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Horizontal connections are a principal component of intrinsic 
cortical circuitry. They arise mainly from pyramidal cells and 
course parallel to the brain’s surface for distances as long 
as 8 mm, linking columns with shared orientation preference 
and allowing cells to integrate visual information from out- 
side their receptive fields. We examined the synaptic phys- 
iology of the horizontal pathway in slices of the cat’s striate 
cortex and found that activating lateral fibers produced both 
excitation and inhibition. 

We recorded the postsynaptic responses of identified py- 
ramidal cells in layer 2+3 of area 17 to electrical shocks 
applied at three sites: in the home column of the impaled 
neuron either in layer 2+3 or 4, or at a lateral distance of 
0.9-3 mm in layer 2+3. Within the home column, supra- 
threshold stimuli produced compound EPSPs with action po- 
tentials, followed by fast, GABA,ergic IPSPs and a slower, 
GABA,ergic IPSP. For the distant stimulating site, the thresh- 
old response was an EPSP. Stronger shocks frequently 
evoked a disynaptic, GABA,ergic IPSP that truncated the 
EPSP and could dominate the postsynaptic response. At the 
resting potential, the horizontally evoked EPSP was too small 
to elicit spikes. With depolarization of the membrane, how- 
ever, it grew several hundred-fold. This amplification was 
blocked by N-(2,8-dimethylphenylcarbamoylmethyl)triethyl- 
ammonium bromide @X-314), but not by 2-amino+phos- 
phonovalerate (APV), indicating that it was mediated by Na+ 
channels, rather than by NMDA receptors. 

We propose that the horizontal connections provide the 
means for stimuli outside the receptive field to modulate 
activity elicited within its confines. The voltage-dependent 
enhancement of the laterally evoked EPSP may explain why 
stimulating the surround by itself fails to drive cells but can 
facilitate their response to stimuli within the receptive field. 
The ability to initiate disynaptic inhibition from lateral sites 
shows that recruiting appropriate groups of horizontal fibers 
can also have a suppressive effect. Thus, the effect of hor- 
izontal input is state dependent, with the size and sign of 
the laterally evoked response changing according to the 
balance of converging inputs. 
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The cerebral cortex transforms information coming from the 
thalamus and other cortical areas by means of a stereotyped set 
of vertical and horizontal connections. In the primary visual 
cortex, cells with shared receptive fields are connected by in- 
terlaminar, vertical collaterals and are arranged in radially ori- 
ented columns (Lorente de No, 1944; Hubel and Wiesel, 1963). 
Another, more recently discovered set of connections are long- 
range, clustered, horizontal projections that course for 6-8 mm 
within a single layer (Gilbert and Wiesel, 1979, 1983, 1989; 
Rockland and Lund, 1983; Martin and Whitteridge, 1984). These 
extensive collaterals link columns with shared orientation pref- 
erence and enable recipient cells to integrate information over 
a larger visuotopic area than the “classical” receptive field, that 
region in which a simple stimulus can evoke activity (Ts’o et 
al., 1986; Gilbert and Wiesel, 1989). The current study explores 
the synaptic physiology of the horizontal, or “lateral,” pathway, 
in order to help learn how information from outside the classical 
receptive field can modulate a neuron’s response. 

Stimulation of the surround has both inhibitory and excit- 
atory influences on responses evoked from the central part of 
the receptive field (Allman et al., 1985; Nelson and Frost, 1985; 
Orban et al., 1987; Wiesel and Gilbert, 1989; Gilbert and Wiesel, 
1990). These influences could be mediated by lateral inputs 
(Wiesel and Gilbert, 1989; Gilbert and Wiesel, 1990). Though 
the horizontal collaterals arise mainly from pyramidal cells and 
usually contact other pyramids, as many as 20% of the post- 
synaptic targets are smooth cells (I&v&day et al., 1986; McGuire 
et al., 1991). Thus, stimulating horizontal fibers could have 
disynaptic inhibitory effects as well as direct excitatory actions. 
Cross-correlation analysis indicates that lateral inputs are pri- 
marily excitatory. This is not, however, a technique well suited 
to resolve inhibitory interactions (Ts’o et al., 1986). 

In the present study, we recorded intracellularly from brain 
slices to examine the physiological properties of the synapses 
in the horizontal pathway. Intracellular electrodes provide a 
means of measuring synaptic efficacy and of characterizing ex- 
citatory and inhibitory input. Furthermore, surgical and phar- 
macological isolation of various presynaptic pathways is more 
easily achieved in vitro than in situ. Our results provide insights 
about the excitatory and inhibitory mechanisms underlying the 
role that horizontal connections play in visual cortical process- 
ing. 

Materials and Methods 
Anesthesia and surgery. Twenty-nine adult cats, 2-4 kg, were first anes- 
thetized with an intramuscular injection of ketamine (10 mg/kg), after 
which anesthesia was maintained with intravenous Pentothal (20 mg/ 
kg). The EKG and temperature were continually monitored; tempera- 
ture was controlled with a heating pad. 

