mediated inhibi-
tion in the cortex. Intracellular blockade of GABAA receptor-
mediated inhibition was accomplished by allowing picrotoxin to
freely diffuse into cells with sharp pipettes filled with picrotoxin
(1 mM, Sigma) in 4 M potassium acetate.

Data analysis

Intracellular records were analyzed using Kaleidagraph (Synergy
Software, Reading, MA) to obtain the latency, peak time, and
amplitude of each response. To determine the latency, the average
of the prestimulus baseline was determined and the time of the first
deviation from the baseline was taken as the response onset. The
peak time is the time from the onset of the stimulus to the maxi-
mum amplitude of the response. The maximum amplitudes of re-
sponses without action potentials were the peaks of the depolarizing
potentials. When action potentials were present, the amplitudes of
the underlying potentials were measured with the action potentials
stripped. Amplitudes of responses~R! were plotted as a function of
the intensity of the light pulse~I ! to produce intensity–response
(IR) functions. Data were fit with a Boltzmann equation of the
form

R 5 Rmax@I 1 exp$2~I 2 I50!0k%# ,

whereRmax is the maximal response,I50 is the light intensity at
half-maximal response, andk is a slope factor.

Amplitude measurements for reversal-potential analysis were
carried out with responses that were subthreshold to action poten-
tial generation and were, therefore, uncontaminated by currents
due to the voltage-gated conductances involved in spike genera-
tion. Measurements were obtained by subtracting the average mem-
brane potential during the 30 ms before stimulus onset from the

membrane potential at the time for which the reversal potential
was measured. No measurements were made at stimulus onset and
offset because stimulus artifacts were present at these times. Plots
of PSP amplitude as a function of holding potential were fit with
second-order polynomials to determine apparent reversal poten-
tials for individual cells at each interval for each of the cells.
Averages were taken at equivalent time points over several cells
and used to plot the mean apparent reversal potential as a function
of time. The apparent reversal potential is a weighted mean of the
reversal potentials of all of the currents flowing through the mem-
brane of the cell at a given point in time. It equals the resting
membrane potential of the cell in the absence of synaptic or voltage-
gated currents. Activation of synaptic currents shifts the apparent
reversal potential away from the resting membrane potential. Since
excitatory synapses in turtle cortical neurons have reversal poten-
tials of approximately 0 mV (Blanton & Kriegstein, 1992), acti-
vation of excitatory synapses shifts the apparent reversal potential
in the depolarizing direction. Since GABAA receptor-mediated in-
hibitory synapses have reversal potentials of approximately270
mV (Blanton & Kriegstein, 1991), activation of inhibitory syn-
apses shifts the apparent reversal potential in the hyperpolarizing
direction. Simultaneous activation of excitatory and inhibitory syn-
apses shifts the apparent reversal potential in either direction, de-
pending on the relative magnitudes of the excitatory and inhibitory
synapses. A shift of the apparent reversal potential in the hyper-
polarizing direction is, then, a clear indication of the activation of
inhibitory synapses. A shift in the depolarizing direction can indi-
cate either activation of only excitatory synapses, or simultaneous
activation of excitatory and inhibitory synapses with the magni-
tude of the excitatory currents being larger than that of the inhib-
itory currents.

All statistical data are reported as means and standard errors.

Results

Characterization of RS cells

This study is based on 26 cells with biophysical characteristics and
depths in the cortex consistent with those of pyramidal cells (see
discussion in Mancilla et al., 1998). All cells exhibited spike-
frequency adaptation (Fig. 2A) in response to depolarizing current
injections, had spike thresholds of241.16 1.3 mV, spike half-
widths of 2.26 0.1 ms, resting membrane potentials of265.46
1.5 mV, and depths of 192.46 15.4mm that were generally con-
sistent with RS cells described in earlier studies (Connors & Krieg-
stein, 1986; Mancilla et al., 1998). Cells had voltage–current plots
that showed rectification at negative currents (Fig. 2B). They were
distributed throughout the rostrocaudal extent of the cortex.

Electrically evoked PSPs

General features
PSPs evoked by electrical stimulation of thalamic afferents

were obtained in six RS cells. Cells were held as close to their
resting membrane potentials (262.6 mV to 275.7 mV) as was
possible. PSPs were compound events consisting of an early de-
polarization followed by a short latency hyperpolarization and a
late hyperpolarization lasting approximately 800 ms. The early
depolarization varied in size and could be shunted by the IPSP
(Fig. 3A, top). PSPs had a mean latency of 22.76 0.6 ms, a mean
peak time of 62.96 5.2 ms, and a mean amplitude of 4.56 3.6 mV.

GABAA-mediated inhibition in turtle visual cortex 11

m



Fig. 2. Biophysical characterization of RS cells. A: Voltage responses to negative current pulses ranging from20.1 to20.6 nA are
shown below the voltage responses to 0.1 and 0.2 nA current pulses. B: Negative current pulses and positive current pulses that did
not produce action potentials were used to create a plot of mean amplitudes of voltage responses at 500 ms as a function of current
intensity.

