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Abstract

The direction sensitivity of relay cells in the cat’s dorsal lateral geniculate (LGNd) was measured using sinusoidal grating stimuli
before and during local bicuculline administration. One hundred and twenty-eight LGNd relay cells were recorded in laminae A and A1,
of which 44 relay cells (34%) were found to be sensitive to direction of stimulus movement. The direction-sensitive LGNd relay cells
could be differentiated into two subgroups based on different measures of their response amplitude. Type I cells exhibited their direction
sensitivity when the fundamental Fourier component (FFC) of the poststimulus time histograms (PSTHs) was used as response measure,
but did not show significant direction sensitivity when mean firing rate was used. Type II cells exhibited their direction sensitivity, no
matter whether the FFC or mean firing rate was used as the measure. Of 35 cells analyzed, 27 cells remained direction sensitive during
bicuculline administration. At the population level, the direction bias of type I cells did not change systematically, while the direction bias
of type II cells decreased significantly during bicuculline administration. These results suggest that the direction bias of these two types of
relay cells are mediated by different neural mechanisms. The direction bias of type I cells may involve multiple inputs from
spatio-temporally separate subunits within retinal ganglion cells receptive fields. The direction bias of type II cells may involve
GABAergic neuronal circuits within the LGNd.  2000 Elsevier Science B.V. All rights reserved.
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1. Introduction of direction sensitivity (DB.0.1 see Section 2) in normal
cats [24,25], dark-reared cats [33,34], and cats in which the

Direction sensitivity is a well-known receptive field visual cortex had been inactivated [26,34].
property of neurons in mammalian visual cortex [9]. It is Moreover, direction-sensitive cells were also found in
widely accepted that this property is generated intracorti- the magnocellular and parvocellular layers of the monkey
cally although some investigators have noted a weak LGNd [24]. These findings raised the possibility that the
direction preference in some cells in the LGNd of monkeys direction sensitivity of LGNd relay cells may contribute to
[10]. the development of this property in the visual cortex.

Recently, Leventhal and co-workers reported that about Shou et al. [17] reported that about 26% X- and Y-type
one-third of X and Y type relay cells in the A laminae of retinal ganglion cells (RGCs) of cats exhibit direction
the dorsal lateral geniculate (LGNd) exhibited some degree biases. It seems likely that the direction sensitivity of most

LGNd cells is a reflection of their retinal inputs. However,
compared to RGCs, a somewhat greater proportion of*Corresponding author. Tel.: 186-551-360-1436; fax: 186-551-360-
LGNd relay cells exhibit direction bias. Thus, one of the7014.

E-mail address: zhouy@ustc.edu.cn (Y. Zhou). purpose of this study was to determine if intrageniculate
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inhibitory mechanisms contribute to the direction-sensitive one mechanism may be involved in the generation of the
responses of LGNd relay cells. direction sensitivity of the LGNd neurons. One may be

There has been some evidence suggesting that more than determined by the asymmetric inhibitory surround of the
receptive field, and another may involve the excitatory
center of the receptive field receiving inputs from many
subunits with different latencies [20–22,25]. As shown in
Fig. 1A,B, the poststimulus time histograms (PSTHs) show
the two different types of neuronal activities, elicited by
drifting sinusoidal gratings, that result in direction sen-
sitivity in LGNd cells. This phenomenon suggested that we
could differentiate these direction-sensitive cells into sub-
groups based on different measures of their response
amplitude. Type I cells (Fig. 1A as an example) exhibited
their direction sensitivity (DB50.272) when the fun-
damental Fourier component (FFC) of the PSTHs was
used as response measure, but did not show significant
direction sensitivity (DB50.015) when mean firing rate
was used. Type II cells (Fig. 1B as an example) exhibited
their direction sensitivity, no matter whether the FFC
(DB50.291) or mean firing rate (DB50.282) was used as
the measure [32,34]. Another purpose of this investigation
is to test whether there are different mechanisms involving
the generation of direction sensitivity of cells with differ-
ent shapes of PSTHs, including intrageniculate inhibitory
mechanism.