The animal was placed in a stereotaxic device, and the skull overlying 
the occipital cortices was removed. The dura was incised along the 
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anteroposterior axis and reflected to expose the lateral gyrus. A block 
of the gyrus was then cut with a scalpel and removed with a spatula. 
The excised tissue was placed in oxygenated artificial cerebral spinal 
fluid (ACSF) for several minutes until slices were made. 

Preparation and maintenance of slices. After gently removing the pia 
from the gyrus, the block was placed on a slab of agar, usually with the 
medial bank facing upwards, and transferred to a tissue slicer modeled 
after a guillotine (Katz, 1987). This apparatus carries a rack containing 
about 50 gold-plated tungsten wires, 20 pm in diameter, that are ar- 
ranged in parallel 400 Frn apart. The rack is suspended by a spring- 
loaded carrier and moves quickly through the tissue when the spring is 
released, producing up to 50 coronal slices. 

The slices were placed in ACSF, separated with a fine brush, and 
moved one by one to a closed interface chamber held at 25-30°C where 
they were kept for 2-28 hr. Their lower surfaces rested on nylon nets 
placed over a bath containing ACSF, and their upper surfaces were 
exposed to an atmosphere of 95% 0, and 5% CO, saturated with H,O. 

For recording, a slice was submerged in a glass-bottomed chamber 
with a volume of 0.4 ml and was held stable by a weighted nylon net. 
Control and test solutions were perfused through the chamber at a rate 
of ~0.5 ml/min and heated to 34-35°C. The chamber was illuminated 
from below and viewed from above through a dissecting microscope. 
In some experiments the superficial layers of the slices were isolated by 
undercutting with fragments of razor blade before the net was put in 
place. 

Recording and stimulation. Intracellular electrodes were pulled from 
borosilicate, capillary glass tubing with a 1.2-mm outer diameter and 
0.6-mm inner diameter. Electrodes had resistances of 40-100 MB when 
filled with the electrolyte. Transmembrane voltage was monitored, and 
intracellular current was delivered through a bridge circuit and displayed 
on an oscilloscope and computer terminal. Data were digitized on line 
and stored on videotape and on disk for future analysis. 

Electrical stimuli consisted of shocks lastina from 50 to 150 Irsec, of 
between 1 and 100 V, that were delivered at Oyl Hz through two sharp- 
ened, insulated tungsten wires with a tip separation of ~50 pm. 

SolutionxThe standard ACSF contained. in mM. NaCl. 125: KCl. 5: 
NaHCO,, 126; CaCl,, 2.4; MgCl,, 1.3; and dextrose; 10. Itwas saturated 
with 95% 0,/5% CO, and adjusted to pH 7.4. All externally applied 
drugs were dissolved in the ACSF and delivered in the bath. The 
2-hydroxy-saclofen and the 5-amino-phosphonovalerate (APV) were 
from Tocris Ltd.; the bicuculline methiodide (BMI) was from Research 
Biochemical Inc. 

The recording electrodes were filled with 3-4 M potassium acetate 
(KAc; pH, 7.2). At times, the electrode tips were backfilled with 2% 
biocytin (Molecular Probes) in KAc before the shanks were filled with 
the electrolyte. The biocytin labeled the cells during recording, and they 
could then be identified after histological processing. For some exper- 
iments, electrode tips were backfilled with 100 mM N-(2,6-dimethyl- 
phenylcarbamoylmethyl)triethylammonium bromide (QX-3 14; gift of 
Astra Pharmaceuticals) dissolved in 3 M KAc. 

Histology. The tissue containing biocytin-labeled cells was processed 
using a modification of the technique described in Horikawa and Arm- 
strong (1988). Briefly, slices were fixed overnight in 4% paraformalde- 
hvde. cut into 70-wrn sections with a freezing microtome, and rinsed 
twice with PBS. The sections were then incubated for 45 min in PBS 
containine 0.25% Triton and 2% BSA. After rinsing in PBS with 2% 
BSA, they were incubated in avidin-HRP (Vector Laboratories; diluted 
1: 100 in PBS and 2% BSA) for 2 hr at room temperature or overnight 
at 4°C. The tissue was then washed in PBS (3 x 15 min) and incubated 
for 1 hr in 0.05% diaminobenzidine (DAB) in PBS. Hydrogen peroxide 
(0.3%) was then added at a ratio of 1: 100 to the DAB solution. About 
15 min later, the sections were rinsed three times in PBS and were 
mounted, dehydrated, and coverslipped. 