Fig. 3. Electrically evoked PSPs. A: Representative examples of responses of RS cells to electrical stimulation of thalamic afferents
obtained at a holding potential of260 mV. Traces show that the EPSP preceding the IPSP can be significantly reduced by the IPSP
(top), can appear as a minor component of the response (middle) or as a major component of the response (bottom). These traces were
obtained by averaging 20 responses at 1-s intervals. Stimulation at 30 ms produced an artifact that can be seen in the trace (arrow).
B: The mean amplitude of responses of four RS cells to stimulation of the LFB at twice threshold is plotted as a function of time. The
amplitude measurements obtained at 30 ms (arrow) were omitted to eliminate the stimulus artifact from the plot.
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Four cells were held at260 mV and stimulated with an intensity
of 2T to create a plot of the mean amplitude of the PSPs as a
function of time (Fig. 3B). The plot showed an initial depolariza-
tion with a peak 30 ms after the stimulus onset, followed by a
hyperpolarization lasting over 200 ms. This pattern is consistent
with the classical result of an EPSP–IPSP sequence following
electrical stimulation of thalamic afferents. However, the analysis
cannot determine the time courses of EPSPs and IPSPs that over-
lap in time.

Voltage dependence
The relative time courses of the EPSPs and IPSPs that contrib-

ute to compound PSPs can be analyzed using the different voltage
dependencies of EPSPs and IPSPs. Four control cells were studied
at four membrane potentials ranging from260 to 2100 mV and
used to estimate apparent reversal potentials (Fig. 4). Membrane

potentials were measured at 5-ms intervals between stimulus onset
(30 ms) and the repolarization of the short latency IPSP (100 ms),
and at 10-ms intervals after 100 ms. The mean apparent reversal is
between260 and265 mV prior to stimulus onset (Fig. 5A). It
reaches257 mV at times corresponding to the peak of the depo-
larizing component of PSPs (20–30 ms after stimulus onset), but
becomes more negative after 100 ms, reaching270 mV at 400 ms.
This analysis provides evidence for late inhibitory currents active
after 100 ms. It does not, however, clarify whether or not early
inhibitory currents are present in the 20–30 ms time window.

Extracellular application of bicuculline
The potential contribution of GABAA-mediated currents to the

early depolarizing PSPs was evaluated by bath application of bi-
cuculline in six cells. Electrically evoked PSPs were recorded at
5-min intervals during the perfusion of bicuculline until a stable

Fig. 4. Estimation of apparent reversal po-
tentials. A: The amplitudes of PSPs were mea-
sured at the peak of the IPSP in control (filled
circles) and at corresponding times in bicucul-
line (open circles) cells at four holding po-
tentials. B: The amplitudes were plotted as a
function of holding potential and fit with a
linear equation to obtain the extrapolated re-
versal potential for the compound PSPs. Sim-
ilar analyses were carried out at multiple time
intervals throughout the response and used to
create the plots in Fig. 5.
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response was attained. Cells with depolarizing potentials under
control conditions showed an increase in PSP amplitude during the
perfusion of bicuculline that was reduced to control levels after
bicuculline was washed out (Fig. 6). PSPs obtained during the bath
application of bicuculline were broad, depolarizing PSPs that often
produced action potentials. They had a mean latency of 25.46
0.9 ms, a mean peak time of 87.66 8.1 ms, and a mean amplitude
of 12.06 1.6 mV. PSPs obtained after the application of bicucul-
line had latencies~P 5 0.03), peak times~P 5 0.004), and ampli-
tudes ~P 5 0.007) that were significantly different from PSPs
obtained under control conditions (Mann–Whitney test). Responses
were depolarizing at all membrane potentials studied, including
those in which control cells exhibited hyperpolarizations (Fig. 7).

Amplitudes of PSPs obtained by electrical stimulation at 2T
were measured at several holding potentials and used to create
plots of PSP peak amplitude as a function of holding potential
in cells treated with bicuculline. The four cells used to obtain
the apparent reversal potential at 10-ms intervals under control
conditions were analyzed after the application of bicuculline

(Figs. 4 and 5B). The mean apparent reversal potential is depo-
larized by approximately 10 mV at 30 ms after stimulus onset,
maintained depolarized for up to 300 ms and is then hyperpolar-
ized after 300 ms (Fig. 5C). The initial shift of the apparent
reversal potential in the depolarizing direction is consistent with
the presence of an early IPSP that is masked by an EPSP. How-
ever, the biphasic response to extracellular bicuculline applica-
tion is not consistent with a simple blockade of GABAA receptor-
mediated inhibition. This is not surprising since extracellular
application of bicuculline not only blocks inhibition in the cell
being recorded, but also disinhibits pyramidal cells and inhibi-
tory interneurons throughout the cortex. The depolarization of
the reversal potential early in the response could, thus, be due to
a reduction of GABAA receptor-mediated inhibition or an in-
creased excitatory drive produced by disinhibition of recipro-
cally connected pyramidal cells. The hyperpolarization of the
reversal potential late in the response could result from an in-
crease in a GABAB conductance, reflecting a reduction of inhi-
bition to inhibitory interneurons.

