
The Journal of Neuroscience, April 1989, g(4): 1150-l 162 

Cortical Areas Involved in Horizontal OKN in Cats: Metabolic Activity 

Susan J. Herdman,’ Ronald J. Tusa,2 and Carolyn 6. Smith3 

‘Department of Otolaryngology-Head and Neck Surgery, and 2Department of Neurology, Johns Hopkins Hospital, 
Baltimore, Maryland 21205, and 3Laboratory of Cerebral Metabolism, National Institute of Mental Health, Bethesda, 
Maryland 20892 

Cerebral cortex improves optokinetic responses to high tar- 
get velocities, but the specific cortical areas involved are 
unknown. Using the 14C-deoxyglucose technique, we com- 
pared local rates of cerebral glucose utilization in cats view- 
ing a moving optokinetic nystagmus (OKN) drum (experi- 
mental group) with those in cats viewing a stationary OKN 
drum (control group). In the experimental group, glucose 
utilization was increased in areas 17 and 18 and in 4 areas 
in suprasylvian cortex (21 a, 21 b, PMLS, and VLS). There 
were no changes in glucose utilization in areas 7, 19, 20a, 
20b, ALLS, AMLS, DLS, PLLS, the posterior suprasylvian area, 
and the splenial visual area. 

The increases in glucose utilization in areas 17 and 18 
were most significant in the granular layers (inner Ill and IV). 
In areas 21 a, 21 b, PMLS, and VLS, the increases in glucose 
utilization extended from layers II through V. There was also 
a regional distribution of the increase in glucose utilization 
within each of these areas in the experimental animals. The 
increase in glucose utilization did not include the rostra1 
portion of PMLS or the borders between areas PMLS and 
2 1 a, and VLS and 2 1 b. In addition, there was a smaller in- 
crease in glucose utilization at the borders between areas 
17 and 18 than in other portions of these 2 areas. 

The results indicate that areas 17, 18, 21a, 21 b, PMLS, 
and VLS may be involved in the cortical modulation of hor- 
izontal OKN. The laminar distribution of label within the cor- 
tical areas corresponds with the distribution of projections 
from the dorsal lateral geniculate nucleus to areas 17 and 
18, and from areas 17 and 18 to PMLS. The regional distri- 
bution of the metabolic activity within areas 17,18, and PMLS 
coincides with that portion of cortex expected to be excited 
by either the spatial frequency of the stimulus or the retinal- 
slip velocity (drum velocity minus slow phase eye velocity) 
occurring during the eye movements. 

In the cat, cerebral cortex improves optokinetic responses at 
high stimulus velocities (Montarolo et al., 1981; Hoffmann, 
1982; Strong et al., 1984; Ventre, 1985). Extensive unilateral 
ablation of suprasylvian cortex involving areas PMLS, PLLS, 
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AMLS, ALLS, DLS, VLS, and 7, or bilateral lesions of areas 
17-19 decreases the velocity of slow phase eye movements of 
optokinetic nystagmus (OKN) (Montarolo et al., 198 1; Ventre, 
1985). In addition, areas PMLS, AMLS, 21a, 21b, 17, and 18 
project to subcortical structures (the nucleus of the optic tract 
and the dorsal terminal nucleus) involved in the generation of 
OKN (Berson and Graybiel, 1980; Schoppmann, 1981; Mar- 
cotte and Updyke, 1982). 

The purpose of this study was to further define the specific 
cortical areas involved in OKN. We used the quantitative I%- 
deoxyglucose technique to measure local rates of cerebral glu- 
cose utilization in cats during the generation of an optokinetic 
response. These results were compared with values obtained 
from cats viewing a stationary OKN drum. Previous studies 
have evaluated the metabolic activity of cat visual cortex using 
the 2-deoxyglucose technique, but these studies were strictly 
qualitative and examined only cortical areas 17-l 9 (Albus, 1979; 
Flood and Coleman, 1979; Lang and Henn, 1980; Schoppmann 
and Stryker, 198 1; Singer, 198 1; Tootell et al., 198 1; Wagner 
et al., 1981; Thompson et al., 1983; Albus and Sieber, 1984; 
Lowe1 et al., 1987). In our study, we have quantitatively ex- 
amined the metabolic activity of all known cortical visual areas 
lying within occipital, temporal, and parietal cortex in awake 
behaving cats viewing an OKN drum. We found that only 6 
regions of cortex-corresponding to areas 17, 18, 2 la, 21 b, 
PMLS, and VLS- had an increase in glucose utilization in cats 
generating horizontal OKN. 

In the second paper we will describe the effects of unilateral 
ablation of areas 17, 18, 21a, 21b, PMLS, and VLS on OKN, 
VOR, and VOR gain plasticity (Tusa et al., 1989). 

Preliminary reports of this research have been presented else- 
where (Herdman and Tusa, 1984, 1986). 

Materials and Methods 
GeneraI experimental procedures. Nine adult, male cats (3.5-4.5 kg) 
were used in this study. Plexiglas head holders and eye coils were im- 
planted under sterile conditions while the animals were anesthetized 
with intravenously administered sodium pentobarbital The cats were 
treated postoperatively with ophthalmic ointment and penicillin ad- 
ministered intramuscularly for 1 week. Five days after surgery, oculo- 
motor responses were tested in each cat using the magnetic-field search 
coil technique (Robinson, 1963). This recording system has a resolution 
of 1.5 min of arc and is linear within a 40” range with an error of less 
than 6%. The head holder was used to immobilize the cat’s head so that 
the eyes were level with the horizon. Awake cats were restrained by 
placing their bodies in a canvas bag inside a loose-fitting box to which 
their head plates were bolted. The eye movement recording system was 
calibrated by rotating the magnetic field coils around the stationary cat 
at a known speed (Robinson, 1976). Measurements for calibration were 
taken during moments of steady eye fixation. 

