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The functional organization of visual cortical area 17/18 of 
the ferret was studied using a double-label 2-deoxyglucose 
(2-DG) method. Animals were stimulated sequentially with 
moving gratings of 2 different orientations. Elongated ori- 
entational patches running roughly at a right angle into the 
area 17/I 8 border were seen. The orientation maps were 
similar in areas 17 and 18. When animals were stimulated 
with 2 orthogonally oriented gratings, activation patterns were 
not fully complementary but did not overlap. A complex pat- 
tern of partial overlap was observed, with orientations dif- 
fering by 45”. More gradual and more abrupt changes alter- 
nated frequently on a scale smaller than the average 
periodicity in the patterns. A cortical patch representing a 
given orientation was regularly surrounded by both neigh- 
boring and orthogonal orientations. The direction of the ori- 
entational changes reversed frequently in the immediate vi- 
cinity of any orientational patch. 

Orientation maps were compared with complete maps of 
retino-cortical projections obtained by transneuronal label- 
ing with intravitreally injected tritiated proline. Ocular dom- 
inance in the binocular segment of both areas 17 and 18 
was found to be organized into elongated ipsilateral islands 
in an almost contiguous contralateral projection. In area 18, 
the patches were wider than in area 17, and the ipsilateral 
islands were smaller in the regions representing the upper 
and central visual field than in those representing the lower 
visual field. 

In many mammalian species, the visual cortex is organized into 
functional subunits or gradients that extend perpendicular to 
the cortical surface (columns). Examples of such an organization 
are the orientation and ocular dominance columns in the cat, 
tree shrew, and monkey visual cortices (Wiesel et al., 1974; 
Kennedy et al., 1976; Hubel et al., 1977; Humphrey et al., 1980; 
Singer, 198 1; Albus and Sieber, 1984; LeVay et al., 1985; Blasdel 
and Salama, 1986; Lowe1 et al., 1987; Tootell et al., 1988). 
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Within a column, neurons have similar response properties, 
such as orientational or eye-specific excitability. Across the cor- 
tical surface, functional columns map in an irregularly repetitive 
manner. 

In this study, the spatial relationship of different orientation 
columns was investigated in visual cortical area 17118 of the 
ferret (M&e/u putorius furo) by metabolic labeling with 
2-deoxy-D-glucose (2-DG). To separately map 2 different func- 
tional activation patterns in the same ferret, a modification of 
the quantitative double-label 2-DG method (Redies et al., 1987; 
Redies and Diksic, 1989b) was used. Unlike previously pro- 
posed double-label 2-DG methods (Livingstone and Hubel, 198 1; 
Oldset al., 1985; Johnet al., 1986; Friedmanet al., 1987, 1989) 
the method used in this study corrects for the metabolic uptake 
and loss of the first injected tracer occurring during the second 
stimulation. The ferret is well suited for 2-DG studies because 
of its small body weight (Redies et al., 1989). Compared to cats 
and macaques, experiments in ferrets require relatively small 
amounts of 2-DG, thereby greatly reducing experimental costs. 
In studies of the visual system and its development, the ferret 
has gained interest as an alternative to the cat (Linden et al., 
198 1; Stryker and Zahs, 1983; Cucchiaro and Guillery, 1984; 
Jackson et al., 1989; Rockland, 1985; Law et al., 1988). 

The orientation maps obtained with 2-DG were compared to 
maps of the retino-cortical projections obtained by transneu- 
ronal labeling with intravitreally injected 3H-proline (Specht and 
Grafstein, 1973; Wiesel et al., 1974). Mustelides like the ferret 
have both a central binocular visual field and a large monocular 
segment in the peripheral visual field. Their ocular dominance 
pattern is therefore ofparticular interest (McConnell and LeVay, 
1986; LeVay et al., 1987; Law et al., 1988). 

Materials and Methods 

Animalpreparution. Young adult female ferrets (Marshall Farms, North 
Rose, NY) of the darkly pigmented Sable-Fitch strain were housed in 
accordance with institutional guidelines. The ferrets weighed about 900 
gm. Animals were fasted overnight before the exoeriment. Under 2% 
3% halothane anesthesia, 6 animals were prepared?or quantitative 2-DG 
procedures by unilaterally catheterizing the femoral vein and artery with 
PE50 tubing for tracer injection and blood sampling. Animals were 
tracheotomized, the trachea was lubricated with lidocaine gel (Xylocain, 
2%; Astra, Canada), and a tracheal tube was inserted for artificial res- 
piration. Tracheal and femoral catheters were immobilized and wounds 
closed after topical lidocaine gel was applied to all wound margins. 