Fig. 5. The mean apparent reversal potential of
four cells was measured at 10-ms intervals and
plotted as a function of time. A: Apparent reversal
potential of cells before the addition of 3.5mM
bicuculline methiodide to the bathing solution. B:
Apparent reversal potential of cells after the ad-
dition of bicuculline. C: Change of the mean ap-
parent reversal potentials produced by the bath
application of bicuculline plotted as a function of
time.
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Intracellular perfusion of picrotoxin
Limiting the blockade of inhibition to the recorded cell by

intracellular perfusion with the chloride channel blocker, picro-
toxin, avoids the ambiguity in interpretation produced by the ex-
tracellular application of bicuculline and provides a way to study
the contribution of GABAA receptor-mediated inhibition to indi-
vidual cells. In the following experiments, the responses of RS
cells were studied after the passive perfusion of picrotoxin from
the pipettes into the cells. Studies with picrotoxin perfusion do not
have within-cell controls, so traces were obtained at a succession
of times to follow the effects of picrotoxin perfusion from the
pipette into the cell. Successful recordings were obtained in six
cells. Fig. 8 shows three traces obtained from the same cell at
different times after impalement. The amplitudes of electrically
evoked PSPs increase as a function of time following impalement.
PSPs obtained following intracellular application of picrotoxin are
complex depolarizations that can last up to 800 ms. There is a
notable increase in the excitability of cells demonstrated by the
trace obtained after 2.5 h of perfusion which shows more action
potentials than the trace obtained at 21 min of perfusion. PSPs had
a mean latency of 21.06 1.5 ms, a mean peak time of 98.56
13.4 ms, and a mean amplitude of 7.86 0.7 mV. Peak times of
PSPs obtained after the perfusion of picrotoxin are significantly
longer than peak times of PSPs obtained under control conditions
~P 5 0.009, Mann–Whitney test). Traces from four cells held at

Fig. 6. Responses obtained before and after the application of 3.5mM bi-
cuculline methiodide in electrical-stimulation experiments. Traces obtained
from a cell held at265 mV. The trace obtained before the application of
bicuculline (control) is smaller than the trace obtained after the bath appli-
cation of bicuculline (BMI 3.5mM). The trace labeled “wash” was obtained
after washing out the bicuculline for 1 h. Arrow indicates stimulus onset.

Fig. 7. Voltage responses of an RS cell stimulated at 2T and recorded at different holding potentials before (control) and after
(bicuculline) the bath application of 3.5mM bicuculline methiodide. At rest (270 mV), the control response is biphasic with an early
hyperpolarization and a later depolarization. At negative holding potentials, the hyperpolarization is not seen and the depolarization
increases in amplitude. The bicuculline responses do not show the early hyperpolarization at270 mV and have broader PSPs that also
increase in amplitude at negative holding potentials. Note the increased number of action potentials in the bicuculline responses. Action
potentials are truncated because the traces are averages of 20 responses.
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260 mV and stimulated at 2T were used to create a plot of mean
amplitude as a function of time (Fig. 9A). This plot focuses on the
rising phase of the PSPs produced by picrotoxin. The increase can
be better seen in Fig. 9B, which shows the slope of the mean
amplitude plotted at 10-ms intervals for control and picrotoxin-
treated cells. The slope is larger in picrotoxin-treated cells between
20 and 30 ms after stimulus onset, suggesting an involvement of
GABAA receptor-mediated inhibition at times corresponding to the
latency of control PSPs (22.76 0.6 ms).

Light-evoked PSPs

General features
Light-evoked PSPs were described in detail by Mancilla et al.

(1998). Briefly, light-evoked PSPs are composed of depolarizing
potentials of varying amplitudes. They increase in amplitude with
increasing light intensity until reaching a maximum at a light in-
tensity of about 200–400 photonsmm22 s21. Responses at higher
light intensities vary considerably in amplitude, but tend to fall
below the maximum amplitude.

Voltage dependence
Light-evoked PSPs were recorded at several different holding

potentials in four cells. Membrane potentials were measured at

10-ms intervals in these cells and used to plot mean apparent
reversal potential as a function of time (Fig. 10). The mean ap-
parent reversal potential is approximately equal to the mean resting
membrane potential of the four cells until 140 ms following the
light flash. It then shifts in the hyperpolarizing direction, reaching
approximately268 mV between 190 and 250 ms following light
onset. It returns to the resting membrane potential by about 300 ms
following light onset. This is consistent with activation of inhibi-
tory currents beginning about 150 ms after light onset. The relative
magnitudes of the inhibitory and excitatory currents will, however,
vary as a function of the membrane potential. Inhibitory currents
will make a relatively small contribution to the total synaptic cur-
rent while the cell is near its resting membrane potential (which is
near the reversal potential for GABAA receptor-mediated cur-
rents), so that activation of inhibitory and excitatory synapses re-
sult in a depolarizing PSP.