In the experimental group, OKN responses were elicited by rotating 
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a full-field drum around the cat’s head. The stimulus was a full-field 
OKN drum that contained a random pattern of black circles that sub- 
tended a visual angle of 8”16” against a white background. A 2-di- 
mensional FFT of the image was computed using Fourier Prospective 
II for the IBM PC (Alligator Transforms, Costa Mesa. CA). The band- 
widths were then computed on the basis of a horizontal slice through 
the origin of the 2-dimensional FFT. The stimulus had a contrast that 
approached 1 and a spatial frequency at half-maximum amplitude of 
0.125 cycles/deg and at l/lOth maximum amplitude of 0.38 cycles/deg. 
The steady-state optokinetic slow phase eye velocities at drum speeds 
ranging from 5” to 120Ysec (accelerated at 0.1 S”/sec/sec) were deter- 
mined for each cat. The drum velocity that elicited the maximum slow 
phase eye velocity of OKN during binocular viewing was then used 
during the deoxyglucose experiment. During the deoxyglucose experi- 
ment, the OKN drum was rotated at a constant velocity in a clockwise 
direction only. The mean drum velocity used was 45”/sec. 

In the control group, the cats viewed the same OKN drum, but the 
drum was held stationary. Spontaneous saccades were monitored during 
the deoxyglucose experiment for later calculation of the frequency, ret- 
inal slip velocity, and direction of saccades. The ambient lighting was 
the same for both the experimental and the control groups. 

Determination of local rates of cerebral glucose utilization. Local rates 
of cerebral glucose utilization were determined by means of the auto- 
radiographic 14C-deoxyglucose method in 3 control and 4 experimental 
cats (Sokoloff et al., 1977). In 2 other cats the deoxyglucose technique 
was used, but the results were not quantitated. The results from these 
2 cats were used for mapping purposes only. While the cats were anes- 
thetized with halothane and nitrous oxide gas, polyethylene catheters 
were inserted into one femoral artery and vein. The free ends of both 
catheters were tunneled subcutaneously from the groin to a subcuta- 
neous pocket in the animal’s back. The tissues around the incisions were 
infiltrated with a long-acting topical anesthetic (2% marcaine with epi- 
nephrine, 6 hr effective duration). In addition, pledgets soaked with the 
anesthetic were placed in the incision. The incisions were closed and 
the general anesthesia stopped. The animals were then returned to their 
home cages and allowed to recover from the anesthesia for 3 hr. At the 
end of this time the topical anesthetics were reapplied, and the free ends 
of the catheters were removed from the subcutaneous pocket. The an- 
imals were then positioned in the OKN drum. 

To eliminate the novelty effect of the stimulus (Hand, 198 l), the cats 
viewed rotating OKN drum (experimental group) or a stationary drum 
(control group) for 5 min before the injection of the deoxyglucose. A 
pulse of 2-deoxy-D-14C-glucose (100 &i/kg body weight; specific activ- 
ity, 50-56 mCi/mmol, New England Nuclear) contained in 1 ml of 
normal saline was injected intravenously and the animals were stimu- 
lated for 45 min. Decreases in slow-phase eye velocity in the experi- 
mental cats or decreases in the frequency of spontaneous saccades in 
the control cats were used as an indicator that the animal’s alertness 
was decreasing. Novel auditory stimuli were used to help maintain the 
animals alertness. Plasma glucose and deoxyglucose concentrations were 
determined in arterial blood samples taken sequentially during the ex- 
periment. At the end of the 45 min period, the cats were injected in- 
travenously with a lethal dose (50 mg/kg body weight) of sodium pen- 
tobarbital and then perfused for 1 min with normal saline followed by 
perfusion for 1 min with 3.3% formalin (phosphate buffered, pH 7.4). 
This perfusion procedure does not alter the quantitative aspects of the 
labeling (Hand, 1981). The brain was then blocked in a stereotaxic 
apparams. Each block of tissue was frozen in isopentane chilled to 
-40°C with drv ice and was stored at - 70°C. Coronal sections. 20 urn 
thick, were cut’ in a cryostat maintained at - 18°C. Every Sth’section 
was picked up on a gelatin-coated slide and immediately dried on a hot 
plate heated to 60°C. The tissue sections, along with calibrated 14C- 
methylmethacrylate standards were then placed in x-ray cassettes and 
autoradiographs were prepared on SB5 film (Kodak) (Sokoloff et al., 
1977). After development of the autoradiographs, the tissue sections 
were stained with thionine for histological examination. 

For each cortical area, rates of glucose utilization were determined 
within a representative portion of cortex extending from the top of layer 
I to the junction of the gray and white matter. For each cortical area, 
measurements were repeated through a series of 6-25 coronal sections 
depending on the extent of the area. One reading was made for each 
area in each section. The local rates of glucose utilization in the supra- 
granular (II, outer III), infragranular (V, VI), and granular (inner III, 
IV) layers for areas 17 and 18 were also determined. Analysis of the 
distribution of label by individual layers in areas 17 and 18 was not 
possible because the resolution of the quantitative 14C-deoxyglucose 
technique is limited to 200 pm (Smith, 1983). 

Statistical analysis. Each cortical area in the experimental cats and 
in the control cats was analyzed for differences in rates of glucose uti- 
lization between the right and the left hemispheres with a paired t test. 
Because several cortical areas were measured in each animal, the Bon- 
ferroni correction for multiple comparisons was applied (Miller, 1966). 
Each cortical area was also analyzed for statistically significant differ- 
ences in rates of glucose utilization between the experimental and the 
control groups with the Student’s t test and the Bonferroni correction. 