Results 
The results presented here were obtained from impalements that 
lasted from 20 min to 6 hr; our sample includes intracellular 
recordings from 61 neurons. The average input resistance was 
41 ? 16 MB (mean -t SD), and the average resting potential 
was 77 -t 7 mV. Of the 18 cells labeled with dye, all were 
pyramids; no smooth stellate cells were filled. All the stained 
cells had action potentials whose width at half the maximum 
amplitude was 2 1 msec. Unlabeled neurons were identified 

physiologically either as pyramids if their action potentials last- 
ed I 1 msec at half-height or as smooth cells if their spikes were 
10.6 msec at half-height, according to the criterion of Schwartz- 
kroin and Mathers (1978) and others (McCormick et al., 1985: 
Naegele and Katz, 1990). 

The top right panel in Figure 1 shows a schematic diagram 
of a typical slice. The recording electrode was placed in layer 
2+3 while a stimulating electrode was placed at one of three 
sites: in near vertical alignment (within 50 pm) with the site of 
impalement, either in the same layer or in layer 4, or at a 
horizontal displacement of 800 pm to 3 mm in layer 2+3. The 
records were obtained from a single physiologically identified 
pyramidal cell. Stimulation from a distance (Fig. 1A) consisted 
only of an EPSP. In contrast, the synaptic potentials elicited in 
vertical register with the recording electrode (Fig. lB,C’) com- 
prised a compound EPSP with action potentials followed by 
early, fast and then late, slow inhibitory potentials. While the 
vertical responses evoked from layer 2+3 (Fig. 1B) were less 
robust than those from layer 4 (Fig. 1 C), they were qualitatively 
similar. 

The recordings in Figure 2 were made from physiologically 
identified pyramidal cells in three preparations where the su- 
perficial layers had been undercut to remove ascending inputs. 
Figure 2, A and B, illustrates both the excitatory and inhibitory 
extremes of the range of responses to stimuli at a distance (“far”; 
see Fig. 1, site A, upper right). The traces in Figure 2A, top to 
bottom, show responses that remained largely excitatory as 
stimulus strength was raised from threshold to the maximum. 
The EPSP recorded at threshold was small, less than 2 mV, and 
grew gradually over the span of shock voltages; three examples 
are shown in Figure 2A. Even at the highest stimulus voltage, 
the EPSPs were too small to elevate the membrane from the 
resting potential to the threshold for firing (not shown). 

For 17 out of 29 cells in the undercut preparations, stimu- 
lation at a distance evoked inhibition as well as excitation (Fig. 
2B); the rest showed only excitation. The same slice could con- 
tain neurons with both types of response. Though for the cell 
in Figure 2B the threshold response was mainly excitatory, in- 
creasing the stimulus voltage evoked an early, fast IPSP that 
carved into the EPSP and eventually dominated the postsyn- 
aptic response at high shock strengths. 

The averaged value of the latency of all the remotely evoked 
EPSPs divided by the distance from the stimulus site was 3.5 
f  1.2 msec/mm. Because this value includes both the synaptic 
delay and spike initiation time (totaling x0.6-0.8 msec), it prob- 
ably underestimates the conduction velocity of the horizontal 
fibers. Of 10 cells for which the beginnings of both the excitatory 
and inhibitory potential were clearly distinguished by a steep 
slope, the lag between the EPSP and IPSP, measured at the 
maximum stimulus strength, was 2.6 ? 0.9 msec. This delay 
suggests that inhibition was, at the minimum, disynaptic. 

“Far” stimuli failed to evoke late IPSPs, unless, as will be 
shown later, fast inhibition was blocked with bicuculline. When 
serial EPSPs were present during perfusion of the standard ACSF, 
the early EPSP was able to follow stimulation at high frequency, 
1.7 Hz, while the later ones were not, indicating that the first 
EPSP was monosynaptic while the subsequent ones were di- or 
multisynaptic. 

When the stimulating electrode was placed within 50 pm of 
the impalement (“near”; see Fig. 1, site B, upper right), weak 
shocks elicited an EPSP (Fig. 2C). At slightly higher stimulus 
voltages, the EPSP was cut short by a fast IPSP, as in Figure 
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Figure 1. Synaptic potentials record- 
ed from a single cell in layer 2+3 fol- 
lowing stimulation of various sites. A 
schematic diagram of the preparation 
is shown in the upper right. Traces show 
EPSP evoked by a shock to layer 2+3, 
~900 pm away from the stimulating 
electrode (site A) and EPSPs and fast 
and slow IPSPs following a shock to 
layer 2+3, 50 pm away (site B) and 
from layer 4, 1 mm below the recording 
electrode (site C). Two traces are shown 
for each stimulus condition (A-C’), and 
action potentials in the lower trace3 are 
cropped. The membrane voltage was 
depolarized to -62 mV from its resting 
potential of -80 mV during the re- 
cording in order to visualize IPSPs. Ar- 
rowheads mark the stimulus artifact. 

B 

2A. A further increase in the shock strength evoked an action 
potential and a later, longer IPSP, as well. Overall, the “near” 
responses were more robust than the “far” ones. The EPSPs 
were large enough to drive action potentials from rest (not shown), 
and both fast and slow IPSPs could always be evoked. 

