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The Contribution of GABA-Mediated Inhibitory Mechanisms to Visual
Response Properties of Neurons in the Kitten’s Striate Cortex

W. Wolf, T. P. Hicks,' and K. Albus

Max-Planck-Institut fiir biophysikalische Chemie, Abteilung Neurobiologie, D-3400 Gottingen, Federal Republic of

Germany

The effect of the microiontophoretic administration of the GABA
antagonist bicuculline methiodide (BMI) on the responses of
striate cortical neurons to light stimulation was investigated in
kittens ranging in age between 11 and 28 d. The orientation
sensitivity of the majority of the 88 neurons tested for this pa-
rameter decreased (40%) or was eliminated (18%) following the
administration of BMI. Changes were seen in all layers and in
all neuronal types, and the proportions of neurons that changed
their orientation specificity were about the same during the sec-
ond, third, and fourth postnatal weeks. Twenty-eight percent of
the neurons were not affected in their orientation sensitivity by
BMI. These neurons were recorded at all postnatal ages; they
were located preferentially in layers IV and VI; and they had
unimodal, bimodal, or ON-OFF mixed receptive fields. The
remaining 14% of the neurons were initially unresponsive or
responded in an erratic way to visual stimulation. These neurons
became responsive and even exhibited orientation-specific re-
sponses during administration of BMI.

The majority (56%) of direction-specific neurons became di-
rection-nonspecific after the administration of BMI. Seventeen
percent preserved some direction specificity, whereas 27% did
not show any change at all. The effects of BMI on direction
sensitivity were seen at all postnatal ages and on all neuronal
types throughout layers III-VI. The majority of neurons unaf-
fected by BMI in their direction sensitivity resided in layer VI.
In those cases where orientation sensitivity was reduced, direc-
tion sensitivity (if present) was usually diminished as well. How-
ever, some neurons were found in which only 1 of the 2 param-
eters was significantly changed by BMI.

The spatial structure of the receptive field, as revealed by
stationary stimulation, was changed significantly by BMI in
about half the neurons tested. A straightforward correlation be-
tween the alteration of orientation and/or direction sensitivity
and changes in receptive-field structure was not found.

The results demonstrate that, in the immature striate cortex,
receptive-field properties of many neurons are determined by
inhibitory processes mediated by GABA, which may also dictate
the actual visual responsiveness of the neurons. The dissocia-
tions in the effects of BMI on orientation sensitivity, direction
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sensitivity, and receptive-field substructure indicate that the
synaptic organization responsible for the various functional pa-
rameters is unlikely to be the same.

The receptive-field properties and the responsiveness of neurons
in primary visual cortex of kittens in the early postnatal period
have recently been described quantitatively in a laminar analysis
(Albus and Wolf, 1984). These and other experiments (Bonds,
1979; Fregnac and Imbert, 1978) have extended earlier studies
(Blakemore and Van Sluyters, 1975; Hubel and Wiesel, 1963)
showing that striate neurons from visually naive animals re-
spond sluggishly to visual stimulation and tend to tire easily.
Fewer cells than in the adult exhibit orientation and directional
preferences, and the proportions of simple and complex recep-
tive fields are much smaller (Albus and Wolf, 1984). Mature
levels of performance have reportedly been achieved beginning
approximately 5 weeks postnatally.

The poor performance of many visual cortical neurons, es-
pecially during the first and second postnatal weeks, can be
explained by the fact that most intracortical axonal projections
are still developing (Meyer and Ferres-Torres, 1984), and, ac-
cordingly, the synaptic density per neuron is low, approaching
only about 10% of the adult level at around postnatal day 10
(Cragg, 1975a, b; Winfield, 1981, 1983). The finding of small
numbers of synapses per neuron, on the other hand, raises doubts
that the orientation and direction selectivity, as seen in a few
ofthe neurons in early postnatal cortex, are generated by GABA-
mediated inhibitory mechanisms, as has been demonstrated
convincingly for the majority of neurons in adult visual cortex
(Sillito, 1975a, b, 1977, 1979; Sillito et al., 1980). Such doubts
are reinforced by the knowledge that, besides the absolute num-
bers, the relative numbers of inhibitory synapses employing
GABA as a transmitter (Wolff et al., 1984a) are much lower in
postnatal (less than 1%) than in mature (6%) cortex (Winfield,
1983; see also Wolff et al., 1984b). It is conceivable in this
context that, rather than being generated by intracortical inhi-
bition, the orientation of some neurons in the immature striate
cortex could be generated either by excitatory convergence from
a row of neurons in the lateral geniculate nucleus (Hubel and
Wiesel, 1962), or by orientation biases of single geniculate neu-
rons sending afferents to visual cortex (Albus et al., 1983; Vi-
dyasagar and Urbas, 1982).

In order to obtain information about the neuronal circuits
and the transmitter involved in generating the functional spec-
ificity of neurons in early postnatal cortex, we chose a neuro-
pharmacological approach, since similar procedures employed
elsewhere have proved successful in studying intracortical in-
hibition in the mature visual (Sillito, 1975a, b) and somatosen-
sory (Dykes et al., 1984; Hicks and Dykes, 1983) cortex. In
particular, we asked if and to what extent, in early postnatal
cortex, functional properties of single neurons, such as orien-
tation and direction selectivity, as well as spatial structure of
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receptive fields, are attributable to an active, intracortical in-
hibitory mechanism employing GABA.

Materials and Methods

A detailed description of the methods used has been published elsewhere
(Albus and Wolf, 1984); thus, only a short summary follows. Additional
procedures not used in the previous study are described in greater detail.
The experiments were performed on 18 kittens, ranging in age from 11
to 28 d. As anesthesia, kittens received an initial dose of sodium pen-
tobarbital intraperitoneally (40 mg/kg body wt). After muscular relax-
ation was induced by gallamine triethiodide (4-6 mg, 1.v.), the animals
were ventilated with a mixture of 67% N,O, 30% O,, and 3% CO.,.
Throughout the experiment, a cocktail mixture of sodium pentobarbital
(2 mg/kg/hr), gallamine triethiodide (15 mg/kg/hr), prednisolone (0.6
mg/hr) and levulose (100 mg/hr) in Ringer’s solution was given intra-
venously at an infusion rate of 1.2-3.0 ml/hr. End-expiratory CO, and
body temperature were continuously controlled and maintained at phys-
iological levels. After retraction of the nictitating membranes with Neo-
Synephrine and dilation of the pupils with atropine, the kitten was
mounted in a stereotaxic head-holder frame (see Horsley and Clarke,
1908) by means of a metal bar fixed to the skull with dental acrylic. A
small opening was made above the visual cortex (stereotaxic coordinates
A4 to P1 and LO to L5) which, after introduction of the electrode
assembly, was covered with a 4% solution of agar in Ringer’s solution.