Preparation of cortical flat maps. The locations of the label in the 
digitized autoradiographs were fitted onto a 2-dimensional reconstruc- 
tion of cat cortex according to the techniques of Van Essen and Maunsell 
(1980) and Ungerleider and Desimone (1986). This was done by pho- 
tographing autoradiographs of coronal sections spaced every l-2 mm. 
A wire outline of each photographed coronal section was then made. 
On each wire outline we marked the location of regions with a statis- 
tically significant increase in metabolic activity, the sulci and the lips 
of the fundi. The wire outlines were then soldered onto orthogonal wires 
with the appropriate spacing maintained between each section. This 
3-dimensional model of the cat brain was then flattened into a 2-d& 
mensional map. In order to do this, the model was cut on the medial 
surface along a horizontal line from the splenium of the corpus callosum 
to the occipital pole. In some cats, additional cuts had to be. made near 
the anterior ectosylvian sulcus. In order to determine to what extent 
the regions of increased glucose utilization correspond with visual cor- 
tical areas defined electrophysiologically, a 2dimensional reconstruc- 
tion was also made of the published electrophysiological maps of cat 
cerebral cortex (Tusa et al., 198 1). 

Results 
Eye velocity 
In the experimental cats, the mean slow-phase eye velocity was 
16.4 f 2.2”/sec (mean f SD) and the mean retinal-slip velocity 
(drum velocity minus eye velocity) for slow phase eye move- 
ments was 29.5 f S.O”/sec. The mean retinal-slip velocity during 
quick-phase eye movements was 98.7 + 20.6Vsec. All experi- 
mental cats made slow phase optokinetic eye movements for 
the entire 45 min deoxyglucose experiment. In the control cats, 
the mean retinal-slip velocity during spontaneous saccades was 
55.9 -t 8.7”/sec, and the same number of saccades were made 
in both directions. The frequency of saccades in the control cats 
was l/20 the frequency of the quick phases made by the cats in 
the experimental group. 

Local rates of glucose utilization 

Autoradiographs were scanned and digitized with a Photoscan System 
P- 1000 densitometer (Optronics International, Chelmsford, MA) (Goo- 
thee et al., 1980). Rates of glucose utilization were determined as de- 
scribed previously (Sokoloff et al., 1977). A value of 0.4 11 was used as 
the lumped constant (Sokoloff, 1982). The cytoarchitectural boundaries 
and laminae of areas 17-l 9 were based on the histological descriptions 
of Otsuka and Hassler (1962). The locations of the other visual cortical 
areas (7, 20a, 20b, 21a, 2 lb, PMLS, PLLS, AMLS, ALLS, DLS, VLS, 
PS, and SVA) were based on the maps of Tusa et al. (1978, 1979), Tusa 
and Palmer (1980), Palmer et al. (1978), and Rosenquist (1985). 

Rates of glucose utilization were determined in 20 cortical re- 
gions in 4 experimental and 3 control cats. When interhemi- 
spheric comparisons were made, only area PMLS in the control 
animals showed a statistically significant difference (p < 0.05, 
paired t test) (Table 1). In the supragranular layers of area 17 
and in area 20b in the control cats and in the granular layers of 
area 17 in the experimental cats, the differences between the 2 
sides approached statistical significance (p -C 0.1). In all cases, 
the differences between the 2 sides were less than 6.6%. This 
percentage difference is within the inherent error of the deoxy- 
glucose technique, which can be as high as 1 O-l 5% (L. Sokoloff, 
personal communication). Additionally, when the Bonferroni 
correction for multiple comparisons was applied, none of the 
side-to-side differences were significant. Because of the low per- 
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centage difference, as well as the results of the statistical analyses, 
side-to-side differences were not considered further, and the 
means of the left and right values from each animal were av- 
eraged. 

When the metabolic activity of the areas in the experimental 
group was compared with the metabolic activity of the areas 
in the control group (Table 2), the granular layers of areas 17 
and 18, the infragranular layers of area 18, and areas PMLS, 
2 1 b, and 2 1 a had a significant increase in the rates of glucose 
utilization in the experimental group compared with the control 
group (p < 0.05, Student’s t test). The differences between the 
2 groups for each area ranged from 13 to 36%. There was also 
an increase in glucose utilization in area VLS and in the infra- 
granular layers of area 17 in the experimental group compared 
with control group that approached statistical significance (p < 
0.09) and that represented a 12-22% difference between the 2 
groups. For area PS, there was a large percentage difference 
(18%) between the experimental and the control group, but this 
difference did not approach statistical significance @ < 0.26). 
In areas 20b, 20a, ALLS, SVA, AMLS, 19,7, DLS, PLLS, and 
the supragranular layers of areas 17 and 18, no statistically 
significant differences were found between the experimental and 
the control groups (p > 0.20) and the percentage differences 
were small. When the Bonferroni correction for multiple com- 
parisons was applied, only the increase in glucose utilization in 
the granular layers of areas 17 and 18 was statistically significant. 
With the Bonferroni correction for multiple comparisons, a 0.05 
level of significance is reached at a p value that is less than 
0.0025. 

Representative autoradiographs prepared from brain sections 
from a cat in the control group (Fig. 1A) and from a cat in the 
experimental group (Fig. 1B) taken at a comparable level are 
shown in Figure 1. In the control cat, the label was distributed 
primarily in the cortical mantle in areas 17 and 18. Based on a 
comparison of the autoradiograph with the thionine stain of the 
same tissue section, this label was located in the granular layers 
(inner portion of III, and layer IV) of cortex. In the experimental 
cat (Fig. lB), there was an increase in glucose utilization in the 
granular and infragranular layers of areas 17 and 18 and there 
were also increases in glucose utilization in 4 areas in supra- 
sylvian cortex, one of which (area 2 1 a) is shown in this figure. 
Based on a comparison of the autoradiographs to the thionine 
stain of the same tissue sections, the increase in glucose utili- 
zation in the suprasylvian areas extended through layers II-V. 