After the surgical procedures were completed, the ferrets were placed 
in their natural position with the head and lower trunk elevated. Animals 
were switched from halothane to NZO:O, (70%:30%) and paralyzed with 
an intravenous injection of tubocurare (0.1 mg/kg) and gallamine trieth- 
iodide (1 mg/kg). Tubocurare (0.5 mg/kg/hr) and gallamine triethiodide 
(7 mg/kg/hr) were then continuously infused intravenously in sterile 
saline (2 ml/kg/hr). Arterial blood pressure was monitored continuously 
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tom-made neutral contact lenses fitting the curvature of the cornea were 
applied (3.0-mm base curve, 5.0-mm base diameter; Contact Lens Lab- 
oratory, Fort Mitchell, KY). Retinoscopy confirmed that the ferret, like 
other mustelides (Le Vay et al., 1987) has a large focal depth. No attempt 
was made to correct for refractive errors or to focus the retina onto the 
screen in front ofthe animals. Similar procedures have been successfully 
used for single-cell recordings from the mink visual system (Le Vay et 
al., 1987). 

After the animals’ vision had accommodated to the background il- 
lumination (0.35 cd/m2) for at least 30 min. the animals were stimulated 
with a pseudorandom sequence of light (1.4 cd/m*) and dark bars (0.4 
cd/m2) of 0.5-8” width (Fie. 2) Droiected onto the back of the semi- 

’ ’ transparent screen (80” x s’O”).’ Bars moved orthogonally to their ori- 
entation at an average speed of 3”/sec. The direction of movement was 

30 40 50 60 
Time After Injection (min) 

Figure 1. Average plasma radioactivity of 6 double-label 2-DG ex- 
periments. Radioactivities are normalized to 1 mCi of injected isotope. 
The two left curves represent the [)H]radioactivity before (dashed line) 
and after (solid line) subtraction of the evaporable plasma radioactivity 
(see Materials and Methods). Error bars: SD, 1. 

after surgery and during the experiment to detect any stress caused to 
the animal. Blood pressure readings below 150 mm Hg and the absence 
of blood pressure fluctuations confirmed that the animals were not 
stressed. Occasional application of an innocuous stimulus to the foot 
before and during the experiment reliably caused a temporary increase 
in blood pressure readings. 

reversed every 3-5 min. The orientation of the bars was changed be- 
tween the first and the second stimulation. The orientations used for 
stimulation are given in Table 1. 

Experimental schedule. To assure constant anesthetic conditions, ex- 
oeriments were started 2-3 hr after the switch from halothane to nitrous 
oxide anesthesia. The first stimulation was initiated 5 min before the 
injection of the first tracer. The experiment was started (at 0 min) with 
the intravenous iniection of the first tracer (4-5 mCi 13H12-DG) lasting 
1 min (Table 2). The animals continued to be stimulated for’55 min 
after the start of the first injection. At 55 min, the second stimulation 
was started. At 60 min, 20-25 PCi [“Cl2-DG was injected over 1 min 
as the second tracer (Table 2). The second stimulation continued until 
88 min. The animals were deeply anesthetized at 89 min with intra- 
venous pentobarbitol(lO0 mg/kg). At 90 min, the animals were decap- 
itated to stop any remaining cerebral circulation. The 60130 min sched- 
ule for tracer circulation was used because it causes less uptake of the 
first tracer during the second stimulation than other schedules (Redies 
et al., 1987; Redies and Diksic, 1989a, b). 

Animals were artificially ventilated by a Harvard Respirator (stroke 
volume, 15-20 ml). Arterial blood gases were measured at least every 
45 min and kept within physiological limits (PO,, 70-100 mm Hg; pCO,, 
36-43 mm Hg; pH, 7.30-7.41) by adjusting the stroke rate (5-l 5 strokes/ 
min). Core body temperature was monitored with a rectal temperature 
probe and kept within physiological limits (38.0-39.5”C; Moody et al., 
1985) by warming the animals with a heating blanket. Hematocrit was 
measured and, if values above 50% were obtained, animals were re- 
hydrated with intravenous sterile saline infused at least 30 min before 
starting the experiment. 