Multibarrel electrode arrays containing either 5 or 7 pipette channels
were prepared as described previously (Hicks and Guedes, 1983), with
the exception that the extracellular recordings of neuronal discharges
were made through glass-insulated tungsten electrodes affixed in parallel
fashion by a light-curing bonding compound. These recording electrodes
were designed so as to yield impedances of 7-11 M@ at 1 kHz AC, and
exhibited 2-4-um-diameter tips where they extended beyond the in-
sulation (4-6 pm exposure). This method permitted recording with a
high signal-to-noise ratio, while maximizing the iontophoretic ejection
of drugs from relatively large pipette orifices. The distance between the
tip of the recording electrode and the multibarrel pipette assembly ori-
fices ranged between 20 and 200 pm. The micropipette channels con-
tained glass fibers to enable their rapid filling via capillary action im-
mediately before use. When not in use, micropipette assemblies were
kept dust-free in a container with their tips immersed in water. The
following solutions of drugs were prepared for each experiment: L-glu-
tamic acid (glutamate; 0.5 m, pH 8.0), y-aminobutyric acid (GABA; 0.5
M, pH 3.5), and bicuculline methiodide (BMI; 5-10 mm in 165 mm
NaCl, pH 3.2-3.5). All solutions for microiontophoresis were freshly
prepared before the experiments, filtered, and kept frozen for subsequent
use. Current balancing was occasionally performed but was usually found
to be unnecessary; retaining currents of 10-20 nA were routinely em-
ployed for each barrel.

Most of the data presented in this study concern the effects of BMI,
a pharmacologically specific antagonist of the GABA recognition site
of the oligomeric benzodiazepine—GABA receptor—chloride ionophore
complex (Nowak et al., 1982; Simmonds, 1982), BMI acts by preventing
access of GABA to its receptor and, by itself, is inactive pharmacolog-
ically (Heyer et al., 1981), although at relatively high concentrations it
does exert a small, direct excitatory action (Straughan et al., 1971). In
order to determine a minimally effective dose of BMI but still maintain
a subexcitatory level of ejection, we occasionally used the method de-
scribed by Sillito (1975a, b, 1984) and used in similar experiments
elsewhere (Dykes et al., 1984). This procedure involved the gjection of
an amount of GABA just sufficient to prevent the light-induced acti-
vation of the neuron under study, followed by steadily increasing amounts
of BMI until a dose was reached that counteracted the GABA-induced
inhibition. This dose of BMI was then taken to be an effective concen-
tration for antagonizing GABA-mediated inhibitory actions upon that
particular cell. The amount of ejecting current determined in this way
frequently fell within the range of 15-60 nA. Higher doses were often
observed to cause direct excitation of the neurons.

The electrode was advanced through the cortical layers at an oblique
angle in a rostrocaudal direction. A hand-held projection lamp was used
to produce moving and stationary light stimuli of different sizes and
shapes (spots, bars, edges) on a dimly illuminated tangent screen (lu-
minance, 1-2 c¢cd m?) positioned at a distance of 57 ¢cm from the kitten’s
eyes. The luminance of the light stimulus was normally 1 and, in some
cases, 1.5~2 log units above background. Neurons that were evident
only by their spontaneous activity and could not reliably be activated
by visual stimulation, or that were silent and produced only injury

Wolf et al.

Vol. 6, No. 10, Oct. 1986

discharges when impaled by the electrode, were considered to be visually
unresponsive.

Upon isolation of units, monocular receptive fields were mapped as
“minimum response fields” (Barlow et al., 1967). Orientational and
directional asymmetries in the responses to moving and/or stationary
bars and edges, as well as velocity response ranges, were then qualita-
tively determined for the dominant eye. On the basis of the division of
the receptive fields into ON and OFF zones, cells were divided into 3
groups: (1) neurons responding exclusively to light ON or to light OFF
were classified as unimodal ON or unimodal OFF cells, respectively;
(2) neurons having receptive fields with both (or several) ON and OFF
zones, generally arranged side by side, were described as bimodal (or
multimodal) cells; and (3) if there was no spatial segregation between
ON and OFF discharge areas, i.e., if the neuron responded to both
phases of a flashing stimulus anywhere in its field, it was classified as
an ON-OFF mixed neuron.

For quantitative analysis of response characteristics, we employed a
computer-controlled stimulation and spike-acquisition program. With
this program, all moving or stationary stimuli could be presented with
adjustable directions, velocities of movement, presentation times, and
interstimulus intervals. The orientation of an elongated moving stim-
ulus was always orthogonal to the direction of movement. To compen-
sate for response variability, stimuli were interleaved (following the
method of Henry et al., 1973). For assessment of orientation specificity,
at least 4 different stimulus orientations (i.e., 8 different directions of
movement), including the optimal orientation, determined manually,
and the orientation orthogonal to it, were presented quasirandomly at
least 5 times. The computer was programmed to construct orientation
tuning curves with these data. To assess receptive-field structure, sta-
tionary stimuli were flashed at adjacent positions within the receptive
field and the responses so obtained were averaged over 10 presentations.

For those cells investigated quantitatively, an orientation-specificity
index (OSI) was calculated for moving stimuli from the mean response
of a cell to stimulation with an optimally oriented slit or bar (optimal
response) moved in the preferred direction of movement, or, for sta-
tionary stimuli, flashed on and off at the optimal orientation. The mean
response (for moving stimuli, the average of responses to both directions
of movement) to the same stimulus orthogonally oriented (+15°) to the
optimal (nonoptimal response) was also considered through application
of the formula

OSI (%) = (1 — nonoptimal response/optimal response) x 100

where response rates have been corrected for spontaneous activity. Cells
with an OSI of greater than 90% were classified as orientation-selective,
those with an index in the intermediate range (50-90%) as orientation-
biased, and cells with an index of less than 50% as orientation-nonspe-
cific. The same scheme for classification of orientation specificity was
employed by Bonds (1979).