Regional distribution of glucose utilization in cortical areas 
Portions of the 6 cortical areas in an experimental cat that had 
an increase in glucose utilization are illustrated in Figure 2. The 
boundaries of areas 17 and 18 on the line drawings were based 
on thionine-stained tissue sections (Otsuka and Hassler, 1962). 
The boundaries of the other cortical areas on the line drawings 
were based on published electrophysiological mapping studies 

t 

Table 1. Interhemispheric comparison of local rates of glucose 
utilization 

Cortical area 

Glucose utilization 
bmol/ 100 gm/min) 

Left Riaht 

Differ- 
ence 

LJ (%j 

Control animals (n = 3) 
17 infragranular 54.6 + 3.1 53.7 * 2.7 
17 granular 70.4 + 1.9 69.9 k 2.8 
17 supragranular 51.7 + 1.8 53.3 k 2.0 
18 infragranular 52.3 + 2.2 55.2 k 3.1 
18 granular 68.8 + 1.9 69.1 & 4.5 
18 supragranular 53.8 + 1.6 54.6 k 2.0 

7 42.1 + 3.1 41.8 k 2.8 
19 47.6 + 1.7 46.9 -+ 2.2 
20a 46.2 + 2.6 44.3 k 2.7 
20b 42.6 k 2.0 40.1 + 2.8 
WA 50.7 k 2.8 49.9 + 3.4 

21a 54.8 k 2.6a 54.2 f  2.5 
21b 51.7 k 2.0 51.6 + 2.3 
ALLS 50.2 f  1.0 53.5 + 3.5 
AMLS 51.7 + 1.8 50.0 + 1.0 
PLLS 45.8 f  6.2 47.2 + 3.2 
PMLS 54.7 k 1.9 53.5 + 2.1 
PS 42.8 -t 2.2 43.8 f  4.2 
VLS 54.0 k 3.2 53.8 k 3.0 
DLS 46.5 + 1.8 48.4 k 1.8 

Experimental animals (n = 4) 
17 infragranular 61.5 + 1.5 59.4 f  1.9 0.14 3.5 
17 granular 91.1 + 1.3 88.6 AI 1.8 0.09 2.8 
17 supragranular 56.5 + 2.9 57.6 k 1.9 0.63 1.9 
18 infragranular 61.2 + 1.1 60.6 2 2.0 0.66 1.0 
18 granular 93.8 + 1.6 93.8 e 1.6 1.0 0.0 
18 supragranular 56.6 + 4.3 56.8 + 4.3 0.93 0.4 

7 46.6 + 14.6a 46.2 + 16.5 1.0 0.9 
19 48.3 k 4.2 49.3 + 3.2 0.17 2.0 
20a 39.4 k 4.1 41.3 f  3.8 0.43 4.8 
20b 37.3 + 3.2 36.2 + 3.5 0.39 3.0 
SVA 46.0 t 4.4b 46.9 k 4.1 0.40 2.0 

21a 68.8 f  3.0 66.8 I!z 3.4 0.18 2.9 
21b 63.2 + 3.4 64.6 k 2.3 0.61 2.2 
ALLS 49.1 + 4.0 50.6 Ifr 2.8 0.42 3.0 
AMLS 52.1 + 2.5 53.1 + 2.8 0.50 1.9 
PLLS 47.2 k 5.8 46.5 + 4.0 0.21 1.5 
PMLS 66.3 k 2.4 68.9 f  3.8 0.31 3.9 
PS 50.8 k 4.gb 51.2 k 5.2 0.34 0.8 
VLS 65.1 k 4.3 66.4 k 4.0 0.68 2.0 
DLS 46.4 k 4.9 47.8 IL 4.5 0.51 3.0 

0.61 1.7 
0.76 0.7 
0.06 3.1 
0.23 5.5 
0.91 0.4 
0.22 1.5 

0.19 0.1 
0.64 1.5 
0.24 4.3 
0.09 6.2 
0.46 1.6 

0.14 1.1 
0.98 0.2 
0.60 6.6 
0.47 3.4 
0.72 3.1 
0.02 2.2 
0.79 2.3 
0.74 0.4 
0.52 4.1 

Values for glucose utilization are the means + SE. The number of animals in each 
group is listed in the parentheses. Side-to-side comparisons were carried out 
separately for the experimental and the control groups. Data were analyzed for 
statistical significance by means of a paired t test. Side-to-side differences for each 
area are also given as percentages. 
‘I n = 2; 6 n = 3 

Figure 1. Representative autoradiograph from a cat in the control group (A) and a cat in the experimental group (B) taken at comparable levels. 
These autoradiographs have been digitized with an image-processing system and color-coded for local rates of glucose utilization. The color bar 
provides a scale that indicates actual rates of glucose utilization (in Fmol glucose/100 gm tissue/min), with white indicating the highest level of 
utilization. In the control animal (A), the label was distributed in the middle of the cortical mantle in areas 17 and 18. In the experimental cat (B), 
there was an increase in the rate of glucose utilization in the granular and infragranular layers in areas 17 and 18 and in 4 suprasylvian areas, one 
of which is shown in here (2 1 a). 
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Figure 2. Regional distribution of glucose utilization in cortex of a stimulated cat. These digitized autoradiographs (A-c) contain portions of the 
6 cortical areas that had an increase in glucose utilization in the experimental cats. In this figure, the colors do not represent actual rates of glucose 
utilization, but the order of the colors is the same as that shown in Figure 1, in which lower rates are represented in black, blue, and green and 
higher rates in yellow, red, and white. The boundaries of the cortical areas are indicated on the line drawings (A’-C’). The boundaries of areas 17 
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(Tusa et al., 198 1). All of the regions with relatively high met- 
abolic activity within cerebral cortex (as indicated by the red 
color) lie within areas 17, 18, 21a, 2 1 b, PMLS, and VLS or 
within a region that corresponds with auditory cortex (Au) (Reale 
and Imig, 1980). There was no evidence of a columnar orga- 
nization in the distribution of the label within the 6 visual areas. 
Within each of these cortical areas in the experimental cats there 
appeared to be a regional distribution in the metabolic activity. 
The increase in the rate of glucose utilization did not include 
the portion of PMLS in the fundus of the suprasylvian sulcus 
(Fig. 2, B, C’) nor the borders between areas 21a and PMLS, or 
between areas VLS and 2 1 b (Fig. 2B). A relatively smaller in- 
crease in metabolic activity, compared with the rest of areas 17 
and 18, occurred at the border between areas 17 and 18. This 
is more clearly illustrated in the enlarged section in Figure 3. 
No regional distribution of metabolic activity was noted in the 
control cats. 