2. Materials and methods

2.1. Physiological recording procedures

Seventeen adult cats were prepared for electrophysio-
logical recording as described previously [15,34]. Animals
were anesthetized with urethane (20 mg/kg per h) and
paralyzed with gallamine triethiodide (10 mg/kg per h)
intravenously during the duration of the experiments. Body
temperature was maintained at 388C. The ECG and EEG
were monitored throughout the experiment. Expired CO2

was maintained at approximately 4%.
The eyes were protected from desiccation with proper

Fig. 1. Poststimulus time histograms (PSTHs) showing the two different contact lenses. The cat’s optic disks were projected upon a
types of neuronal activity elicited by drifting sinusoidal gratings that white screen positioned 114 cm from the eye repeatedly
result in direction sensitivity in LGNd cells. The polar plots in the center

during the course of recording. These projections wereof the PSTHs were direction tuning curve of the cell. PSTHs are shown
used to determine the positions of the area centralisfor the two horizontal directions, the two vertical directions, and the four

oblique directions (separated by 458), respectively. (A) An On-center X conventionally [5,14]. The clarity of the optics was
cell, whose direction sensitivity was presumably mediated by a spatio- checked often during all experiments.
temporally separate subunit structure within the excitatory center, is Action potentials of LGNd cells were recorded with an
classified as type I cell; stimuli spatial frequency 0.4 cycle /deg., temporal

extra / intra-cellular preamplifier (Nihon Konden, Japan)frequency 1 Hz, repeat15 cycles, DB was 0.272 for FFC and 0.015 for
and an AC/DC amplifier (FZG-IA, Liuhe, China) throughMean, respectively. (B) An off-center Y cell, whose direction sensitivity

was presumably mediated by an asymmetric inhibition in the nonprefer- the recording micropipette of a trimicrocapillary electrode.
red direction which cause poor response (see left bottom two PSTHs), is The recording micropipette contained 3 M NaCl with
classified as type II cell; stimuli spatial frequency 0.4 cycle /deg., high-impedance ranging from 2 to 10 MV. The electrode
temporal frequency 2 Hz, repeat10 cycles, DB was 0.291 for FFC and

was advanced using an electrohydraulic microdrive0.282 for mean, respectively. The response scales represented by axes of
(Narishige, Japan) and was moved at least 100 mmabscissa and ordinate are 42 spike /s in (A) and 16 spike /s in (B),

respectively. between units to reduce sampling bias.
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2.2. Receptive field mapping procedures for the cells studied. The stimulus area used was at least
three times larger than the receptive field center of the cell

For each cell, the receptive field was mapped on the tested. These procedures are similar to those employed by
tangent screen 114 cm away from the cat’s eye by hand- Levick and Thibos [12] and Soodak et. al. [21] in their
held targets. The retinal eccentricity of each cell’s recep- studies of retinal ganglion cells and LGNd cells.
tive field was defined as the distance in visual degree from Direction preferences and sensitivities were calculated
the center of the receptive field to the projection of the area for each cell using statistical methods described in detail
centralis of that eye. by Zar [31]. These methods have been previously used in

The responses of single units to visual stimulation were the calculation of orientation sensitivity of retinal ganglion
studied quantitatively with an image synthesizer (Innisfree, cells [11,12] and LGNd relay cells [16], also in the
USA), an oscilloscope-based (Tektronix 608) optical dis- calculation of the direction sensitivity of LGNd relay cells
play, and a Compaq 386/20e computer (USA) controlled [25] and the orientation and direction sensitivity of cortical
visual stimulus system (VS System, Cambridge Electronic cells to moving stimuli [29]. Briefly, the responses of each
Design, UK). We developed an apparatus that allows the cell to the different directions presented were stored in the
oscilloscope display to be tangentially moved to any point computer as a series of vectors for later analysis. The angle
in the animal’s visual field while maintaining a fixed of each vector was defined relative to the meridian of the
distance of 57 cm between the display and the cat’s eye. retina with horizontal as 0 or 1808 and vertical defined as
Thus, we can study cells’ receptive field properties at 90 and 2708 counterclockwise. The sum of the vectors was
different parts of the visual field without distortion. divided by the sum of the absolute values of the vectors.