Analysis of the laterally evoked EPSP 

During the course of our study, we noticed that the evoked 
EPSPs were much smaller when the membrane was at rest than 
when it was depolarized. This voltage dependence, which is the 
opposite of the conventional one, where synaptic potentials de- 
crease in size as their reversal potential is neared, has been 
observed at other central synapses. Sometimes this phenomenon 
has been attributed to inward rectification due to noninacti- 
vating Na+ channels (Staftstrom et al., 1985, Sutor and Hablitz, 
1989a,b) and, at other times, to the NMDA subtype ofglutamate 
receptor (Jones and Baughman, 1988; Artola and Singer, 1990). 
We tested both of these possibilities in our preparations. 

The voltage-dependent enhancement of the laterally evoked 
EPSP is pictured for a single cell in the top panel of Figure 3A. 
When the membrane was at rest (Fig. 3A, top panel, bottom 
trace), the EPSP was smaller and briefer than when the mem- 
brane was depolarized from its resting potential to several mil- 

livolts below the threshold for spontaneous firing (Fig. 3A, top 
panel, bottom trace). The current-voltage relationship for the 
neuron is plotted in the bottom of Figure 3A along with an inset 
showing an action potential fired in response to injected current. 
Note that the plotted curve shows inward rectification, increas- 
ing in slope as the membrane potential was depolarized from 
rest. 

When a different cell in the same preparation was impaled 
with an electrode containing QX-314 (Fig. 3B), a compound 
that blocks Na+ currents (Connors and Prince, 1982; Staftstrom 
et al., 1985), the EPSP assumed a conventional relationship with 
voltage, decreasing in size with depolarization (Fig. 3B, top 
panel, top trace). Thus, it seemed that when the membrane 
potential neared the threshold for the activation of Na+ chan- 
nels, as in Figure 3A, the resulting currents amplified the hor- 
izontally evoked EPSP (n = 3). The bottom panel of Figure 3B 
shows the current-voltage relationship and shape of the action 
potential of the cell injected with QX-3 14. The inward rectifi- 
cation and fast spike seen in the control situation were absent, 
confirming the effective block of Na+ channels. The slow action 
potential that remained was probably mediated by calcium 
(Connors and Prince, 1982; Staftstrom et al., 1985). Both cells 
in Figure 3 were labeled pyramidal cells. 
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medium 

Near 
Figure 2. Synaptic responses mea- 
sured from the undercut layer 2 + 3 when 
the stimulating electrode was 1.2 mm 
(A, B) or 50 pm (C) away from the mi- 
cropipette. Each trace is the average of 
three trials. A, Graded EPSPs recorded 
from a cell whose response to horizon- 
tal inputs was primarily excitatory. B, 

. Synaptic response of a cell whose re- 
sponse to horizontal input also includ- 
ed a araded fast IPSP at stimulus volt- 
ages above threshold. C, EPSPs and 
higher-threshold fast and slow IPSPs 
evoked from a site near the impaled 
cell; in the bottom truce the response 
included an action potential, which is 
cropped. The recordings in each panel 
were made from three senarate cells. 
The membrane potential was depolar- 
ized from -76 to -58 mV for A, from 
-77 to -65 mV for B, and from -82 
to -60 mV for C. The voltage ranges 
of the shocks used to stimulate the cells 
in this figure were as follows: low, 5-l 5 
V, medium, 25-50 V, high, 15-100 V. 
Arrowheads mark the stimulus artifact. 

medium 7 
J 

- 
20 ms 

We next examined the participation of NMDA receptors in 
the laterally evoked response. These are of particular interest 
because their activation correlates with long-term modifications 
in synaptic strength (Kauer et al., 1988). The traces in Figure 4 
were recorded from a labeled pyramidal cell before (Fig. 4a), 
during (Fig. 4b), and after (Fig. 4c) the inclusion of 30 I.LM D-APV, 
an antagonist of NMDA receptors (Watkins and Evans, 1981) 
in the bath. The APV caused a slight decrease in the size of the 
EPSP, but did little to reduce its enhancement by depolarization 
(n = 4). The size of the voltage-enhanced EPSP shown after 
removal of the drug is smaller than it was at first, probably 
because the input resistance of the cell had decreased during 
recording. In sum, at potentials below the threshold for firing, 
it appears that Na+ currents are sufficient to explain the increase 
in the EPSPs’ amplitude with membrane voltage, with little or 
no contribution from currents gated by NMDA receptors. 