Figure 3 shows enlarged views of digitized autoradiographs 
at the 17/ 18 border and the 18/ 19 border from an experimental 
cat along with the same sections stained with thionine. The rate 
of glucose utilization was relatively less within the portion of 
area 17 adjacent to the 17/l 8 border (Fig. 3B). This portion of 
cortex with a lower rate of glucose utilization overlaps the his- 
tological transition zone (Humphrey et al., 1985a) at the 17/ 18 
border and extends into area 17. This relative decrease in glucose 
utilization extended along the entire rostrocaudal length of the 
17/ 18 border, although it was most obvious from Horsley-Clarke 
Pl-P4, which is at or near the representation of area centralis 
in most cats (Tusa et al., 1978). There is also a histological 
transition zone between areas 18 and 19 (Humphrey et al., 
1985b). Glucose utilization decreases at the beginning of this 
transition zone within area 18 and decreases further at the end 
of transition zone in area 19 (Fig. 30). 

Two-dimensional reconstructions 
Two-dimensional reconstructions of cerebral cortex from 2 rep- 
resentative cats from the experimental group are shown in Fig- 
ure 4, A, B. The regions in which metabolic activity was higher 
in the experimental cats compared with the control cats are 
shaded. The borders of the regions of high metabolic activity 
were marked based on large (> 15%) decreases in metabolic 
activity compared with the adjacent cortex. In each of the 
2-dimensional reconstructions, the caudal portion of the cere- 
bral hemisphere is to the left, the most rostra1 section is to the 
right, the corpus callosum (CC) is at the top, and entorhinal 
(Erh) and paramygdala (Pam) cortices are at the bottom of the 
figure. The thin solid lines indicate the contour lines of each 
coronal section. The thick solid lines indicate the lips of each 
sulcus, and the dashed lines indicate the fundus of each sulcus. 
The reconstructions in Figure 4, A, B, should be compared with 
the 2-dimensional reconstruction of the electrophysiological 
maps of Tusa et al. (198 1) shown in Figure 4C. The region “a” 
in the maps of metabolic activity (Fig. 4, A, B) corresponds to 
areas 17 and 18 (Fig. 4Q while regions “b, c, d, and e” roughly 
lie within areas 21a, PMLS, 21 b, and VLS. The same number 
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Table 2. Comparison of local rates of glucose utilization between 
control and experimental cats 

Cortical area 

Glucose utilization 
(pmol/ 100 gm/min) Differ- 
Control Experimental ence 
(n = 3) (n = 4) P (o/o) 

18 granular 68.9 k 3.2 93.8 k 1.2 0.0004 +36 
17 granular 70.1 ? 2.3 89.8 * 1.5 0.0007 +28 
PMLS 54.1 2 2.0 67.6 * 3.0 0.018 +25 
21b 51.6 ? 2.0 64.0 + 2.7 0.018 +24 
21a 56.8 k 2.7 67.8 + 3.2 0.05 +20 
18 infragranular 53.7 k 2.5 60.8 rk 1.5 0.05 +13 

VLS 53.9 f  3.1 65.8 k 3.9 0.08 +22 
17 infragranular 54.1 f  2.8 60.4 ? 1.6 0.09 +12 
17 supragranular 52.5 f  1.9 57.0 k 2.2 0.20 +9 
PB 43.3 f  2.8 51.0 k 5.1 0.26 +18 
20b 41.4 + 2.4 36.8 + 3.3 0.34 -11 
20a 45.3 t 2.1 40.4 + 3.8 0.36 -11 
ALLS 52.8 + 1.2 49.9 k 3.4 0.46 -5 
SVA 50.3 +- 3.1 47.4 i 3.1 0.54 -6 
AMLS” 50.9 k 1.1 52.6 ? 2.6 0.57 +3 
18 supragranular 54.2 k 1.8 56.6 k 4.2 0.66 +4 
19 47.2 k 1.9 48.8 k 3.4 0.72 +3 
7a 42.3 Z!I 3.1 44.5 -t 9.2 0.83 15 
DLS 47.4 k 1.4 47.1 k 4.6 0.96 -1 
PLLSb 46.5 k 4.7 46.9 k 5.9 0.97 +1 

The values of glucose utilization are the means * SE. Structures are rank-ordered 
according to their statistical significance. The number of animals in each group is 
listed in the parentheses. Group comparisons were made with the Student’s t test. 
Significant increases in glucose. utilization occurred in the granular layers (inner 
portion of layer III and IV) of areas 17 and 18 and in areas 21a, 21b, and 
PMLS and in the infragranular layers of area 18 in the experimental group compared 
with the control group. In area VLS and the infragranular layers of area 17, the 
increases in glucose utilization in the experimental group compared with the 
control group approached significance. 
y In the experimental group, n = 3. 
b In the control group, n = 2. 

of regions were always labeled in each experimental cat, but the 
location of the label varied slightly from animal to animal. In 
addition, there was no increase in metabolic activity at the 
border between the regions corresponding to areas 2 la and PMLS 
and between VLS and 2 1 b, in the fundus of the suprasylvian 
sulcus in PMLS and in the most rostra1 portion of area PMLS 
in the experimental cats compared with the control cats. There 
was a relatively small increase in metabolic activity, compared 
with the rest of areas 17 and 18, at the border between areas 
17 and 18. The electrophysiologically defined PMLS (Fig. 4C) 
extends 6 mm more rostra1 than did the corresponding region 
of high metabolic activity (“c” in Fig. 4, A, B). 