Tracers. L-[2,3-3H]-proline (specific activity, 30 Ci/mmol; Amer- 
sham) was evaporated and the compound redissolved in sterile saline. 
2-[ 1 ,2-3H]-deoxy-n-glucose ([ 1,2JH]2-DG) (specific activity, 40 Ci/ 
mmol) and 2-[ l-14C]-deoxy-D-glucose ([ l-W]2-DG) (specific activity, 
55 mCi/mmol) were purchased in sterile saline (American Radiolabeled 
Chemicals, St. Louis, MO), with a radiochemical and chemical purity 
greater than 99%. 

After completion of this study, it was learned that [ 1,2-)H]2-DG is 
not stable in plasma but slowly converts to an evaporable radioactive 
compound, probably water (Nakanishi et al., 1988). To determine how 
much of the plasma tracer had degraded after the injection, 30 @Zi [ 1,2- 
3H]2-DG from the batch used for the stimulation experiments was 
intravenously injected with 20 PCi of the stable tracer [ 1 J4C]2-DG into 
2 ferrets prepared as described above. Plasma samples were obtained 
over a period of 90 min after injection. Two 20-~1 aliquots were pro- 
cessed for liquid scintillation counting. One of the samples was evap- 
orated to dryness and redissolved in 0.5 ml water. In agreement with 
results obtained by Nakanishi et al. (1988), drying of the samples re- 
sulted in a constant W?H ratio during the entire experiment. For sam- 
ples processed wet, the initial W?H ratio was the same as that measured 
for the dried samples immediately after injection, but decreased to 0.96 
at 30 min, to 0.88 at 60 min, and to 0.77 at 90 min. These ratios were 
used to obtain the [)H]2-DG plasma radioactivity curves. Figure 1 shows 
normalized plasma curves with and without correction. 

Visual stimulation. Six animals were vlaced in a stereotaxic head 

Determination of plasma radioactivity, plasma glucose, and arterial 
hematocrit. To determine plasma radioactivity, timed arterial blood 
samvles (60 ~1) were obtained at 0.5. 1. 2. 3. 5. 7. 10. 15. 25. 35. 45. 
60.5: 61,‘62,‘63, 65, 67, 70, 75, 80, and’89.5’min.Blood samples were 
immediately placed on ice to minimize any further metabolism of 
2-DG by red blood cells. Plasma radioactivities were determined in a 
liquid scintillation counter (1219 Rackbeta, LKB, Bromma, Sweden) 
after the blood samples were spun down in a centrifuge. Twenty-p1 
plasma aliquots were dissolved in 10 ml of scintillation fluid (ScintiVerse 
I, Fisher, Fair Lawn, NY). 

Plasma glucose levels were enzymatically measured as described pre- 
viously (Redies et al., 1989). Mean plasma glucose was 149 ? 15 mg/ 
dl (mean + SD). Arterial hematocrit was measured at hourly intervals 
after completion of surgery to assure that adequate hydration was main- 
tained. Hematocrit was also determined at the beginning and at the end 
of each experiment (mean value, 47% ? 4%). 

Processing ofbrain tissue. Immediately after decapitation, the brains 
were quickly removed from the skull. The 2 occipital lobes forming a 
fold onto the cerebellum (Rockland, 1985) were separated from the rest 
of the brain. Each occipital lobe was cut in a mediolateral plane along 
the white matter projection. The upper and lower cortical sheets of each 
occipital fold were placed on a metal plate to flatten the cortex. Attempts 
to flatten the splenial sulcus as well were not successful. The brain tissues 
were immersed in liquid freon on the metal plates (-30°C; Histofreeze, 
Fisher Scientific). The frozen cortical tissues were removed from the 
plates and mounted on kryostat blocks. Care was taken to avoid thawing 
of the visual cortical gray matter during mounting. Tissues were cut 
tangential to the cortical surface in a microtome refrigerated to - 19°C. 
Serial 20-wrn-thick sections were mounted on microscope slides and 
thawed and dried on a plate heated to 65°C. As a control, a few coronal 
sections from the frontal lobe were prepared in the same way. 