Direction specificity was defined in relation to the response in the
preferred and nonpreferred directions for an optimally oriented slit. A
direction-specificity index (DSI) was calculated by applying the same
formula used for computation of the OSI and defined 3 groups: direction-
selective (DSI > 90%), direction-biased (50-90%), and direction-non-
specific (<50%). On completion of the experiments, the kitten was ad-
ministered an overdose of sodium pentobarbital and perfused trans-
cardially with a buffered solution of 4% formaldehyde and 2%
glutaraldehyde. Blocks of the occipital cortex were cut coronally on a
freezing microtome and, in some cases, in an oblique plane parallel to
the electrode track. After the sections were stained with thionine, the
electrode tracks were reconstructed from electrolytic lesions that had
been made at intervals of 1-2 mm during retraction of the electrode
(4-6 pA for 10 sec, electrode negative) and from other landmarks, such
as entry into and exit from the white matter. The area 17 and 18 border
and laminar positions of the cells were then determined by the criteria
of Otsuka and Hassler (1962), and the locations of cells interpolated
onto the reconstructed tracks.

Results

Receptive-field properties without drug administration

Action potentials of 203 neurons in the striate cortex were re-
corded extracellularly. Of these 203 neurons, 46 were recorded
during the second postnatal week, 52 during the third week, and
105 during the fourth postnatal week. The proportion of neurons
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Table 1. Postnatal development of neuronal function in the kitten’s striate cortex

Spatial receptive-field properties
18)%3 Orientation sensitivity Direction sensitivity gggal grc:gal ﬁlgllgfial 811?1; Non- Non-
week) (0N OB ONS DS DB DNS ON OFF modal mixed  static visual
2 24 48 28 6 22 72 9 33 24 7 28 15
3 56 30 14 13 37 50 23 40 17 17 3 13
4 66 31 3 35 25 40 29 32 14 23 2 8

Only neurons for which at least 2 of the 3 parameters were determined quantitatively are listed. Orientation sensitivity was determined for 156 neurons, directional
sensitivity for 140 neurons, and spatial receptive-field properties for 113 neurons. The values given in the table and specified for each parameter represent the percentage
of the total number of cells tested in each age group with respect to that parameter.

that were visually unresponsive or responded in a most erratic
way to visual stimulation was 23/203 (11.3%) of the total pop-
ulation. The receptive-field parameters mapped for the visually
responsive neurons are summarized in Table 1. Confirming ear-
lier results (Albus and Wolf, 1984; Blakemore and Van Sluyters,
1975; Bonds, 1979; Buisseret and Imbert, 1978; Fregnac and
Imbert, 1978), we found that receptive-field characteristics
changed considerably during the early postnatal period. The
proportions of orientation- and direction-selective neurons in-
creased, whereas the proportions of orientation- and direction-
nonspecific neurons decreased significantly. The proportions of
visually unresponsive neurons also decreased from an average
of 15% during the second postnatal week to 8% during the fourth
week. The large majority of neurons recorded had unimodal
receptive fields, i.e., receptive fields that responded only to 1
contrast of the stimulus. Confirming previous results from our
laboratory (Albus and Wolf, 1984), during the second postnatal
week the majority of these unimodal neurons responded to light
OFF. Only during the fourth week did the proportion of ON-
dominated fields equal that of the OFF-dominated fields. Our
findings were also in agreement with earlier observations of a
decrease in the proportions of neurons responding exclusively
to moving stimuli (i.e., not static; see Table 1), as well as of
there being an increase in the proportions of ON-OFF mixed
neurons, that is, those that respond equally well to both contrasts
of a light stimulus anywhere within their receptive fields.

General aspects of the administration of drugs

In order to analyze the effects of BMI, most experiments have
first investigated the neuron without any administration of ag-
onists or antagonists {(control), and an orientation tuning curve
has been obtained. The neuronal response has then been ana-
lyzed during the administration of BMI, which commenced with
low ejecting currents of about 10 nA. The ejecting current has
gradually been increased until an effect on spontaneous and/or
light-evoked activity has been noted. If a normally silent unit
has become spontaneously active, or if a spontaneously active
unit has markedly increased its maintained discharge level dur-
ing the administration of BMI, the test has been discontinued
and a lower dose of BMI chosen for study. Recovery from the
effects of BMI has then been observed for at least 20 min,
during which time visual stimulation has been continuously
performed. When a complete recovery has been obtained, BMI
has again been administered in order to investigate the effects
of blocking GABA-mediated inhibition on the response to sta-
tionary stimulation and on the receptive-field structure. Only
after the tests with BMI have been successfully completed has
an attempt been made to construct an orientation tuning curve
during the administration of glutamate at subthreshold levels
for cell excitation. Finally, the effects of GABA on the optimal
response have been tested, either alone or in combination with
glutamate.

Such schemes had the disadvantage that quantitative results

could not be obtained for all cells during the tests with glutamate
and GABA. The effects of glutamate were compared in only a
third of the cases where BMI was used because of these pro-
cedural constraints. The effects of BMI were tested quantita-
tively on a total of 88 neurons. Nineteen of these were recorded
during the second postnatal week, 17 during the third week, and
52 during the fourth. For 56 of the neurons tested quantitatively,
their intracortical locations could be determined reliably from
the histological sections. All these neurons were recorded from
layer IIT (lower half of the layer) through VI, neuronal activity
for visually responsive neurons was not recorded from cells in
layer II or from the upper part of layer III. The majority of these
88 neurons responded to visual stimulation reliably and exhib-
ited orientationally and/or directionally selective or biased re-
sponse properties. Fourteen neurons, however, did not respond
at all to visual stimuli or exhibited only irregular, low-frequency
responses with a signal-to-noise ratio of less than 2. Complete
orientation tuning curves were compiled before, during, and
after administration of BMI for 77 of the 88 neurons. In the 11
remaining cases, pharmacological effects on orientation and di-
rection specificity were assessed from some quantitative mea-
surements and a largely qualitative evaluation. Recovery from
BMI was quantitatively examined for 50 neurons. Finally, the
effects of BMI on receptive-field structure were examined with
static plots from 19 neurons.

Quantitative measurements of the effects of glutamate on ori-
entation or direction specificity have been made for 25 neurons,
and of the effects of GABA for 15 neurons.