Intracellular perfusion of picrotoxin
Light responses (Fig. 11) were obtained in 11 cells perfused

with picrotoxin, seven of which had responses at enough light
intensities to construct IR functions. Three had more than one light
series, resulting in a total sample of ten sets of light responses. Five
light responses from three cells under control conditions and four
light responses from three cells after the perfusion of picrotoxin
were used to create a plot of the mean amplitude of control (closed
circles) and picrotoxin (open circles) responses as a function of
time (Fig. 12). Responses were obtained at an intensity of 172
photonsmm22 s21 (which is below the intensity at which most RS
cells produce action potentials under control conditions) to mini-
mize the contribution of feedback inhibition to the responses used
for the mean amplitude plots. The plot shows that the light re-
sponses of cells perfused with picrotoxin become larger than those
of control cells 300 ms after the light is turned on, and are main-
tained elevated until 700 ms after the light is turned off.

The amplitudes of light-evoked PSPs were measured at differ-
ent intensities of light and plotted as IR functions (Fig. 13). IR
functions hadI50 values of 1286 3.2 photonsmm22 s21, k values
of 1.66 0.6, Rmax values of 16.16 1.7 mV, and threshold values
of 130.96 2.5 photonsmm22 s21. The only value that was sig-
nificantly different~P 5 0.003, Mann–Whitney test) between con-
trol and picrotoxin light responses wasRmax, which was 8.26 1.2
mV for the control responses. The latency of the light responses in
cells obtained with picrotoxin in the intracellular pipette was mea-
sured at different intensities to create plots of mean population
latency as a function of light intensity (Fig. 14A). The latencies of
the picrotoxin cells were significantly longer than those of control
cells during the rising phase of the IR curves~P 5 0.006–0.05,
Mann–Whitney test), but not significantly different at all other
intensities tested. Peak times in picrotoxin cells were not signifi-
cantly different than peak times in control cells (Fig. 14B).

In the control population (Mancilla et al., 1998), five out of
15 RS cells produced action potentials at one or more intensities
of light. Four of the cells produced action potentials at fewer
than two intensities. In contrast, six out of 11 picrotoxin cells
produced action potentials at one or more intensities of light.
Four produced action potentials at more than three intensities,
with one producing action potentials at 14 different intensities.
Like the control population, the majority of cells treated with
picrotoxin produced only one action potential during the light
response (Fig. 10). The mean latency to the first action potential
for picrotoxin cells is 5526 27 ms, which is not significantly
different from that of control cells (6396 64 ms).

Fig. 8. Intracellular perfusion with picrotoxin. Traces obtained from a cell
at different times after impalement with an intracellular pipette containing
1 mM picrotoxin in 4 M potassium acetate. There is an increase in the
amplitude and excitability of responses with increasing perfusion times.
Action potentials are truncated because the traces are averages of 20 re-
sponses.
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Discussion

The experiments reported here provide evidence for early and late
inhibition in RS cells following activation by both electrical and
light stimulation.

Electrically evoked PSPs

PSPs obtained from RS cells in turtle visual cortex by electrical
stimulation of thalamocortical afferents resemble those obtained

by Larson-Prior et al. (1991) and Colombe and Ulinski (1999) in
the same preparation. The EPSP–IPSP sequences observed here
were observed in 64.8% of the responses of cells to optic nerve
stimulation (Pivovarov & Trepakov, 1972), while IPSPs without
preceding EPSPs were seen in 6.8% of responses. IPSPs without
EPSPs were also seen following electrical stimulation of the su-
perficial molecular layer of the cortex by Kriegstein and Connors
(1986). PSPs in turtle visual cortex are similar to PSPs obtained
when the optic tract (Watanabe et al., 1966; Ferster & Lindström,

Fig. 9. Effects of intracellular perfusion with picrotoxin on electrically evoked PSPs. A: The mean amplitude of control responses are
compared to the mean amplitudes of responses obtained from four cells impaled with a pipette containing 1mM picrotoxin. Responses
from cells impaled with picrotoxin-containing pipettes were obtained by stimulating the LFB at the same intensity and holding cells
at the same membrane potential (260 mV) as control cells. Responses obtained with picrotoxin in the pipettes were depolarizing PSPs
that had larger amplitudes than the responses obtained from control cells. B: The slopes of the mean amplitude plots was calculated
at 10-ms intervals to obtain a plot of the slope of the mean amplitude of control (closed circles) and picrotoxin (open circles) cells as
a function of time. Dashed lines indicate the time at which the slope of the mean amplitude plot of picrotoxin cells is larger than that
of controls. Measurements obtained at 30 ms were omitted to eliminate the stimulus artifact from the plot.
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1983), optic radiation (Watanabe et al., 1966; Ferster & Lindström,
1983), lateral geniculate body (Li et al., 1960; Ferster & Lind-
ström, 1983), dorsal columns (Anderson, 1965), skin (Anderson,
1965), or ventral posterior nucleus (Li, 1963; Contreras et al.,
1997) are stimulated in cat. They are also similar to those obtained
when the medial geniculate (Metherate & Ashe, 1994) or the ven-
trolateral nucleus (Castro-Alamancos & Connors, 1996) are stim-
ulated in rats, or when the ventrobasal nucleus is stimulated in
mice (Gil & Amitai, 1996). IPSPs follow monosynaptic EPSPs, or
are produced without preceding EPSPs, in all the PSPs produced
by thalamic stimulation.