Discussion 
The principal conclusion from this study is that there is a 20- 
36% increase in glucose utilization in 5 cortical regions-cor- 
responding to areas 17, 18, 2 1 a, 2 1 b, and PMLS - in cats gen- 

and 18 were based on thionine-stained tissue sections (Otsuka and Hassler, 1962). The boundaries of the other visual cortical areas were based on 
published electrophysiological mapping studies (Tusa et al., 198 1). All of the cortical regions with a relatively high metabolic activity (as indicated 
by the red color) lie within areas 17, 18, 21a, 2 1 b, PMLS, and VLS or within a region that corresponds with auditory cortex (AU) (Reale and Imig, 
1980). 
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erating horizontal OKN compared with cats viewing a stationary 
OKN drum (p < 0.05). There was also a 22% increase in glucose 
utilization in area VLS in the experimental cats compared with 
the control cats, but this difference did not reach statistical sig- 
nificance (p < 0.09). No significant change in metabolic activity 
occurred in areas 7, 19, 20a, 20b, AMLS, ALLS, PLLS, DLS, 
and SVA (p > 0.20). When the more rigorous Bonferroni cor- 
rection for multiple comparisons was applied, only the granular 
layers of areas 17 and 18 had a truly statistically significant 
increase in the experimental group compared with the control 
group. The Bonferroni correction can conceal physiologically 
significant changes, however, when the number of subjects stud- 
ied is small, as in our study. Therefore, our determination of 
the relevance of an increase in glucose utilization was based on 
both the percentage change in glucose utilization and on the 
results of statistical analyses using Student’s t test. 

The cortical areas in which we found an increase in glucose 
utilization are part of the region thought to be involved in hor- 
izontal OKN based on lesion studies and anatomical projection 
studies. Bilateral ablation encompassing areas 17-l 9 or unilat- 
eral ablation encompassing areas 7, AMLS, PMLS, VLS, ALLS, 
PLLS, and DLS decreases slow phase eye velocity of OISN 
(Montalaro et al., 1981; Ventre, 1985). A detailed evaluation 
of the effects of selective ablation within these regions has not 
been made, however, so it is possible that not all of these areas 
are involved in OKN. The nucleus of the optic tract (NOT) and 
the dorsal terminal nucleus (DTN), 2 subcortical regions in- 
volved in horizontal OKN, receive projections from areas 17, 
18, 2 la, 2 1 b, AMLS, PMLS, and PLLS (Berson and Graybiel, 
1980; Schoppmann, 198 1; Marcotte and Updyke, 1982). Pro- 
jections from cortex to these subcortical areas may be involved 
in functions other than OKN. We believe that the deoxyglucose 
technique has allowed us to further define the specific cortical 
areas involved in horizontal OKN. It is possible that metabolic 
activity in different cortical areas would increase if a vertically 
moving stimulus were used. 

Efect of stimulus direction 
The presence of direction-selective cells in cat cortex has been 
known for many years (Hubel and Wiesel, 1959, 1962). Al- 
though all directions appear to be represented in different cor- 
tical areas, single-unit studies in paralyzed cats have shown that 
not all directions are equally represented. For example, in areas 
17 and 18, downward movement is preferred more often than 
upward movement, and temporal movement is preferred more 
than movement nasally (Berman et al., 1987). Additionally, in 
PMLS and PLLS, 3 times as many cells prefer stimuli moving 
away from the representation of area centralis as prefer stimuli 
moving toward area centralis (Camarda and Rizzolatti, 1976). 
Rauschecker et al. (1987) extended these findings to show that 
the preferred direction for cells in area PMLS was not along the 
horizontal meridian but, rather, was away from area centralis 
into the contralateral upper visual field. In our study, however, 
cats were generating eye movements in both directions along 
the horizontal meridian. The direction of the stimulus move- 
ment across the retina during slow-phase eye movements was 
in the opposite direction of the stimulus movement across the 
retina during the quick-phase eye movements. A bias in the 
directional preference of the cells, therefore, would not be re- 
flected by asymmetries in local rates of glucose utilization. 

Laminar distribution of label 
The laminar distribution of metabolic activity in our study is 
most consistent with the concept that deoxyglucose labeling 
reflects the metabolic activity of axon terminals (Schwartz et 
al., 1979; Kadekaro et al., 1985). In areas 17 and 18 in the 
experimental cats, glucose utilization was most significantly in- 
creased in the granular layers (inner part of layer III and in layer 
IV) and moderately increased in the infragranular layers (layers 
V and VI). This pattern of increased metabolic activity coincides 
with the distribution of projections from the main laminae of 
the dorsal lateral geniculate nucleus (dLGN), which terminates 
in the inner part of layer III, layer IV, and layer VI (LeVay and 
Gilbert, 1976; Ferster and LeVay, 1978: Symonds et al., 198 1). 
Although the C laminae of dLGN and the pulvinar-lateral pos- 
terior nuclear complex also project to areas 17 and 18, these 
projections terminate, in part, outside of the layers activated in 
our study (LeVay and Gilbert, 1976; Symonds et al., 198 1). 
Areas 17 and 18 also receive projections from other cortical 
areas, but the laminar distribution of the projections is not 
known (Symonds and Rosenquist, 1984). 