Effects of BMI on orientation and direction specificity

The orientation specificity of 45 neurons (58%) of the 77 for
which complete sets of orientation tuning curves could be con-
structed decreased following the administration of BMI, where-
as orientation specificity did not change significantly in 21 neu-
rons (28%). All the remaining 11 neurons (14%) were either
initially unresponsive or responded in an erratic way to visual
stimulation. All these visually unresponsive cells became clearly
responsive following the administration of BMI, even exhibiting
orientation-specific tuning curves during the period of time when
the antagonist was being ejected.

Of the 45 neurons that were initially visually responsive and
exhibited a decrease of orientation specificity under BMI, 14
(18%) became orientation-nonspecific, that is, they lost all ori-
entation tuning (within the limits of the definition; see Materials
and Methods). In typical cases (Figs. 1-3), BMI exerted its max-
imal effects only after prolonged periods of ejection (20-40 min),
and the recovery from the effects of BMI also needed quite some
time (at least 10-15 min). As demonstrated in Figure 3, in some
neurons the reduction in inhibitory processes produced by the
antagonist first occurred at the orientation approximately or-
thogonal to the optimal one. At various subsequent intervals
following the initial effect of the drug, orientations next to the
formerly optimal one were also affected, resulting in more reg-
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Figure 1. Orientation tuning of an orientation-selective, direction-nonspecific neuron recorded from area 17 in a 26-d-old kitten before, during,
and after microiontophoretic administration of the GABA antagonist, BMIL. Single poststimulus time histograms (psths) are reproduced, showing
the responses to the optimally (direction 0°and 1809 and nonoptimally (direction 90°and — 909) oriented light bar moving forwards and backwards
across the receptive field. Data were collected 7-14 min (75 nA/BMI) and 14-21 min (125 nA/BMI) after the start of BMI administration. Stationary
stimulation of the center of the receptive field with the same light bars as used for plotting the orientation tuning during 22-25 min after the start
of BMI administration and after BMI resulted in psths shown at the bottom. ON and OFF periods lasted 6 sec each. Unimodal ON neuron, ocular
dominance group 1, no histology. Bin widths of psths, 60 msec. Light stimuli in this and other neurons tested consisted of light bars 3°-15° long,
0.1°-2° wide, and moving with velocities of 1°~10%/sec. Movement was always perpendicular to bar orientation, and each direction (or position
within the receptive field) was tested 3—10 times. In the neuron shown, 12 different movement directions were tested (for orientation tuning curves,

see Fig. 2).

ularly formed tuning curves, with elliptical or roundish shapes.
Also typical was that in most neurons where BMI caused a
transformation of the neuronal responses to the orientation-
nonspecific category, the tuning curves did not become totally
circular. As can be seen in Figures 2 and 3, they retained some
asymmetry, the response to the formerly optimal stimulus being
somewhat stronger than the response to nonoptimal stimuli.
For 31 neurons (40%), the decrease in orientation specificity
was not complete; thus they still exhibited some orientation
preference, even after prolonged administration of BMI. In this
group, 23 neurons changed from the orientation-selective class
to the orientation-biased class (Fig. 4), whereas the remaining
8 cells did not change their orientation-specificity indices, show-
ing only moderate broadening of their orientation tuning curves.
The average increase in halfwidth for all cells of this group was
21°.

The proportions of neurons that changed their orientation
specificity following BMI were about the same during the sec-
ond, the third, and the fourth postnatal weeks. During the second

week, however, no orientation-selective neuron was seen to
change to orientation-nonspecific. The 5 orientation-selective
neurons tested during that early period either became orienta-
tion-biased or remained unaffected. For the entire 2-4 week
sample, the change in orientation specificity during ejection of
BMI was seen in all layers of the striate cortex (see above) and
in all neuronal types, as indicated in Table 1. All types of neurons
were affected in about the same proportions. Changes from ori-
entation-selective to orientation-nonspecific, however, were only
observed with unimodal and bimodal neurons.

At all postnatal ages we recorded from neurons that remained
completely unaffected with respect to their orientation specific-
ity in the presence of BMI. A typical example is shown in Figure
7. Even when subjected to high ¢jection currents of the antag-
onist for long periods of time (longer than 30 min), these neurons
did not demonstrate any change in their orientation tuning curves.
Other neurons in the same penetration where these BMI-resis-
tant cells were found exhibited clear-cut effects of the drug on
reducing stimulus specificity. For 14 of the neurons that did not
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Figure 2. Orientation tuning of an orientation-selective, direction-nonspecific neuron from area 17 in a 26-d-old kitten before, during, and after
microiontophoretic administration of GABA antagonist, BMI. Same neuron as in Figure 1. On the basis of the average number of action potentials
in the response profiles of the psths as shown in Figure 1, responses were normalized and plotted as polar diagrams, as seen in this figure. Curves
are interpolated between data points (2 on each side, parabolic interpolation of fourth power) such that the optimal response could come to lie
between points (see Normal and Afier BMI). The level of spontaneous activity is given by the radius of a shaded area in the center of the polar
diagrams. Orientation selectivity index (OSI): Normal, 96.4; with BMI, 75 nA, 73.7; with BM1, 125 nA, 19.8; after BMI, 100.0. Maximum discharges
(spikes/sec): Normal, 5.8; with BMI, 75 nA, 6.1; with BMI, 125 nA, 5.0; after BMI, 5.8.

undergo changes in orientation specificity following the ejection
of BMI, their receptive-field structures could be studied in detail
and their intracortical locations could be determined. They were
located in layers I'V and VI and had unimodal, bimodal or ON-
OFF mixed fields; i.e., all receptive-field types were affected,
with the exception of the neurons that were driven exclusively
by moving stimuli. Interestingly, only 3 of the 7 directionally
specific neurons in this group exhibited a reduction in direc-
tional specificity. The remaining neurons in which specific re-
sponse properties (orientation selectivity or both orientation and
direction selectivity) remained unchanged, however, did show
other effects of BMI, such as changes in the spatial arrangement
of receptive fields, or increases in visually evoked response.
Forty-one direction-specific neurons that were also either ori-
entation-selective or orientation-biased were tested with BMI.
The majority of these (56%) became direction-nonspecific fol-
lowing the administration of the drug, 17% changed from di-
rection-selective to direction-biased, and 27% remained un-
changed. Changes in direction specificity occurred at all postnatal

ages and were observed for all cell types and throughout layers
III-VI. Of the 11 neurons that were not influenced by BMI in
their directional specificity, 6 could be assigned to cortical layers;
these neurons were all located in layer VI and represented all
receptive-field types seen in the immature striate cortex. It is
worth noting that only 4 of the 11 neurons with unchanged
direction specificity exhibited a reduction of orientation speci-
ficity during the ejection of BMI (Fig. 4), although all showed
an increase in the magnitude of their discharges to visual stimuli.