Analysis of laterally evoked inhibition 

There is diversity among receptors mediating IPSPs as well as 
EPSPs. In cortex, GABA, receptors mediate fast, chloride-de- 

pendent IPSPs, and GABA, receptors transduce longer-lasting 
IPSPs that rely on increased conductance to K+ (Newberry and 
Nicoll, 1985; Connors et al., 1988; Dutar and Nicoll, 1988a,b). 
We assayed for the contribution of both subtypes of receptor to 
the laterally evoked IPSPs by applying selective antagonists to 
the slices. The recordings displayed in Figure 5 were obtained 
from a physiologically typed pyramid. Each pair of traces shows 
two individual trials under the conditions labeled at the upper 
right. In the control medium, stimulation of lateral inputs evoked 
the small EPSP followed by a weak, fast IPSP (Fig. 5~). Adding 
a selective antagonist of GABA, receptors, BMI (25 FM), to the 
bath removed the fast IPSP from the cell and revealed a large 
burst followed by a slow hyperpolarization (Fig. 5b; n = 4). An 
antagonist of GABA, receptors (Kerr et al., 1988), 2-hydroxy- 
saclofen(0.25-0.5 mM), suppressed the afterhyperpolarization, 
indicating that it was produced synaptically and that it was a 
slow IPSP (Fig. 5~; n = 2). The residual afterhyperpolarization 
that remained in 2-hydroxy-saclofen was likely a product of 
intrinsic, nonsynaptic currents. As shown in the inset (Fig. SC), 
firing produced by injection of depolarizing current was followed 
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QX-314 

Figure 3. QX-3 14 abolished the volt- 
age-dependent enhancement of the lat- 
eral EPSP. The upper trace in each of 
the top panels is the average of three 
trials recorded when the membrane was 
depolarized by 15 mV, and the lower 
trace is averaged from trials at rest. For 
the control cell, depolarization in- 
creased the size of the EPSP threefold 
(A), but when QX-3 14 was injected in 
another neuron, the size of the EPSP 
was reduced by depolarization. Arrow- 
heads mark the stimulus artifact. The 
bottom panels show the action poten- 
tials and current-voltage relationships 
of the two neurons. Both cells identified 
as pyramids in layer 2. The resting po- 
tentials of the cells on the right and left 
were -75 and -79 mV, respectively. 

L 5mV 
20m.s 

by a similar hyperpolarization. The effects of both drugs were 
reversible (Fig. We). This experiment, as well as the results 
shown in Figure 2, suggests that while both types of receptors 
are present in the undercut layers, fast GABA,ergic inhibition 
was primarily evoked by lateral inputs. 

The large bursts produced when fast inhibition was blocked 
contained polysynaptic EPSPs, as illustrated in Figure 6, ob- 
tained from a physiologically classified pyramidal cell. Thus, 
fast inhibition strongly limits the effects of horizontal inputs. 
The threshold response in the normal saline was a small EPSP 
(Fig. 6~). After superfusion with BMI, the strength of the shock 
required to evoke a synaptic potential dropped from 70 V (Fig. 
6~) to 12 V (Fig. 6b), and the threshold response consisted of 
a train of EPSPs occurring at long latency. As stimulus voltage 
was raised (Fig. 6c,d), the latency of the burst shortened until, 
at 7OV, the rising phase of the original, monosynaptic EPSP was 
coincident with that of the burst. The shortening of latency with 
stimulus intensity implies that the excitatory intemeurons are 
excited more rapidly as larger numbers of convergent inputs are 
activated. Possibly the appearance of the long slow IPSP, as seen 
in the last figure, occurred because GABAergic intemeurons 
were also more strongly excited. The traces shown in this figure 
were recorded at rest to emphasize the EPSPs. Consequently, 

l-20 

AV(mV) AV(mV) 

the IPSPs were not visible because the membrane voltage was 
below or near their reversal potentials. 

The traces in all the previous figures were obtained from cells 
that were identified as pyramidal on either physiological or an- 
atomical grounds. In rare instances, we recorded from cells that 
we physiologically classified as intemeurons; the responses of 
these cells to lateral input were very different from those typi- 
cally exhibited by pyramids. Recordings from a presumed in- 
temeuron are shown in the top rows of Figure 7, and responses 
obtained from a stained pyramidal cell are shown below; each 
pair of traces shows two trials of the same stimulus. As the 
shock voltage increased, the interneuron fired progressively 
harder, showing the pattern of increasing activity that one would 
expect to generate the intensifying inhibition characteristically 
shown by pyramidal cells as stimulus strength is raised. 

Discussion 
Our results show that horizontal connections can inhibit as well 
as excite their postsynaptic targets. In the following paragraphs, 
we discuss these laterally evoked responses in terms of what is 
known about their underlying anatomy and how they compare 
with synaptic potentials recorded in various cortical areas. Also, 
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we consider our findings in the context of those from experi- 
ments that have explored horizontal connections with visual 
stimuli. in vivo. 