The responses of single cells to drifting sinusoidal The angle of the resultant vector gives the preferred
gratings as well as to contrast alternating gratings were direction of the cell. The length of the resultant vector,
used to determine the cell’s linearity and frequency termed the direction bias (DB), provides a quantitative
doubling. The spatial resolution, receptive field size, time measure of the direction sensitivity of the cell.
course of response, response to rapid stimulus motion, and

¢ORisluggishness of response were also studied. Units were ¢ ]]b 5 5OR ? exp( j ?u ) /OR 5 b ? exp( j ?u )i i i pidentified as X- and Y-types [3,4,6,23]. ORi

where b is direction bias (DB); u is preferred direction;2.3. Direction sensitivity measurement p]Œj 5 2 1; R is response amplitude to the ith stimulusi

direction; u is direction angle of the ith stimulus.Drifting sinusoidal gratings across the receptive field i

Direction biases range from 0 to 1, with 0 beingwere used to determine the direction sensitivity of cells in
completely insensitive to direction and 1 respondent tothe A and A1 layers of the LGNd. The stimulus gratings
only one direction. The measure of direction bias used inwere displayed on a 108312.58 oscilloscope screen with

2 this study is analogous to that used by Levick and Thibosmean luminance of 5.9 Cd/m . The temporal frequency
[12] in their study of the physiological orientation sen-and contrast of the gratings were generally kept at 2 Hz
sitivity of retinal ganglion cells, but with a difference inand 50%, respectively. Two definitions of response am-
the ranges for direction from 0 to 3608 and for orientationplitude were used in this study. One was the amplitude of
from 0 to 1808. It has been argued that these methods arethe fundamental Fourier component (FFC) of the PSTH in
more accurate than others (i.e., half-width-at-half-heightspikes / s. The other was the mean firing rate in spikes / s,
and direction index) in describing the orientation andwhich was used only for classification of cells. Direction
direction sensitivity of visual neurons [29,30]. A directionsensitivity is usually most pronounced when relay cells are
bias of 0.1 or greater indicates that the bias is statisticallytested with low spatial frequency sinusoidal gratings, and
significant at the P,0.005 level (Rayleigh test) [31]. Inorientation sensitivity is most distinct for relay cells and
this study, a cell exhibiting a bias of 0.1 or greater (on theretinal ganglion cells when using a high spatial frequency
basis of FFC) was considered to be direction sensitive;(close to its cutoff frequency) [11,12,16]. Thus, the spatial
cells with biases less than 0.1 were defined as beingfrequency tuning curves were routinely first tested at
non-direction sensitive. The reliability of LGNd cellscertain orientations (for example, vertical or horizontal),
direction determination has been discussed in detail previ-then several appropriate spatial frequencies were selected
ously [25].from the resultant spatial frequency tuning curves to

measure the direction tuning curves.
In general, when at least three to five direction tuning 2.4. Microiontophoretic injection of bicuculline