Effects of glutamate on neuronal response specificity

It was possible to construct complete orientation tuning curves
for 7 visually responsive neurons during the microiontophoretic
administration of glutamate. In all cases, glutamate ejection led
to an increase in spontaneous discharges, as did the adminis-
tration of BMI when presented at higher doses. The testing of
glutamate, however, proved much more difficult in neonatal
animals than, for example, in adult cortex (Dykes et al., 1984;
Hicks and Guedes, 1983), as it was rarely possible to adjust the
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Figure 4. Response specificity of an orientation- and direction-selective neuron recorded in the striate cortex of a 23-d-old kitten before, during,
and after the administration of BMI and during the administration of Glut. Data with BMI were collected 4-13 min after the start of BMI
administration (ejection current, 20 nA). With Glut, ejection current started with 20 nA and was increased to 60 nA. Complex receptive field,
ocular dominance group 3, layer VI. OSI: Normal, 98.2; with BMI, 20 nd, 71.6; after BMI, 20 nA, 92.0; with Glut, 93.1. DSI: Normal, 100.0; with
BMT, 20 nA, 97.8; after BMI, 20 nA, 98.5; with Glut, 100.0. Maximum discharge (spikes/sec). Normal, 9.5; with BMI, 20 nA, 19.0; after BMI, 20
nA, 6.5; with Glut, 6.8. Responses are displayed as polar diagrams. For further explanation, see legend to Figure 2.

ejection current to a level at which an effect of the drug on
response specificity could be measured without the neuron’s
spontaneous activity obscuring its visually elicited activity. For
many neurons, the ejection of glutamate, even at very small
doses, soon led to a depolarization block. This was especially
the case with neurons from the more immature cortices of an-
imals studied during the second and third postnatal weeks. The
effects of glutamate on orientation and direction specificity were
clearly different from those of BMI. In 5 cases (of the 7 inves-
tigated), glutamate did not induce changes in orientation or
direction specificity, as did BMI for the same neurons (Figs. 3
and 4). In the remaining cases, glutamate was difficult to adjust
at threshold so that a considerable increase in spontaneous ac-
tivity was necessarily produced. This resulted in a low response-

to-noise ratio (<2.5) that was, in fact, never observed during
the administration of BMI, even at higher ejection currents.

Effects of BMI on receptive-field structure

It has been reported (Sillito, 1975b; Sillito et al., 1980) that in
simple neurons of layer IV of the adult striate cortex, the elim-
ination of orientation sensitivity by blocking GABA-mediated
inhibition is accompanied by a loss of the separation between
the excitatory ON and OFF subregions within the receptive field.
Because of this observation, it was expected that significant
changes of the spatial structure of bimodal or multimodal re-
ceptive fields would be found in immature visual cortex when
the cells’ orientation specificity was significantly altered follow-
ing the administration of BMI. Surprisingly, however, such a
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Bin width, 40 msec.

straightforward correlation was found neither in bimodal or
multimodal receptive fields nor in unimodal or mixed receptive
fields.

Eighteen neurons (located in layer IV or VI) were studied
quantitatively both with moving and stationary stimuli before,
during, and after the ejection of BMI. The sample consisted of
6 bimodal or multimodal (i.e., simple) neurons, 7 unimodal,
and 5 mixed receptive-field types. For the simple receptive fields,
in 2 cases the OSIs decreased while the ON and OFF subregions
remained separated. For example, before BMI, the receptive
field of the neuron shown in Figure 5 consisted of a central ON
zone flanked by 2 OFF zones. As seen in the normal poststim-
ulus time histogram, the optimally oriented moving stimulus
entering the receptive field (direction 0) first elicited an OFF
response from its trailing edge; then an ON response occurred
from the leading edge; then again an OFF response reappeared
from the trailing edge. This arrangement remained rather stable
throughout BMI iontophoresis, after recovery from the effects
of BMI, and during glutamate ejection, with only a slight in-
crease in the widths of the subareas of the receptive field being
observed. In spite of this constancy in the spatial arrangement
of subareas, orientation sensitivity was nearly abolished with
BMI (see Fig. 3). Independence of BMI effects from orientation
sensitivity and the arrangement of the excitatory subregions in
simple cells is also illustrated in the case shown in Figure 6. The
receptive field of this neuron had a central ON region, flanked
by 2 weak OFF regions. Although during BMI the OFF response
and 1 ON response increased in width and height, both response
peaks were still clearly separated from each other. With a further
3 cells of the bimodal group in which the orientation selectivity
indices remained unchanged (showing only a moderate increase

in the widths of the tuning curve, or no effect at all during BMI),
the separation of ON-OFF areas was either totally lost (Fig. 7)
or remained constant. In the 1 remaining case, neither the ori-
entation selectivity nor the spatial arrangement of the receptive
field changed.

The functional independence of the effects of BMI from ori-
entation sensitivity and spatial receptive-field characteristics was
also observed in the group of neurons possessing unimodal re-
ceptive fields. The cell shown in Figures 1 and 2 retained its
unimodality under BMI, while its orientation selectivity was
completely lost (see Fig. 1, bottom). Another cell whose ori-
entation sensitivity remained unchanged developed a bimodal
arrangement of its receptive field, showing a moderate overlap
between the ON and OFF areas. In a third neuron, neither
unimodality nor orientation sensitivity changed during BMI
ejection. In the 4 remaining cases, the reduction of orientation
selectivity was accompanied by a change in the spatial com-
position of the receptive field. The latter changes, however, were
rather moderate; in 2 of these cases (one of which is shown in
Fig. 8) a subdominant OFF response was added to a dominant
ON response, suggesting the appearance of a bimodal field. In
the remaining cases, formerly unimodal OFF receptive fields
were transformed into the ON-OFF mixed type. The 4 cells
exhibiting mixed receptive fields preserved their basic spatial
structure regardless of whether orientation sensitivity remained
constant (1 case) or was reduced (3 cases). However, changes in
the balance between ON and OFF components were observed
in all of these cases. There was also no clear correlation between
the effects of BMI on direction selectivity and on the spatial
structure of the receptive field. Reduction or elimination of
direction selectivity was combined either with no change in
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Figure 6. Response specificity and receptive-field structure of an orientation-selective and directional-biased neuron, recorded in the striate cortex
of a 22-d-old kitten before, during, and after BMI administration. Data with BMI were collected 10-18 min after the start of BMI administration
(ejection current, 30 nA). Trimodal (i.e., simple) receptive field, ocular dominance group 4. OSI: Normal, 95.6; with BMI, 30 nA, 50.6. DSIL
Normal, 68.1; with BMI, 30 nd, 27.9. Maximum discharge to moving stimuli (spikes/sec): Normal, 14.2; with BMI, 30 nA, 10.6. Responses to
moving stimuli are displayed as polar diagrams. The receptive-field type is revealed by plotting the mean responses to stationary stimulation as a
function of stimulus position within the field (right-hand side). For further explanation, see legend to Figure 2.