Extracellular application of bicuculline

Bicuculline blocks early IPSPs in cortical neurons (Connors et al.,
1988; Chagnac-Amitai & Connors, 1989) and has been used to study
the contribution of inhibition to the receptive-field properties of cor-
tical cells. Iontophoretic application of bicuculline to the primary
visual cortex of cat changes the ocular dominance (Sillito et al.,
1980), end inhibition (Sillito & Versiani, 1976), velocity tuning (Pa-
tel & Sillito, 1978), spatial-frequency tuning (Vidyasagar & Muel-
ler, 1994), orientation tuning (Sillito, 1975, 1979; Eysel & Shevelev,
1994), and direction selectivity (Sillito, 1975, 1977; Tsumoto et al.,
1979; Nelson, 1991; Sato et al., 1995) of cells. A broadening of ori-
entation tuning after the application of bicuculline has also been seen
in cells of the macaque visual cortex (Sato et al., 1996). In the so-
matosensory cortex of cat, iontophoretic application of bicuculline
increases receptive-field size (Hicks & Dykes, 1983; Dykes et al.,
1984; Alloway et al., 1989; Batuev et al., 1988, 1989) and reduces
direction selectivity (Batuev et al., 1988, 1989) of rapidly adapting
units. The same change in receptive-field size and direction selec-

tivity after the application of bicuculline is seen in RS units of the
rat somatosensory cortex (Kyriazi et al., 1996). The changes in
receptive-field properties observed with bicuculline suggests that in-
hibition is tuning the receptive-field properties of cortical cells by
reducing responses to nonoptimal stimuli.

However, experiments that rely upon extracellular application
of bicuculline can be difficult to interpret. Bicuculline applied
iontophoretically with ejection currents of 2–80 nA, from pipettes
with tip diameters of 2–4mm, has been estimated to affect cells
within a 200-mm radius (Sato et al., 1995). Using the cell-density
measurements of Beaulieu and Colonnier (1983) for layer IV in cat
visual cortex, a sphere with a radius of 200mm contains 2145
cells. Extracellular application of bicuculline can, therefore, block
GABAA receptors on approximately 2000 excitatory and inhibi-
tory cells throughout the neighborhood of the recording pipette,
producing complex effects on the recorded cell. Consistent with
this, analysis of the reversal potential at 10-ms intervals shows a
change in the reversal potential between control and bicuculline
responses at times corresponding to the peak of the early depolar-
ization. This change could be due to an involvement of GABAA-
mediated inhibition at these times. However, the change in reversal
potential could also be due to an increase of reexcitation. The long
latency depolarizations seen in traces obtained from cells during
the bath application of bicuculline suggest the presence of in-
creased reexcitation. An increase in reexcitation with the applica-
tion of bicuculline has also been seen in intracellular recordings of
layer II0III RS cells in the sensorimotor cortex (Hwa & Avoli,
1992) and in field potentials of the auditory cortex of rat (Mether-
ate & Ashe, 1994). Whether the reexcitation is increased earlier in
the response is difficult to determine from these experiments.

Fig. 10.Mean apparent reversal potentials of light-evoked responses. Am-
plitudes of light-evoked responses were measured at four different holding
potentials at 10-ms intervals and used to estimate apparent reversal poten-
tials in four cells. Averages for the four cells are plotted at each time point
to produce a curve showing the mean apparent reversal potential as a
function of time during the 100–300 ms time interval. There is a clear shift
in apparent reversal potential in the hyperpolarizing direction beginning at
140 ms.