Source of the synaptic potentials 

The responses evoked from sites in vertical register with the 
impaled cell probably arose from the home column of the im- 
paled neuron, while the distant sites were on the order of one 
to three hypercolumns away. A hypercolumn is a segment of 
cortex containing a full complement of orientation or ocular 
dominance columns and in the cat is approximately 1 mm wide 
(Hubel and Wiesel, 1963; Lowe1 et al., 1987, 1988). The ter- 
minals of the horizontal collaterals are distributed in clusters 
and connect columns of similar orientation preference (Gilbert 
and Wiesel, 1979, 1983, 1989; Martin and Whitteridge, 1984; 
Ts’o et al., 1986). As a consequence, one might expect that 
EPSPs produced by lateral inputs would arise only from spatially 
discrete loci arrayed at a periodicity roughly equal to the width 
of a hypercolumn. Our stimulus was a shock, however, so it 
could activate fibers of passage as well as the somata underneath 
the electrodes, making it difficult to identify the columns where 
the inputs originated. We are currently designing experiments 
to study the specificity of the horizontal inputs in the slice prep- 
aration. 

The most likely source of the synaptic potentials we recorded 
in the undercut preparations was input intrinsic to layers 2+3 
of area 17. Callosal terminals are largely confined to the area 
17/l 8 border (Hubel and Wiesel, 1967; Shatz, 1977; Innocenti, 
1980), and most of the other inputs to the upper layers, such 
as thalamic afferents (LeVay and Gilbert, 1976; Humphrey et 
al., 1985) or the diffuse projections from the brainstem (Mor- 
rison et al., 1982) would have been transected. Descending 
projections from extrinsic cortical regions, areas 18 and 19, for 
example, may course through the superficial laminae (Creutz- 
feldt et al., 1977; Tigges et al., 198 1; Rockland and Virga, 1989), 
but are sparse relative to the fibers originating in area 17. In- 
tracellular injections show that the majority of pyramidal cells, 
themselves accounting for 80% of the cellular population in layer 
2+3, extend long-range collaterals (Gilbert and Wiesel, 1979, 
1983, 1985; Martin and Whitteridge, 1984; Callaway and Katz, 
1990). 

Excitation 

The laterally evoked EPSP was too weak to trigger action po- 
tentials, unless the membrane was depolarized from rest by the 
injection of current through the microelectrode. In view of pre- 
vious studies, the small size of the lateral EPSP is not surprising, 
and many synchronously active fibers are probably required to 
exert even a small effect. The axonal arbors of the long-range 
collaterals are not nearly as dense as the intracolumnar terminal 
fields (Gilbert and Wiesel, 1979, 1983) and make few contacts 
on each postsynaptic cell (Kisvlrday et al., 1986, Gabbott et 
al., 1987; McGuire, 199 1). Comparison of cross-correlation 
studies of inter- versus intracolumnar connections indicates that 
the lateral ones are about an order of magnitude weaker (To- 
yama et al., 1981a,b; Ts’o et al., 1986; Toyama, 1988). Taken 
together, our own evidence and that of the earlier anatomical 
and physiological studies suggest that the role of horizontal con- 
nections is likely to modulate rather than generate activity with- 
in a given column. 

I 5mV 
20ms 

Figure 4. APV had little effect on the voltage-dependent enhancement 
of the lateral EPSP. Each trace is the average of three trials; the top 
truces were collected when the membrane was depolarized by 18 mV, 
and the bottom truces were taken at rest (- 82 mV). The application of 
30 PM D-APV reversibly reduced the size of the EPSP but did not prevent 
its enlargement by depolarization. This cell was identified as a pyramid 
in layer 2. Arrowheads mark the stimulus artifact. 

Voltage dependence of the lateral EPSP 
An important feature of the EPSP produced by horizontal fibers 
was its state dependence: it increased in size as the membrane 
potential was raised from rest to near the threshold for spon- 
taneous firing. Voltage-dependent EPSPs have been reported in 
earlier cortical studies where synaptic responses were apparently 
evoked from the home column, that is, from sites near or ver- 
tically aligned with the recording micropipette (Staftstrom et 
al., 1985; Jones and Baughman, 1988; Thomson et al., 1988; 
Sutor and Hablitz, 1989a,b; Artola and Singer, 1990). In most 
of these reports, the early EPSPs were enhanced by depolariza- 
tion, whereas the later ones showed conventional voltage rela- 
tionships (Sutor and Hablitz, 1989a,b). 

From experiments using voltage clamp, injection of QX-3 14, 
or application of APV, Sutor and Hablitz (1989a,b) found that, 
in layer 2+3 of adult rat cortex, Na+ currents are the principal 
source of the augmentation of the early, intracolumnar EPSP. 
In contrast, others conclude that application of APV decreases 
the voltage dependence of that EPSP (Jones and Baughman, 
1988; Artola and Singer, 1990). There is agreement with our 
present work, however, that at rest the NMDA-receptor-me- 
diated component of the cortical EPSP is small (Jones and 
Baughman, 1988; Shirokawa et al., 1989; Sutor and Hablitz, 
1989a,b; Artola and Singer, 1990). 