spatial receptive-field structure (Figs. 3 and 5) or a moderate
(Fig. 6) to strong change in receptive-field structure. In 1 further
neuron (Fig. 7), the direction selectivity remained essentially
unchanged during BMI iontophoresis, whereas the receptive
field was transformed to ON-OFF mixed from the bimodal.

These results and those presented above indicate that the
synaptic organization responsible for the various functional pa-
rameters tested (orientation sensitivity, direction sensitivity,
spatial receptive-field structure) is unlikely to be the same. This
means either that synaptic transmitters other than GABA are
also active indicating receptive-field properties or that GABA
exerts its effect on the various functional specifications at dif-
ferent synaptic sites (see Discussion).

Pharmacological effects on visually unresponsive neurons

Recordings have been made from a number of neurons, espe-
cially in the younger kittens, which either did not respond to
any visual stimulus at all or responded only in an extremely

erratic way to visual stimulation. In the latter group, the signal-
to-noise ratio was generally less than 2, even with optimal stim-
uli, and maximal responses did not exceed 0.5 spikes/sec. Ini-
tially, glutamate was tested on these neurons, and in many cases
this led to an increase of visually evoked activity. These obser-
vations were mainly qualitative, however. To answer the ques-
tion, Was the poor responsiveness of these neurons to visual
stimuli caused by a weak excitatory drive, or were the neurons
dominated by intracortical inhibitory influences (or, if both these
mechanisms were responsible, how can one differentiate be-
tween them), quantitative tests were attempted with BMI as
well as with glutamate.

The effects of BMI on the activation of a total of 14 neurons
that were initially visually unresponsive were assessed quanti-
tatively. As expected on the basis of the idea that visually un-
responsive neurons in immature cortex might be dominated by
inhibitory influences, in all cases the ejection of the drug caused
a significant increase in the responsiveness to visual stimulation.
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Figure 7. Receptive-field structure of an orientation- and direction-selective neuron recorded in the striate cortex of a 24-d-old kitten before,
during, and after BMI administration. Data with BMI were collected 32-35 min (stationary) and 36-45 min (moving) after the start of BMI
administration (ejection current during this period, increasing from 35 to 60 nA). Bimodal (i.e., simple) receptive field, ocular dominance group
1, layer VL. OSL: Normal, 99.3; with BM1, 91.5; after BMI, 99.4. DSL: Normal, 100.0; with BMI, 100.0; after BMI, 99.4. Maximum discharge
(spikes/sec): Normal, 21.0; with BMI, 23.2; afier BMI, 30.2. Responses are displayed as polar diagrams. The receptive-field type is revealed by
plotting the mean response to stationary stimulation as a function of stimulus position within the receptive field (right-hand side). For further

explanation, see legend to Figure 2.
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Figure 8. Response specificity and receptive-field structure of an orientation-selective and directional-biased neuron, recorded in the striate cortex
of a 24-d-old kitten before, during, and after BMI administration. Data with BMI were collected 9-12 min (moving) and 15-18 min (stationary)
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17.2; after BM1, 15.6. Responses to moving stimuli are displayed as polar diagrams. The receptive-field type is revealed by plotting mean responses
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The response-to-background ratio invariably exceeded 4 when
optimal stimuli were presented during BMI ejection. What had
not been expected was that these neurons, after becoming vi-
sually responsive, exhibited high degrees of orientation speci-
ficity and also, in some cases, direction specificity. This is il-
lustrated in Figures 9 and 10. Increasing the ejection current for
BMI, however, and allowing for more diffusion of the drug by
waiting 5-15 min produced a reduction of the initially high
degree of orientation specificity in some of these neurons (Fig.
9). By contrast, the effects of glutamate on the same neurons
could be classified into 2 distinct categories. For 2 of the 7
neurons in which the effects of both drugs were measured quan-
titatively, thus making a direct comparison possible, glutamate
had a similar effect on visual responsiveness and on functional
properties as did BMI. For the other 5 neurons, glutamate did
not seem to produce visual responses specific to orientation and/
or direction. One of these cases is illustrated in Figure 10. During
the iontophoresis of glutamate, the cell responded to all stimulus
orientations, the response-to-background ratio remaining well
below 2. By contrast, the administration of BMI brought about
an orientation-specific response, the response-to-background ra-
tio exceeding 5 at the optimal orientation. As in this example
and typically for the latter group of neurons, glutamate produced
a significant increase in spontaneous activity when its ejection
current was adjusted to levels where visual responses became
apparent, whereas the iontophoretic administration of BMI had
only minimal effects on spontaneous activity. These findings
suggest that intracortical inhibitory mechanisms, even though
less extensive than in the adult, play an active role in the im-
mature visual cortex in suppressing the visual responsiveness
of some highly orientation-specific neurons, possibly by way of
a differently distributed network of inhibitory synapses than
obtains in the adult (see the introduction).

Pharmacological effects on visual responses and on
spontaneous activity

In 63% of the neurons tested quantitatively during administra-
tion of BMI, there was a significant increase in the discharge
frequency of the activity evoked by the optimally oriented mov-
ing stimulus. In about one-fourth of this group, the increase was
more than 100%; however, in most cases the discharge frequency
before administration of BMI was particularly low. The increase
in response strength to optimal stimuli was nearly always ac-
companied by a moderate increase in spontaneous activity. In
12% of all neurons, BMI did not produce an increase in the rate
of activity to optimal stimuli, and in 25% of the neurons, the
response frequency even decreased. This decrease was generally
less than 50% and was found only in unimodal and bimodal
neurons. Neurons having ON-OFF mixed receptive fields or
those responding only to moving stimuli always had increased
visually evoked responses during ejection of BMI.