curves at various spatial frequencies were measured, the
maximal direction bias can be clearly shown. Fifteen Bicuculline (bicuculline methobromide (Sigma, USA),
presentations of drifting gratings (temporal frequency of 2 molecular weight, 462) was injected into the LGNd by
Hz) at each of 24 randomly generated directions with 158 using a microiontophoresis micropipette filled with 0.5
intervals were used to compile the direction tuning curves mM bicuculline in physiological saline (pH 3.0). The
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microiontophoretic electrode (the second micropipette) was independent of the classification of X and Y type, or on-
for local microiontophoresis in the LGNd, and the balance and off-center of cells. The results presented below
electrode (the third micropipette) containing 3 M NaCl was indicate that bicuculline has apparently different effects on
used to balance the current. Both were connected to a these two types of direction-sensitive cells.
microiontophoresis current programmer (WPI 260, USA). Of 24 type I cells studied, 23 cells still remained
Bicuculline was injected using currents of 20–80 nA for direction sensitive during bicuculline administration. A
about 10 min, and then reduced to 10 nA for the remainder typical sample in Fig. 2 shows the effect of bicuculline on
of the time. The direction tuning curves of each cell were a type I direction-sensitive cell. The type I cell exhibited
obtained before, during and after the microiontophoresis of direction sensitivity only when FFC of PSTHs was used as
bicuculline. the response measure (solid curve in Fig. 2A, DB50.27).

This cell did not show significant direction sensitivity
2.5. Histological identification of location of the cell when mean firing rate was used (Fig. 2B, DB50.013, far
studied less than 0.1). During bicuculline injection, the cell’s

response increased strikingly (compare the solid curve and
At the end of each experiment, animals were deeply dash curve in Fig. 2A), but exhibited almost no change in

anesthetized and perfused. The brains were removed, and direction bias from 0.27 to 0.28.
the portions containing the electrode tracts were frozen and The data from 24 type I direction-sensitive relay cells
sectioned at 75 mm. The Nissl-stained coronal sections are plotted in Fig. 4 (open triangles). Most data for type I
through the LGNd were used to identify the exact location relay cells distributed around the line with a slope of one.
of the cells studied in the brain. The mean ratio between direction biases during and before

bicuculline injection was 1.1660.49 (S.D.). This was
slightly higher than 1, but showed no statistical difference

3. Results (t-test, P.0.1, n524).
In contrast to type I cells, most type II direction-

One hundred and twenty-eight LGNd relay cells were sensitive cells exhibited declining direction bias during
recorded in laminae A and A1. Forty-four relay cells bicuculline injection. Of 11 type II cells studied, only four
(34%) were found to be sensitive to moving direction cells remained direction sensitive during bicuculline appli-
(DB.0.1). This agrees well with the earlier reports cation. A sample of type II cell is shown in Fig. 3.
[25,32]. In general, their direction sensitivity was most Regardless of whether the FFC or mean firing rate was
significant when relay cells were tested with low spatial used, the cell exhibited significant direction sensitive.
frequency of sinusoidal gratings (close to the optimal Using these two measures, the DBs were 0.25 and 0.18,
spatial frequency of the cell). However, some, but not
many cells were direction sensitive over a wide range of
spatial frequencies. Cells subserving the vertical, oblique,
and horizontal retinal meridians were included in the
sample.

Bicuculline was applied to the 44 direction-sensitive
relay cells. Of these cells, only 35 were studied quantita-
tively. This was due to that the local microiontophoresis of
bicuculline increased the spontaneous discharge rate and
evoked response of these 35 cells. The other nine cells
seemed not affected by bicuculline, so these nine cells
were not included in the present study. Of 35 cells studied,
27 cells remained direction sensitive (DB.0.1) during
bicuculline administration. The effects of bicuculline lasted
15–30 min, and then the cells’ response returned to the
normal level.

Two different types of LGNd cells (type I and type II
cells) were found. This classification is based upon the
cells’ responses to moving gratings [32,34]. Our results Fig. 2. Direction tuning curves of a type I direction-sensitive LGNd relay
support the classification mentioned above. Quantitative cell (on-center, Y). The angles in polar curves represent the moving

direction and the magnitudes represent the responses at the correspondingmeasures of 35 direction-sensitive LGNd cells showed that
directions. The direction bias (DB) before and during bicuculline24 cells were classified as type I cells (11 X cells and 13 Y
injection was almost the same (see text for details). The grating spatial