The voltage dependence of the horizontally evoked EPSP is 
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Figure 5. IPSPs mediated by both GABA, and GABA, receptors were generated by elements intrinsic to the undercut cortex. The fast IPSP (a) 
was removed by the application of 25 PM BMI, yielding an excitatory burst followed by a slow inhibitory potential (b) that was blocked by 0.5 mM 
2-hydroxy-saclofen (c). The inset in c shows that an afterhyperpolarization such as that seen when the slow IPSP was blocked could be produced 
by direct injection of depolarizing current. The effects of both drugs were reversible (d,e). Two traces are shown for each stimulus condition, and 
action potentials in the lower truces are cropped. The broken lines indicate the baseline in the top traces of b-d. The traces were made when the 
membrane was depolarized from - 79 to -6 1 mV. Arrowheads mark the stimulus artifact. 

a b 
control 

Figure 6. The excitatory burst gener- 
ated in bicuculline was produced by 
multisynaptic EPSPs. When fast inhi- 
bition was blocked, the threshold stim- 
ulus dropped from nearly 70 V (a) to 
12 V (b), and the threshold response 
changed from a monosynaptic EPSP at C 
short (3.6 msec) latency to large, supra- 
threshold potential at long (35 msec) 
delay. Increasing the shock strength 
shortened the latency of the burst (c) 
until it overlapped the monosynaptic 
EPSP at the original threshold voltage 
(d, trace in a shown here as a broken 

20 vq i 

line). Each trace is the average of three 
trials recorded while the membrane was L 10 mV 
at rest, -83 mV. Arrowheads mark the 
stimulus artifact. 20 ms 

bicuculline 
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not obviously different from the monosynaptic, intracolumnar 
ones, though it is unclear if the underlying mechanisms are the 
same. The meager size of the lateral EPSP, however, could make 
it particularly dependent on intrinsic depolarizing conductances 
or on additional synaptic excitation to bring the postsynaptic 
cell to fire. Because the amplification of the lateral EPSP does 
not appear to require NMDA receptors, one need not equate 
this behavior with the long-term changes associated with the 
NMDA receptor, at least within the voltage range tested here 
(cf. Hestrin et al., 1990). The voltage dependence may simply 
provide a means whereby the effect of the horizontal inputs 
would be subject to the context of levels of convergent activity. 

EPSPs in the presence of bicuculline 
In our preparations, compound EPSPs evoked by horizontal 
stimuli were infrequent, but they always appeared when fast 
inhibition was blocked by bicuculline. Field potentials recorded 
from layer 2+3 in cat and rat have shown that activity can 
propagate horizontally for millimeters when inhibition is phar- 
macologically reduced (Chervin et al., 1988). Our results suggest 
that this propagation can be aided by elements within layer 2 + 3. 

Inhibition 

The marked role of inhibition in synaptic interactions within 
the superficial layers is perhaps unexpected given the statistic 
that no more than 20% of the terminals of layer 3 pyramids 
contact inhibitory cells (I&v&day et al., 1986; McGuire et al., 
199 l), yet many factors can influence the strength of connec- 
tions, such as the distribution of presynaptic contacts, the elec- 
trical characteristics of the postsynaptic cell, and the arrange- 
ment of its boutons on the next neurons in the synaptic net. In 
fact, smooth stellate cells are more densely innervated and re- 
ceive proportionately fewer symmetric, presumably inhibitory, 
contacts than do pyramidal cells (McGuire et al., 1991). Fur- 
thermore, in cortex, GABAergic cells fire more rapidly per unit 

Figure 7. Compared response of a 
presumed inhibitory intemeuron and a 
pyramidal cell to lateral input. The top 
truces made from a presumed intemeu- 
ron show that increasing the stimulus 
strength evokes progressively stronger 
excitation. The reverse situation is true 
for the pyramidal cell; stronger stimuli 
shift the balance of the synaptic input 
towards inhibition. Traces are dis- 
played as in Figure 1; the membrane 
potential was depolarized from -63 to 
-60 mV for the top traces and from 
-85 to -62 mV for the bottom truces. 
Arrowheads mark stimulus artifact. 

increase in applied current than do pyramidal cells, a behavior 
that apparently reflects an actual difference in excitability be- 
tween the two types of neuron in their balances of K+, Na+, and 
Ca*+ channels (Schwartzkroin and Mathers, 1978; McCormick 
et al., 1985; Giffin et al., 1988; Prince and Huguenard, 1988). 
Indeed, in the few instances studied, interneurons have a pre- 
dominantly excitatory response to synaptic input (Fig. 7; Mc- 
Cormick et al., 1985). 

Anatomical evidence suggests that single inhibitory neurons 
have a stronger impact than individual excitatory ones in de- 
termining whether or not a given pyramidal target will fire. 
GABAergic synapses are often placed in a position to yield 
maximum effect, such as on the dendritic shaft, near the cell 
body, or at the initial segment (Le Vay, 1973; Fair&r and Val- 
Verde, 1980; Fair&n et al., 1983; Beaulieu and Somogyi, 1990). 
Also, smooth stellate cells may amplify their inhibitory effect 
by making more synapses per recipient neuron than do pyra- 
midal cells (Fairen and Valverde, 1980; Somogyi et al., 1983). 