In about one-third of the neurons, spontaneous activity re-
mained unchanged with the levels of BMI tested; the remaining
two-thirds of the cells, most of which were silent previous to
BMI, fired some action potentials at frequencies of 0.1 Hz or
less. If greater increases in firing occurred, the ejection current
of BMI was reduced or its administration interrupted. The var-
ious effects of BMI on optimal responses and on spontaneous
activity were seen at all ages investigated. There was no cor-
relation between the effects of BMI on visual response and spon-
taneous activity, on the one hand, and on the effects on func-
tional parameters such as orientation or direction specificity, on
the other. A neuron exhibiting prominent increases or decreases
in optimal response during BMI could retain its orientation
specificity, and vice versa.

GABA was found to inhibit responses to optimal and non-
optimal visual stimuli with all cells tested but one. GABA also
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suppressed the elevated discharge of cells produced by the ejec-
tion of glutamate. In the 1 case where GABA did not suppress
visually evoked activity, all functional parameters investigated
during BMI administration remained unchanged. Nevertheless,
the recordings seem to have been from the cell soma, since the
administration of glutamate increased spontaneous activity.

Discussion

One important observation of the present study is that intra-
cortical inhibitory processes in neonatal visual cortex appear to
be much more extensively developed than had been previously
thought (Blakemore and Van Sluyters, 1975; Bonds, 1979). The
relatively poor orientation and direction sensitivities and im-
mature receptive-field structures of neurons in Kitten striate
cortex led to the prevalent view that most functional synaptic
contacts appeared later than the first few weeks of birth. The
present data, however, are not in agreement with this concept,
since the majority of neurons lost their orientation and/or di-
rectional selectivity during tests with BMI. The additional fact
that 14% of the cells tested quantitatively could be classified as
visually responsive only following BMI administration adds
weight to the hypothesis (Hicks et al., 1986) that GABA-me-
diated inhibition in visual cortex plays an important functional
role in visually inexperienced animals.

If a substantial proportion of the neurons responsible for the
inhibitory processes described here are local circuit interneu-
rons—a proposal supported indirectly by cytochemical (Hen-
drickson et al., 1981; Hendry and Jones, 1981; Ribak, 1978)
and electrophysiological (Krnjevi¢ et al., 1970) studies—then
the postsynaptic potentials observed in immature neocortex fol-
lowing electrical stimulation (Purpura et al., 1965) may reflect
their physiological correlate in already established, fully func-
tional synaptic connections. Also relevant to this subject are the
observations of Chronwall and Wolff (1980) that autoradio-
graphic uptake sites for GABA are present as early as embryonic
day 16 in the rat occipital neocortex, and that synaptic contacts
in the feline visual system are evident 3 weeks before birth
(Cragg, 1975a, b; Winfield, 1981), although the majority of syn-
apses do develop later. It has been suggested by Cragg (1975b;
¢f- Rogers et al., 1974) that it may be important ontogenetically
to restrict or diminish neural activity until synaptic connections
are sufficiently developed for appropriate processing. On the
other hand, the role of GABA-mediated inhibitory processes in
neonatal visual cortex might represent instead an epiphenom-
enon of the “primary” purpose of GABA in neurotrophy or
synaptogenesis (Wolff, 1981).

Aside from the teleological issue, the present results dem-
onstrate that several receptive-field properties of neurons in
developing visual cortex are determined by inhibitory processes
mediated by GABA, and, indeed, that the visual responsiveness
of neurons itself is sometimes dictated by this inhibitory amino
acid transmitter. Orientation and direction specificity were often
diminished, sometimes quite substantially, by the administra-
tion of BMI. This observation has been documented thoroughly
by Sillito and others for the adult (Burchfield and Duffy, 1981;
Sillito, 1975a, b, 1977, 1979; Sillito et al., 1980; Tsumoto et
al., 1979), and has also recently been reported for the immature
cortex by Sato and Tsumoto (1984). Our data show that the
spatial arrangement of ON and OFF areas in bimodal fields, as
well as in unimodal and mixed fields, may also change when
GABA-mediated inhibition is removed. Of additional interest
in this regard is our finding that no cell lost its orientation
sensitivity completely during the ejection of BMI, so that the
orientation biases observed previously in the geniculate of adult
cats (Vidyasagar and Urbas, 1982) and kittens (Albus et al.,
1983) may indeed supplement the orientation tuning of cortical
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cells, perhaps more strongly in immature than in mature cortex.
This point is discussed in more depth elsewhere (Sillito, 1984)
in the context of the columnar organization of the orientation
domain in developing cortex.

Recently, Somogyi et al. (1984) have discussed the idea that
a range of functionally distinct populations of neurons may exist
in sensory cortex for the purpose of exerting inhibitory infiu-
ences. These neurons may all employ GABA as their synaptic
transmitter, though they are possibly further distinguished from
each other chemically by also containing different peptides
(Hendry et al., 1984); the important differences among these
sets of neurons would be that they exert their varied effects
independently of each other by virtue of acting at different parts
of the postsynaptic neuron (axon initial segment, soma, proxi-
mal and distal dendrites) and perhaps by having their effects
recognized and mediated by different classes of GABA receptors
(Simmonds, 1982). Modulation by peptides, endogenous ben-
zodiazepines, or other, as yet unknown, compounds could con-
spire to render the effects of GABA greater or less in potency.
It may, therefore, not be surprising that in our results on some
neurons, there were clear dissociations among orientation se-
lectivity, directional selectivity, and receptive-field substruc-
ture, while on other neurons these differences were either absent
or present in different combinations. Thus examples were en-
countered of BMI antagonizing GABA-mediated inhibitions that
dictated orientation tuning, while no effect on receptive-field
substructure was noted, these cells normally exhibiting the “sim-
ple” type of receptive field. Yet other cases were encountered
in which the spatially separate ON and OFF subregions were
transformed by BMI into mixed ON-OFF receptive-field types
at times when no effect on orientation tuning could be detected.
This stands in contrast to the results of Sillito (1975b) obtained
in the adult, in which the receptive-field substructure of simple
cells in layer IV was invariably lost, concomitant with the loss
of orientation and direction sensitivity. One might conjecture
that, in neonatal cortex, different subsets of inhibitory neurons
containing GABA exert specialized functions in determining
receptive-field properties and, as maturation proceeds, this func-
tional specificity is gradually lost, the functions possibly being
taken over by other sets of neurons employing transmitters dif-
ferent from GABA.