Fig. 11. Effect of picrotoxin perfusion on light-evoked PSPs. Light re-
sponses obtained at a holding potential of265 mV from a cell impaled
with a pipette containing 1 mM picrotoxin and from a control cell. Traces
are responses to a single-stimulus presentation. The onset and offset of the
640-nm light flash is marked by the stimulus artifacts at 300 ms and
1300 ms. Light intensities~I ! are given in 102 photonsmm22 s21.
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Intracellular perfusion of picrotoxin

Ambiguity in interpretation created by bath application of GABAA

antagonists can be avoided by perfusing cells intracellularly with
the selective chloride channel blocker, picrotoxin (Masumi &
Akaike, 1988; ffrench-Constant et al., 1993a,b; Xu et al., 1995).
Picrotoxin blocks GABAA currents when applied either extracel-
lularly (Gallagher et al., 1978; Akaike et al., 1985; Maksay &
Ticku, 1985; Kriegstein, 1987; Smart & Constanti, 1986; Yakushiji
et al., 1987; Inoue & Akaike, 1988; Newland & Cull-Candy, 1992;

ffrench-Constant et al., 1993a,b; Yoon et al., 1993; Macdonald &
Olsen, 1994) or intracellularly (Akaike et al., 1985; Metherate &
Ashe, 1993; Nelson et al., 1994). In addition, applying picrotoxin
to the inside surface of inside-out patches blocks GABA- and
pentobarbital-mediated chloride currents (Akaike et al., 1985; In-
omata et al., 1988).

The mechanism by which intracellular application of picrotoxin
blocks GABA currents is not certain, but extracellularly applied
picrotoxin likely binds to the open channel to produce a noncom-
petitive block of GABA currents (Gallagher et al., 1978; Akaike
et al., 1985; Yakushiji et al., 1987; Inoue & Akaike, 1988) that
increases in effectiveness with GABA pretreatment (Inoue & Akaike,
1988; Newland & Cull-Candy, 1992; Yoon et al., 1993). Mutations
in the pore lining region of the M2 segment of the GABAA recep-
tor complex affect the binding of picrotoxin (ffrench et al., 1993a,b;
Xu et al., 1995), which is thought to be small enough to reach the
binding site in the M2 segment from the extracellular surface (Xu
et al., 1995). It is not known whether intracellularly applied picro-
toxin reaches this binding site by entering the open channel from
the inside or crossing the membrane and entering the channel from
the outside.

Although intracellular perfusion of picrotoxin can be a valuable
tool for assessing GABAA receptor-mediated inhibition in the re-
corded cell, there are at least two caveats. First, the extent to which
picrotoxin perfuses into the dendrites of the neuron is not known,
precluding any conclusion about the percentage of GABAA recep-
tors blocked. An attempt was made in our studies to find a con-
centration of picrotoxin that produced a stable change in evoked
PSPs, but the effects demonstrated should be considered minimal
effects rather than demonstrating the complete effect of removing
GABAA receptor-mediated inhibition. Second, picrotoxin is a low-
molecular-weight, uncharged plant toxin that could cross the mem-
brane and diffuse away from the cell to produce a blockade of
receptors on neighboring cells. The extent to which picrotoxin
crosses the membrane is difficult to ascertain, but it is likely that
the blockade of GABAA receptors is much more localized than

Fig. 12. Effects of picrotoxin perfusion on ampli-
tudes of light-evoked PSPs. Amplitudes of light-
evoked PSPs from five traces in three control cells
and four traces in three cells impaled with pipettes
containing picrotoxin were measured at 10-ms inter-
vals to create a plot of the mean amplitudes of con-
trol (closed circles) and picrotoxin (open circles) cells
as a function of time. The bar at the bottom indicates
the time during which the diffuse light was on.

Fig. 13. Effects of picrotoxin perfusion on intensity–response functions.
Intensity–response function obtained by measuring the mean amplitude of
responses from cells impaled with pipettes containing 1 mM picrotoxin
(open circles) and control (closed circles) cells. The IR curves were fit with
Boltzmann functions.
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with iontophoretic or bath application of bicuculline. The flow
from a pipette is proportional to the cube of the tip radius (Krn-
jevic et al., 1963; Purves, 1981), and should be even less for
intracellular pipettes with resistances of 100–150 MV than for
iontophoretic pipettes with resistances of 10–50 MV (Douglas &
Martin, 1991). Krnjevic et al. (1963) found that a 10-fold change
in pipette resistance produced a 100-fold change in spontaneous
release of acetylcholine. Thus, the amount of picrotoxin crossing
the cell membrane is likely to be more than 100 times less than that
applied extracellularly.

Intracellular perfusion of picrotoxin produced an increase in
the amplitudes of electrically evoked PSPs in turtle RS cells. Like
PSPs produced in cells during the extracellular application of bi-
cuculline, the PSPs produced in cells perfused internally with pi-

crotoxin are depolarizing at260 mV. Metherate and Ashe (1993)
obtained similar results in the auditory cortex of rats. They used
patch-clamp electrodes to internally perfuse cells with the potas-
sium channel blocker, cesium, combined with 10mM picrotoxin.
This combination of blockers produced spontaneous, large ampli-
tude depolarizations which led to bursts of action potentials. The
amplitude of high-frequency fluctuations produced by nucleus ba-
salis stimulation was also increased. Nelson et al. (1994) found an
increase in the amplitude of PSPs in cat primary visual cortex after
the establishment of whole-cell recordings with patch pipettes con-
taining 1 mM picrotoxin and cesium. The inhibition produced by
turning on a light bar in the OFF subfield or turning off the bar in
the ON subfield of receptive fields of simple cells was blocked by
perfusion of the blockers.