Autoradiographic procedures. Dried sections were exposed to Ultro- 
film (LKB, Bromma, Sweden) for 1 week and to SB-5 film (Kodak, 
Rochester, NY) for 6-8 weeks. To minimize blackening of the SB-5 film 
by tritium radiation, a 5-pm-thick polyester sheet (Mylar, 1928 Sample, 
Item 35726. DuPont. Canada) was interposed between the brain sections 

holder directly in front of a semitransparent screen at a distance of 45 and the film. The additional distance between the film and the source 
cm. After aligning the head with ear bars briefly placed into the animals’ of radiation was small compared to the range of the 14C radiation. 
ear canals, which were locally anesthetized, the head was stabilized by Compared to a similar approach using a 50-pm mylar sheet (Friedman 
cushioning it with gauze pads, and the ear bars were immediately re- et al., 1987) spatial resolution was less decreased in the present study. 
moved. Pupils were dilated and accommodation relaxed by instilling Plastic 14C tissue radioactivity standards (American Radiolabeled, St. 
1% atropine solution into the cornea1 sacs. Nictitating membranes were Louis, MO) were co-exposed with the sections. These standards were 
retracted by a topical application of 2.5% phenylephrine solution. Cus- calibrated against brain paste standards made in our laboratory. Various 
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Figure 2. Grating pattern used for visual stimulation. The pattern consists of a pseudorandom sequence of white and black bars. Eight such 
sequences were mounted onto the edge of a plexiglass wheel that turned in the beam of a projector. At any one time, an area of 80” x 80” was 
shown to the animal. This stimulation activated the entire binocular region of area 17 that extends more than 20” into the contralateral visual field 
(Law et al., 1988). The scale bar indicates the size on the screen. 

amounts of [W]2-DG were mixed with homogenized calf brain, and 
20-pm-thick sections of the frozen brain paste were prepared in a re- 
frigerated microtome in the same way as the brain slices. Brain paste 
slices were co-exposed with plastic radioactivity standards. Aliquots of 
each brain paste sample were dissolved first in 0.5 ml tissue solubilizer 
(Protosol, New England Nuclear, Boston, MA) and then in 10 ml scin- 
tillation fluid. Brain paste radioactivity was determined in the same 
scintillation counter as was used for measuring the plasma radioactiv- 
ities to assure that tissue and plasma radioactivities were properly cross- 
calibrated. 

Digitization of images. Autoradiograms on both films were digitized 
and analyzed on a microcomputer-based image analysis station con- 
sisting of a video camera (Dage MT1 Series 68DX), an S-bit frame 
grabber (Coreco, Montreal), an IBM-AT-compatible computer, and ap- 
propriate software (Image Calculator, developed by author H. Riml). 

Compared to “C autoradiograms, individual ‘H radioactivity images 
contained a large amount of noise (Fig. 3). To decrease the noise as- 
sociated with individual 3H autoradiograms, 9-l 2 consecutive radio- 
activity images from supragranular layers (0.15-0.45 mm cortical depth) 
were averaged. Images were aligned in each series of the autoradiograms 
with the help of holes pierced by a 25G needle into the tissue perpen- 
dicular to the cortical surface. Infragranular layers showed weak or no 
columnar pattern and were therefore not analyzed in this study. Align- 
ment was carried out by interactively superimposing a life image of one 
autoradiogram onto an image of another already stored in memory and 
by simultaneously displaying the 2 images on a monitor. This procedure 
resulted in excellent alignment (~0.1 mm displacement). 14C radioac- 
tivity images were averaged in the same way for the same brain slices. 

Correction for metabolic and cross-contamination. The correction for 
the uptake of the first tracer occurring during the second stimulation 
(metabolic contamination) is described in the Appendix. 

Optical densities for both films were converted to ‘“C radioactivity 
images to eliminate errors due to incorrect cross-calibration between 

Table 1. Orientations of grating used for stimulation in 2-DG 
experiments 

Orientation (“) 

Experi- First Second 
ment stimulation stimulation 

250 0 90 
251 0 -45 
252 0 -20 
253 45 -45 
251 0 -45 
264 0 0 

clockwise, 0” is vertical. 