cells, 17 on-center cells and seven off-center cells), 11 as frequency was 0.2 cycle /deg.; temporal frequency, 2 Hz. The response
type II cells (eight X cells and three Y cells, five on-center scales represented by radii are 133 spike /s in (A) and 89 spike /s in (B),
cells and six off-center cells). This classification was respectively.
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respectively (solid curve in Fig. 3A,B). The shape of cell’s
direction tuning curves changed dramatically due to
bicuculline administration. During bicuculline injection,
the cell’s direction bias decreased significantly from 0.25
to 0.073 (solid and dashed curves in Fig. 3A) when FFC
was used as response amplitude, and from 0.18 to 0.11
(solid and dashed curves in Fig. 3B) when mean firing rate
was used. Notice that the cell’s response was increased by
bicuculline no matter whether the FFC or mean firing rate
was used (compare the solid curve and dashed curve in
each figure).

The solid circles in Fig. 4 show the data from 11 type II
direction-sensitive cells. It is noteworthy that all points are
located below the line with a slope of one. This result
indicates a clear decrease in direction sensitivity during

Fig. 3. Direction tuning curves of a type II direction-sensitive LGNd bicuculline injection. The mean ratio between direction
relay cell (on-center, X). During bicuculline application, the direction bias bias during and before bicuculline injection was 0.5260.25
of the cell dramatically declined (see text in detail). The grating spatial

(S.D.). This is significantly lower than 1 (t-test, P,frequency was 0.09 cycles /deg., temporal frequency, 2 Hz. The response
0.0002). The different effects of bicuculline on the twoscales represented by radii are 157 spike /s in (A) and 88 spike /s in (B),
types of direction-sensitive relay cells were statisticallyrespectively.

pronounced (t-test, P,0.0001).

4. Discussion

Direction sensitivity of X and Y cells in the cat’s LGNd
has been reported [24–26,33,34]. This study confirms that
direction sensitivity is a common property of the receptive
fields of LGNd neurons in the cat. Moreover, the results
provide the first demonstration that there are two types of
direction-sensitive LGNd cells, which are affected differ-
ently by bicuculline, an antagonist to GABAa receptors.

It is very important in microiontophoretic work to be
certain that the drugs applied really affect the neurons
studied without injection artifacts. It should be emphasized
that several controlled experiments, in which 3 M NaCl
were used instead of bicuculline were conducted. The
comparison showed that there was no obvious change in
cells’ responsivity and direction bias before and after
‘microiontophoresis’ of saline. Also, we studied each cell
for more than 1 h and the direction bias of single units was
stable before bicuculline administration. Some cells (five
type I and six type II relay cells) were studied repeatedly
and exhibited similar effects during microiontophoresis of
bicuculline.

Approximately 25% of the cells in the LGNd are
immunoreactive for GABA [27]. GABA is an intragenicu-
late inhibitory neurotransmitter [1,2,7,8,13,19,28]. Block-Fig. 4. Changes in direction bias of 24 type I (hollow triangles) and 11
ing GABAa receptors appears, at the population level, totype II (solid circles) direction-sensitive relay cells before and during

bicuculline injection. The horizontal and vertical axes represent the DB decrease the direction bias of type II direction-sensitive
(obtained by FFC) values before and during bicuculline injection, cells significantly, but to show no systematic effect on type
respectively. Data above and below the line of slope 1 show the cells I cells. The different influences of bicuculline on the two
whose direction biases increased and decreased during bicuculline

types of direction-sensitive relay cells were statisticallyadministration respectively. For type I cells, the data are scattered around
pronounced (t-test, P,0.0001). This study presents phar-the line of slope 1, except three points. For type II cells, however, data

are all located below the line of slope 1 without exception. macological evidence supporting the physiological differ-
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ence between the two types of direction-sensitive LGNd one of these mechanisms, while the sensitivity of others is
cells. mediated by two or more mechanisms.

Significant numbers of RGCs in the cat are sensitive to
direction [17]. The distribution of their direction bias, the
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