In areas 2 la, 2 1 b, PMLS, and VLS the increase in metabolic 
activity in the experimental cats was more diffuse and was dis- 
tributed throughout layers II-V. Within area PMLS this distri- 
bution of increased metabolic activity overlaps with the distri- 
bution of projections from areas 17 and 18, which terminate in 
layers III-V (Kawamura and Naito, 1976; Sugiyama, 1979; Kato 
et al., 1986). Although PMLS also receives projections from 
subcortical areas, the correlation between subcortical terminals 
and the laminar distribution of label is not strong. The C lamina 
of dLGN projects to layers I and IV, and the medial interlaminar 
nucleus and the posterior nucleus project to layer IV of PMLS 
(Rosenquist et al., 1974; LeVay and Gilbert, 1976). Areas 21a, 
2 1 b, and VLS also receive projections from areas 17 and 18 
and the thalamus (Symonds et al., 198 1; Symonds and Rosen- 
quist, 1984) but the laminar distribution of these projections 
is not known. 

Based on preliminary data, the increase in glucose utilization 
in areas PMLS and 21a in cats generating OKN appears to 
depend on areas 17 and 18 (Herdman et al., 1987). Following 
unilateral ablation of areas 17 and 18 plus section of the corpus 
callosum, areas 21a and PMLS no longer show an increase in 
metabolic activity in cats generating OKN. This lack of an in- 
crease in metabolic activity may be due to the disruption of the 
bilateral projections from areas 17 and 18 to areas 2 la and 
PMLS (Segraves and Rosenquist, 1982; Symonds and Rosen- 
quist, 1984). 

In summary, the laminar distribution of increased metabolic 
activity in cats generating OKN in areas 17 and 18 corresponds 
most closely to the distribution of the projections from the main 
laminae of the dLGN. The laminar distribution of increased 
metabolic activity in area PMLS corresponds best to the dis- 
tribution of the projections from areas 17 and 18. Based on the 
correlation of metabolic activity with the laminar distribution 
ofterminals, the sequence of information processing used during 
OKN may be from dLGN to areas 17 and 18, and from areas 
17 and 18 to PMLS. 

Regional distribution of label within areas 
We found that the increase in metabolic activity in cats gen- 
erating OISN did not occupy the full extent of areas 17, 18, 2 la, 
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Figure 4. Two-dimensional recon- 
struction of cerebral cortex from 2 ex- 
perimental cats (A and B). The portion 
of cortex with increased metabolic ac- 
tivity in the experimental cats com- 
pared with the control cats is shaded. 
These flat maps can be compared with 
the 2-dimensional reconstruction of the 
electrophysiological maps of Tusa et al. 
(198 1) (C). Thin solid lines indicate the 
contour of the middle of the cortical 
mantle from coronal sections used in 
the reconstructions. Thick solid lines 
indicate the lips of each sulcus, and the 
dashed lines indicate the fundus of each 
sulcus. The arrows connecting the ends 
of some thin solid lines indicate the lo- 
cation of cuts that were made in the 
contour lines in order to flatten the re- 
construction. The thick arrow on the 
medial view of the hemisnhere in C in- 
dicates the location of these cuts on the 
hemisphere. The coronal sections used 
in the construction of the flat map are 
indicated on the lateral views of the cat 
brain. In C, the histological border of 
areas 17 and 18 is indicated by a heavy 
dotted line. The shaded region labeled 
a in the reconstructions of metabolic 
activity corresponds to areas 17 and 18, 
b to area 2 la, c to PMLS, d to area 2 1 b, 
and e to area VLS. The A/P level for 
the rostra1 extent of the label corre- 
sponding to area PMLS is indicated on 
the lateral surface view of the hemi- 
sphere. Abbreviations: CC, corpus cal- 
losum; Cr, cruciatus sulcus; Sp, splen- 
ial sulcus; Ss, suprasplenial sulcus; Lat, 
lateral sulcus; PI, posterior lateral sul- 
cus; Ent, entolateral sulcus; Mss, mid- 
dle suprasylvian sulcus; Pss, posterior 
suprasylvian sulcus; Pe, posterior ec- 
tosylvian sulcus; Ae, anterior ectosyl- 
vian sulcus; Sy, sylvian sulcus; Rh, 
rhinal sulcus; Erh, entorhinal cortex; 
Pam, paramygdala cortex. +--iEK- 

2 1 b, PMLS, and VLS as defined in electrophysiological mapping 
studies. There was no increase in metabolic activity at the bor- 
ders between 2 la and PMLS and between 21 b and VLS, in the 
fundus of the suprasylvian sulcus in PMLS, or in the rostra1 
portion of PMLS. In addition, the metabolic activity at the 17 
and 18 border was less than the metabolic activity of the rest 
of these 2 areas. Because we used a full-field stimulus to elicit 
OKN, we do not think that these regional variations reflect the 
portion of the visual field stimulated but instead are related to 
differences in the cellular responses within the areas. We will 
discuss what is known about the regional differences of the 
cellular responses in these areas as they pertain to the sensory 
properties of the stimulus we used and to the motor response 
evoked by the stimulus. 

Spatial frequency and target velocity 

The stimulus we used to elicit OKN contained a broad range 
of spatial frequencies with a peak at 0.125 cycles/deg at half- 

maximum amplitude and 0.38 cycles/deg at l/lOth maximum 
amplitude. In area 17, cells are best tuned to a spatial frequency 
of 3 cycles/deg at area centralis and 0.3 cycles/deg at 15” eccen- 
tricity (Movshon et al., 1978). A rapidly moving pattern with 
a low spatial frequency, as used in our experiment, would not 
be optimal for the spatial and temporal frequency resolution of 
area 17 and would not be expected to excite cells in the central 
5” of the visual field. The preferred spatial frequencies of the 
cells in area 18 are lower, ranging from 0.5 cycles/deg at area 
centralis to 0.1 cycles/deg at 15” eccentricity (Movshon et al., 
1978), and as we found, all of this portion of area 18 should be 
activated by the stimulus we used. The preferred spatial fre- 
quencies of cells in area PMLS ranges from 0.5 cycles/deg in 
the central 5” to 0.1 cycles/deg at 40” eccentricity (Morrone et 
al., 1986). The spatial and temporal frequency of the stimulus 
we used may be too high to excite the cells within the repre- 
sentation of the peripheral portion of the visual field, which lies 
in rostra1 PMLS, and may be too low to excite the cells within 
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Figure 4. Continued. 