An alternative hypothesis, articulated by Sillito (1984), is that
if the excitatory geniculate input to cortical neurons comprises
overlapping ON and OFF subregions that are normally kept
spatially separated by GABA-containing inhibitory interneu-
rons—a possibility suggested by his early observation of a loss
of the spatial integrity of the receptive-field substructure during
BMI ¢jection—then the inhibitory interneuron’s input must it-
self arise from spatially organized geniculate afferents, which
provide the simple receptive-field properties to the GABA-con-
taining cell. These neurons, then, could represent that subpop-
ulation of simple cells that exhibited broadening of their ori-
entation tuning or loss of directional selectivity with no
concomitant loss of spatial receptive-field organization under
BMI. Neurons postsynaptic to these GABA-containing cells
would, of course, exhibit the dual changes in receptive-field
topography and orientation/direction selectivity with BMI, as
first described by Sillito (1975b). In support of this view are the
data reported recently by Vidyasagar et al. (1985) from adult
striate cortex, using drifting sine-wave grating stimuli. They
found that there were only a few simple cells out of their total
sample that showed significant changes in spatial and/or tem-
poral frequency tuning under BMI, in combination with low
ratio values of the amplitudes of the response components at
the fundamental and O frequencies: Most cells maintained a
high level of this “first to zero ratio,” which suggests the main-
tained integrity of ON and OFF subregions despite the inter-
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ference with other GABA-mediated inhibitory receptive-field
properties.

In agreement with the results of Sillito (1977, 1979) for adult
animals is our finding that there exist subpopulations of visually
reponsive neurons that appear insensitive to the orientation-
broadening and direction-specific reducing effects of BMI. This
observation may be explained in a number of ways. First, these
neurons may receive an excitatory input that is already orien-
tation-specific; such inputs could arise in the cortex itself and/
or in the dorsal part of the lateral geniculate nucleus (see above).
Second, other inhibitory processes employing a synaptic trans-
mitter different from GABA might provide certain cells, but not
others, with their response specificity; indirect electrophysio-
logical support for this contention has recently appeared and
the issue has been discussed in the context of submodality-
specific neurons in primary somatosensory areas (Dykes et al.,
1984; Hicks et al., 1985). Third, the ineffectiveness of BMI
might be due to the functional operation of synaptically released
GABA upon the subset of receptors now known as GABA,
receptors (Bowery et al., 1981; Hill and Bowery, 1981) which
are insensitive to antagonism by BMI (Simmonds, 1982) and
are believed to be located presynaptically (Ault and Nadler,
1982; Bowery et al., 1980), which is possibly involved in pro-
cesses of presynaptic inhibition (Levy, 1977). Last, it is possible
that the occasional ineffectiveness of BMI resulted not from
any of the above physiological reasons, but rather from a dif-
fusion of antagonist following iontophoretic expulsion insuffi-
cient to limit the reaction with the subsynaptic GABA receptors
located on dendritic surfaces distal to the pipette orifice, despite
the fact that high currents were often applied for long durations.
This situation might arise from unusual geometrical relations
between soma and dendritic field of particular cells (Hicks, 1983),
rather than from pipette-induced artifacts such as inoperative
drug barrels, for example, since other neurons in the same pen-
etrations exhibited altered receptive-field properties in response
to BMI ejected from the same pipette assemblies. Methodolog-
ical and practical considerations pertaining to diffusion and drug
spread through brain tissue following iontophoresis have been
reviewed in detail elsewhere (Hicks, 1984). The issue of the
unmasking of visual responsiveness in previously unresponsive
neurons with BMI is also of considerable interest, as it raises
the issue of the nature of the inhibitory processes at work on
these cells, which formed over 15% of our sample. These neu-
rons are likely to receive different types of inhibitory inputs:
from orientation-nonspecific and from orientation-sensitive
neurons. Orientation-nonspecific inputs are indicated by the
greater probability of occurrence of BMI-reversed, visually un-
responsive neurons (Table 1) in younger cortices, where the
proportion of orientation-nonselective neurons is higher and
where the unmasked visual responses are often more broadly
tuned than in the older group. The other input is probably from
orientation-sensitive neurons, and is more resistant to the effects
of BMI, as demonstrated by the higher currents of ejection re-
quired before orientation tuning was broadened, even though
visual responsiveness itself had been unmasked. Possible ex-
planations of this relative resistance to BMI might include the
use of a relatively denser population of GABA synapses me-
diating orientation properties than mediating response thresh-
old; a differential distribution of synapses along the dendritic
arbors or the initial segment region; or different strengths of
GABA-mediated synaptic inputs operating in these 2 domains,
dictated, perhaps, by differential modulation through benzo-
diazepine processes or the peptide-mediated modulating influ-
ence.

A final comment regarding the nature of the receptors reacting
with GABA and concerning the question of whether the inhib-
itory mechanism studied here involves synaptic or extrasynaptic
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receptors for the amino acid: That GABA is capable of an action
both on synaptic and extrasynaptic populations of receptors is
well recognized (Curtis and Johnston, 1974; Simmonds, 1982).
Since the iontophoretically administered amino acid nonselec-
tivity depresses visual activation, it is reasonable to assume that
this physiologically “nonspecific” depression arises through the
interaction of GABA with receptors not involved in dictating
orientation or directional shaping of the naturally elicited re-
sponse. Whether these receptors are involved in different syn-
aptic events cannot be ascertained on the basis of these exper-
iments. The results with BMI, however, permit a greater
interpretive latitude, since any alteration in response properties
evolving from the administration of a pharmacologically specific
antagonist is necessarily demonstrative of the interruption of
intrinsically operative, synaptic processes. Therefore, the broad-
ening of orientation tuning, the reduction in direction selectiv-
ity, and the breakdown in receptive-field structure observed with
BMI all signify the involvement of GABA-mediated synaptic
inhibition. Although not studied in detail here, it is noteworthy
that potency differences among cells in other sensory regions
(Dykes et al., 1984; Koyama et al., 1980) have been noted for
GABA and, while quantitative treatment of such data is difficult
owing to interpretive difficulties with the microiontophoretic
method (Hicks, 1984), it is likely nonetheless that uneven dis-
tributions of synaptic and extrasynaptic populations of receptors
would contribute to such differential sensitivities.
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