Fig. 14.Effects of picrotoxin perfusion on the latencies and times to peak of light-evoked PSPs. A: Mean latencies of light responses
of control cells (filled circles) are compared to the mean latencies of light responses obtained with 1 mM picrotoxin in the intracellular
pipettes (open circles). The latencies of the light responses of cells impaled with picrotoxin in the pipettes are significantly different
from controls at intensities that correspond to the rising phase of IR curves only~P 5 0.006–0.05, Mann–Whitney test). B: Mean peak
times of light responses of control cells (filled circles) are compared to the mean peak times of light responses obtained from cells
impaled with 1 mM picrotoxin in the pipettes (open circles). Mean peak times of responses obtained from cells impaled with picrotoxin
in the pipettes are not significantly different than controls.
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Time course of inhibition

Electrical stimulation of thalamic afferents produced relatively ste-
reotyped PSPs with a mean latency of 22.76 0.6 ms that is
comparable to the mean latency (216 4 ms) obtained by Larson-
Prior et al. (1991). PSPs overlap in time with the earliest effects
attributable to inhibitory currents observed as a change in reversal
potential or a change in the slope of responses after the blockade
of inhibition. There is a 10-mV change in the reversal potential
30 ms after stimulus onset after the bath application of bicuculline.
In cells perfused with picrotoxin, the mean slope is larger than that
of control cells between 20 and 30 ms after stimulus onset. PSPs
obtained from RS cells impaled with pipettes containing picrotoxin
are broader than those obtained under control conditions and have
amplitudes that are maintained above those of control cells for
approximately 800 ms. Electrical stimulation of thalamic afferents,
thus, produces inhibition that overlaps with the earliest effects of
geniculocortical excitation and lasts throughout the response.

Light flashes evoke compound PSPs in RS cells with latencies
that range between 158–221 ms (Mancilla et al., 1998). The mean
light response obtained for control cells during the rising phase of
the IR curve had a latency of approximately 180 ms and a duration
of about 1 s. The time course of light responses in cortical cells
reflects variability of responses at the retinal level. Light flashes to
the dark-adapted retina activate both cones and rods which pro-
duce responses in ganglion cells with different latencies (Baylor &
Fettiplace, 1977; Bowling, 1980). Ganglion cell responses due to
cone activation have latencies between 100–300 ms while re-
sponses due to rod activation have latencies beyond 400 ms (Bowl-
ing, 1980). Additional variability is introduced by differences in
the duration of responses of ganglion cells. Most ganglion cell
responses to a stationary light flash are transient, but 5–8% of
ganglion cells respond vigorously throughout the duration of the
stimulus (Bowling, 1980; Granda & Fulbrook, 1989), and about
half have weaker maintained discharges of 0.2–2.0 impulses0s
(Bowling, 1980).

The plot of the mean light responses of control and picrotoxin
cells shows that the initial slope of both responses is similar, but
diverges at about 300 ms after light onset or 150 ms after the onset
of the compound PSP. Light responses under control conditions
reach a plateau at this time, but the slope of the light responses of
picrotoxin cells increases further until reaching a maximum around
600 ms after light onset. The mean amplitude of responses in
picrotoxin cells is maintained above the mean amplitude of control
cells for approximately 1.5 s. One interpretation of these data is
that RS cells do not receive significant inhibition before 300 ms
after light onset. However, the firing times of FS cells is maximal
between 200–300 ms after light onset, indicating that RS cells
should receive the greatest inhibition at these times. A possible
explanation for the apparent lack of inhibition between 200–
300 ms is that the resting membrane potential of RS cells is often
close to the reversal potential for the early IPSPs. There would,
consequently, be little driving potential for inhibition until a sig-
nificant amount of excitation has accumulated. This is consistent
with the shift in apparent reversal potentials of light-evoked PSPs
in the hyperpolarizing direction between 140 and 300 ms after
light onset. This shift could result from a net hyperpolarizing cur-
rent generated by GABAA-mediated inhibition with a reversal po-
tential near270 mV. The voltage dependency of light-evoked
PSPs, thus, provides evidence for early inhibition in light-evoked
PSPs while the picrotoxin experiments provide evidence for late
inhibition.