the representation of area centralis. Thus, the spatial and tem- The major stimulus for generating OKN is retinal-slip veloc- 
poral frequency of the stimulus we used could explain the re- ity. Neurons that encode retinal-slip velocities in the cat have 
gional distribution of label in areas 17, 18, and PMLS. More- been examined only in area 18 (Hoffman et al., 1984). In this 
over, we believe the results of our metabolic study extend our area, cells are tuned to retinal-slip velocities ranging from 2” to 
knowledge about the regional distribution of preferred spatial 100”/sec. The average retinal-slip velocities generated during 
frequency throughout areas 17, 18, and PMLS. Previous studies our experiment are within this range (29”/sec during slow-phase 
on the distribution of preferred spatial frequencies in these areas eye movements and 95”/sec during quick-phase eye move- 
were limited to the examination of the more central portions of ments). It is not known whether a regional distribution of pre- 
the visual field (Movshon et al., 1978; Tootell et al., 1981; ferred retinal-slip velocities exists in area 18, however, a regional 
Morrone et al., 1986; Zumbroich and Blakemore, 1987). Based distribution of preferred target velocities has been described in 
on our metabolic studies, cells beyond 15” in areas 17 and 18 paralyzed cats in areas 17, 18, and PMLS. In areas 17 and PMLS, 
appear to respond to a stimulus with a spatial frequency of less cells are best tuned to a stimulus velocity of less than or equal 
than 0.38 cycles/deg. In contrast, cells beyond 50” in area PMLS to 1 O”/sec within the representation of the central portion of the 
do not appear to respond to a stimulus with a spatial frequency visual field and to higher stimulus velocities in the peripheral 
range between 0.125 and 0.38 cycles/deg. Further studies are portion of the visual field (Wilson and Sherman, 1976; Orban 
needed to determine the preferred spatial frequencies of the cells et al., 1985; Rauschecker et al., 1987). The distribution of pre- 
in the representation of the more peripheral portions of the ferred velocity tuning could explain the relative decrease in 
visual field. metabolic activity in areas 17 and PMLS near the area centralis 
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Figure 4. Continued. 

representation in our study. Cells throughout the entire repre- 
sentation of area 18 prefer higher stimulus velocities than cells 
in area 17 (Orban et al., 1985), and as we found, all of area 18 
should be activated by the stimulus we used. Thus, the retinal- 
slip velocity elicited by our stimulus could explain some of the 
regional distribution of metabolic activity in areas 17, 18, and 
PMLS in our cats if the regional distribution of retinal-slip 
velocities in awake, behaving cats is similar to the regional 
distribution of target velocity tuning in paralyzed cats. Further 
studies are needed to determine if cells in cat cerebral cortex 
other than area 18 encode retinal-slip velocity and whether pre- 
ferred retinal-slip velocities vary with eccentricity. 

In summary, the regional distribution of metabolic activity 
we found in areas 17, 18, and PMLS may be due to the distri- 
bution of spatial frequency or possibly retinal-slip velocity or 

target velocity preferences in these areas. A lower rate of glucose 
utilization also occurs at the borders of area 21a and PMLS, 
and areas VLS and 2 1 b where the central portion of the visual 
field is represented. Although spatial frequency and retinal-slip 
velocity preferences have not been examined in areas 2 1 a, 2 1 b, 
and VLS using electrophysiological techniques, our study sug- 
gests that these parameters may be regionally distributed in these 
areas as well. 

Proprioceptive influences 

Another possible factor contributing to the metabolic activity 
of cat cortex is the influence of proprioceptive signals from 
extraocular muscles. It is known, for instance, that 25% of the 
cells in area 17 have a reproducible neuronal response to stretch 
of the extraocular muscles (Buisseret and Maffei, 1977). In our 
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study, the control cats made only 1/20th the number of quick 
phase eye movements compared with the experimental cats. 
This may have influenced the relative amount of proprioceptive 
information received in cortex by the 2 groups, contributing to 
the difference in metabolic activity. No regional distribution of 
the cortical cells responding to proprioceptive inputs has been 
described, however. 

Motor and eflerence copy 

It is unlikely that a regional distribution of metabolic activity 
is due to a regional distribution of cells that code a motor com- 
mand or an efference copy signal during OKN. Of the 70% of 
the cells that can be driven during OKN in area 18 in awake, 
behaving cats, only l-2% of the cells respond clearly to eye 
movements generated in the dark (Hoffmann et al., 1984). Most 
of the cells in area 18 responding during OKN, therefore, do 
not appear to be coding a motor command or an efference copy 
signal. Furthermore, no regional distribution for these cells was 
described. Although neurophysiological recordings have not been 
done in other cortical areas during the generation of OKN, 
recordings have been made during vestibular stimulation. Van- 
ni-Mercier and Magnin (1982) have shown that cells in areas 
17 (27%), 18 (24%), PMLS (12%), 19 (2%), and 2 la (2%) dis- 
charge at the end of each quick-phase eye movement produced 
during vestibular stimulation in the dark. These cells are there- 
fore thought to be coding efference copy of the quick-phase eye 
movements. No regional distribution has been described for 
these efference copy signals. 

In conclusion, we found that rates of glucose utilization are 
increased in areas 17, 18, 2 la, 2 1 b, PMLS, and VLS in cats 
generating OKN compared with cats viewing a stationary OKN 
drum. In order to determine whether these areas are critically 
involved in the generation of OKN, we studied the effect of 
unilateral lesions restricted to these areas. The results of the 
ablation study are reported in the following paper (Tusa et al., 
1989). 
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