From our experiments, we concluded that IPSPs evoked by 
remote stimuli were mediated by more than one synapse. Be- 
cause the arbors of most interneurons are confined to an area 
about 200-300 pm in diameter (Lorente de No, 1944; Somogyi 
et al., 1982; Fairen et al., 1983; Naegele and Katz, 1990) most 
of the inhibition we saw was probably local. Some basket cells 
have axons extending for a millimeter or longer (Martin et al., 
1983; Somogyi et al., 1983) and possibly could have contributed 
a monosynaptic inhibitory component that was masked by the 
EPSP. In some preliminary experiments, however, where the 
EPSP was pharmacologically blocked, we saw no such com- 
ponent. Last, our results showed that both fast and slow IPSPs 
could be produced by some type or types of cell intrinsic to the 
superficial layers. 

That only fast, and not slow, IPSPs were evoked by lateral 
stimuli may have been a matter of the relative strength of syn- 
aptic input onto interneurons. The late IPSP is usually found 
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to have a higher threshold than the early one (Avoli, 1986; Howe 
et al., 1987a,b; Dutar and Nicoll, 1988a; cf. Connors et al., 
1988). It is possible that the GABA, receptors have a lower 
affinity for GABA than do the GABA, receptors and therefore 
interneurons must fire rapidly to release enough transmitter to 
open the GABA,-linked channels (Newberry and Nicoll, 1985; 
Dutar and Nicoll, 1988a). 

Alternatively, it may be the case that different types of neuron 
selectively produce either fast or slow IPSPs and that horizontal 
fibers tend to contact the former. Though the evidence is stron- 
ger in the hippocampus (Newberry and Nicoll, 1985) than in 
the neocortex (Connors et al., 1988), it seems that sensitivity 
to the GABA, antagonist baclofen is greatest in the distal den- 
drites, whereas responsiveness to GABA, antagonists is wide- 
spread. Perhaps some lateral inputs preferentially excite those 
inhibitory cells, such as basket cells, that synapse on or near the 
soma (McGuire et al., 1991). Whatever the mechanism, the 
prevalence of the fast IPSP over the slow one suggests that 
laterally evoked inhibition can be quickly gated on and elf. 

Relevance to studies of receptive fields 

Experiments measuring responses to stimuli placed inside and 
outside the receptive field provide ideas about the role hori- 
zontal connections play in visual processing. One finding of 
these experiments is that stimulating the surround has dual 
consequences, in some cases causing excitation, and in most, 
inhibition. When the surround has an excitatory effect, it cannot 
drive a cell directly but can facilitate the response to stimuli 
placed inside the receptive field (Allman et al., 1985; Nelson 
and Frost, 1985; Orban et al., 1987; Wiesel and Gilbert, 1989; 
Gilbert and Wiesel, 1990). A mechanism for this could involve 
the voltage dependence of the laterally evoked EPSP. The EPSP 
would be small with illumination of the surround only, but 
would increase in size as stimuli presented within the receptive 
field recruited additional depolarizing inputs. 

Frequently, the influence of the surround is suppressive (Bish- 
op et al., 1973; Nelson and Frost, 1978; Orban et al., 1987; 
Wiesel and Gilbert, 1989; Gilbert and Wiesel, 1990). Our results 
showed that, as increasing numbers of lateral fibers were acti- 
vated, progressively stronger inhibition was provided. Thus, 
even though the horizontal collaterals are extended largely by 
pyramidal cells, which are presumably excitatory, and in turn 
make a minority of postsynaptic contacts with inhibitory neu- 
rons, the remote inhibitory effects observed in vivo could well 
be generated by the horizontal connections. 

Both the facilitatory and the suppressive effects of the sur- 
round could stem from the same distant sites since the IPSPs 
evoked by lateral stimulation are probably of disynaptic, local 
origin. Because the horizontal connections in area 17 join regions 
of similar orientation specificity (Ts’o et al., 1986; Gilbert and 
Wiesel, 1989), the lateral IPSPs and EPSPs might share orien- 
tation preference with their targets. Intracellular recordings made 
in vivo reveal that postsynaptic potentials of both polarities are 
tuned to the same angle (Ferster, 1986, 1989), and the impli- 
cation from our studies is that inhibition from remote parts of 
the visual field would obey a similar rule. 

The state dependence of the horizontal connections could be 
responsible for nonlinear interactions between the lateral and 
interlaminar inputs and may account for the unusual effects of 
activating the surround on orientation tuning, such as changes 
in preferred orientation or tuning bandwidth (Gilbert and Wie- 
sel, 1990). One may speculate that the modulatory effects of the 

horizontal fibers could be responsible for gating of other synaptic 
pathways, allowing an expression of some and suppression of 
others. 
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