Feedforward vs. feedback inhibition

Determining the contributions of feedforward and feedback inhi-
bition in RS cells is technically difficult in both turtles and mam-
mals because it depends upon analysis of very short latency effects.
In mammals, the latency of disynaptic potentials is about 0.8 ms lon-
ger than that of monosynaptic potentials, while in cold blooded ver-
tebrates the difference is generally between 0.5–1 ms (Berry &
Pentreath, 1976). This difference is smaller than the 10–90% rise
time found for unitary EPSPs in turtle visual cortex (0.7–22.5 ms)
by Mancilla and Ulinski (1995) and the 10–90% rise time found for
thalamocortical EPSPs in layer V pyramidal cells of mouse soma-
tosensory cortex (4.931 2.84 ms) by Gil and Amitai (1996). This
suggests that disynaptic IPSPs can occur early enough to control the
amplitudes of unitary EPSPs in cortical cells in both turtles and mam-
mals. Transient changes in luminance would, then, produce feed-
forward inhibitory and excitatory signals that reach the cortex with
roughly the same latency. Since luminance changes produce asyn-
chronous and on-going trains of action potentials in retinal gan-
glion cells, the small difference in latency which results from the
presence of an additional synaptic delay with electrical activation is
irrelevant with natural stimuli. Although there are small differences
in the latencies of PSPs in RS and FS cells with natural stimuli, FS
cells produce action potentials on the order of 200 ms before RS cells
do. Disynaptic IPSPs can, then, play a potentially significant role in
regulating the production of monosynaptic EPSPs. These effects
would be mediated by a pure feedforward inhibition which is op-
erative during the rising phase of the PSPs.

The situation later in the response is more complex. Even brief
changes in luminance can produce prolonged trains of action po-
tentials in retinal ganglion cells (Marchiafava, 1983), so PSPs
evoked by spikes late in the train will overlap with responses
evoked for the first few spikes in the train. These responses likely
include contributions from feedback processes, since activation of
even a fraction of pyramidal cells by feedforward excitatory path-
ways will result in recurrent excitation within the cortexvia the
collaterals of pyramidal cells, which overlap with the time course
of the excitatory drive from geniculate afferents. Similarly, visual
stimuli above the threshold for pyramidal cell activation will pro-
duce IPSPs in pyramidal cells that result from both layer 1 and
layer 3 inhibitory interneurons.

The only parameter that is significantly different between con-
trol IR curves and IR curves obtained from cells perfused with
picrotoxin is the maximum amplitude. The fact that the threshold
intensity did not change suggests that it is set by the convergence
of inputs along the visual pathway and is not a consequence of
intracortical mechanisms (Mancilla et al., 1998). Similarly, the
fact that theI50 andk values obtained for the control cells and the
cells treated with picrotoxin are not different suggests that both IR
curves have similar rising phases. The rising phase leads to a
saturation phase that occurs at the same intensities regardless of
the level of inhibition, suggesting that the saturation of IR curves
is not a consequence of intracortical inhibition and is probably due
to saturation occurring earlier in the visual pathway. IR functions
of ganglion cells already exhibit saturation (Marchiafava, 1983)
and could limit the amount of excitation reaching the cortex. Sim-
ilarly, the shapes of contrast–response functions in simple and
complex cells of cat visual cortex were unchanged by the ionto-
phoretic application of bicuculline (DeBruyn & Bonds, 1986).
These findings suggest that the shapes of IR curves in turtle visual
cortex and contrast–response functions in cat visual cortex might
be set by subcortical mechanisms.
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Strategies of inhibition

The picture of the functional role of intracortical inhibition that
comes from our work differs in several important ways from the
model proposed by Douglas, Martin, and their colleagues (Doug-
las & Martin, 1991; Douglas et al., 1995; Suarez et al., 1995). They
estimate that thalamic afferents provide 5% of the excitation upon
cortical spiny cells (Ahmed et al., 1994), and hypothesize that the
feedforward gain of the geniculocortical pathway is relatively low.
The feedforward signal, consequently, requires amplification by
recurrent excitation in order to have an effect upon the firing
probabilities of cortical neurons. In their model, inhibition plays
little or no role in regulating the feedforward gain, but is required
to stabilize the massive recurrent excitation needed to amplify the
input signal. Suarez et al. (1995) suggest that the cortical circuit
resembles a proportional amplifier in its design.

By contrast, Mancilla et al. (1998) directly measured the gain
of the geniculocortical pathway with thein vitro turtle preparation.
The gain is quite high, so an average of about 500 photonsmm22 s21

can bring a cortical pyramidal cell to its firing threshold. Consis-
tent with this, action potentials in FS cells are timed to produce
maximal inhibition during the rising phases of thalamocortical
EPSPs, as demonstrated by experiments in which blocking inhi-
bition with picrotoxin increases the slope of EPSPs. Since RS cells
often have resting membrane potentials close to the chloride re-
versal potential, feedforward inhibition may not have a visible
effect until a sequence of EPSPs has depolarized the cell enough to
create a large driving potential for IPSPs. GABAA receptor-
mediated intracortical inhibition regulates the amplitudes of light-
evoked EPSPs in RS cells, but does not appear necessary to stabilize
the cortical circuitry since the overall shape of the IR curve ap-
pears to be determined largely by retinal or geniculate mecha-
nisms. Inhibition in cortical circuits appears to act as a brake timed
to overlap with both monosynaptic and polysynaptic EPSPs.
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