Angle 
between 
orientations 
(“1 

90 
45 
20 
90 
45 

0 

‘H and 14C standards. 3H radiation did not cause any visible blackening 
on the SB-5 film. Cross-contamination by 14C radiation on the Ultrofilm 
was eliminated by subtracting the 14C radioactivity image obtained on 
SB-5 film from the V-equivalent radioactivity image obtained on Ul- 
trofilm (Friedman et al., 1987; Juhler and Diemer, 1987) on a pixel- 
by-pixel basis. 

An example of the image calculation that corrects for metabolic and 
cross-contamination for 1 set of autoradiograms is shown in Figure 3. 

Processing of cerebral activation images. Global changes in activation 
were minimized by unsharp masking. Cerebral activation images (Fig. 
4, A, B) were first low-pass filtered using a filter kernel 16 x 16 pixels 
(1 x 1 mm) wide. The filtered image (Fig. 4, C, D) was then subtracted 
from the original image to yield an image showing the columnar pattern 
on a relatively uniform background (Fig. 4, E, E;). The main spatial 
periodicity of the columnar pattern in these images was determined by 
2-dimensional Fourier analysis. 

To demonstrate the spatial relationship between the 2 activation pat- 
terns of each experiment, the 40% of the pixels that showed the highest 
values within a region of interest were labeled “activated” and the rest 
“not activated.” The images shown in Figure 5 are overlaps of such 
binary images. The 40% threshold was chosen to reveal overlapping 
areas between the 2 activation patterns, especially in Experiments 25 1 
and 257, in which the difference between the 2 orientations was 45” 
(Table 1). 

Mapping eye-specijic input with tritiated proline. In a separate exper- 
iment, 2 ferrets (Experiments 2 16 and 2 17) were each injected with 1.5 
mCi of L-[2,3-3H]-proline under 2%3% halothane anesthesia and asep- 
tic conditions. The tracer was dissolved in lo-20 ~1 sterile saline and 
intravitreally injected over a 20 min period through a 25G needle in- 

Table 2. Amount of tracers injected and metabolic and cross- 
contamination on Ultrofilm for 2-DG experiments 

Cross- 

Radio- 
activity 

Metabolic detected 
trapping of on Ultro- 

Amount of tracer 
contami- first tracer film repre- 

injected (FCi) nation by during senting 
‘“C on second second 

Experi- WI Ultrofilm stimulation stimulation 
ment [‘H]2-DG 2-DG co4 (%I co@ 

250 5000 25 36 19 48 
251 5000 25 22 22 38 
252 5000 25 38 16 48 
253 5000 25 31 17 43 
251 4000 20 35 20 49 
264 3700 20 36 21 49 
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Figure 3. Individual autoradiograms of a slice of flattened ferret visual 
cortex. The same slice was exposed to t&urn-sensitive Ultrofilm (A) 
and to Kodak SB-5 standard radiographic film (B; Experiment 253). 
The Ultrofilm autoradiogram (A) shows the first and second stimulation 
to be about equally strong due to metabolic and 14C cross-contamination 
(see Table 2). The orientations used for stimulation in Experiment 253 
were orthogonal and elicited 2 roughly complementary activation pat- 

serted into the limbus of the left eye. The animals recovered from 
anesthesia and, in addition to standard care according to institutional 
guidelines, received daily intramuscular injections of chloramphenicol 
for I d to prevent eye infection. 

Some clouding of the injected vitreous body was observed a few days 
after injection. This clouding was attributed to the injection of a rela- 
tively large amount of saline into the very small vitreous body of the 
ferret. The vitreal clouding would have interfered with visual stimu- 
lation through the injected eye. Moreover, stimulation through only 1 
eye with moving gratings of changing orientations did not reliably elicit 
ocular dominance bands in the ferret. For these reasons, it was not 
possible to perform double-label experiments to demonstrate the over- 
lap of ocular dominance and orientation columns. 

The animals were killed by an overdose of pentobarbitol 12 and 20 
d after injection. The occipital poles were processed for autoradiography 
as described above. Serial 30-wrn-thick sections were exposed to tritium- 
sensitive Ultrofilm (LKB, Bromma, Sweden) for 3 months. 

To obtain complete ocular dominance maps (Fig. 6), individual au- 
toradiograms were projected onto a white sheet ofpaper, and the labeled 
regions were outlined with a fine pencil. Because the eye-specific pro- 
jection pattern was not contained in its entirety in any one of the au- 
toradiograms, the autoradiograms were projected consecutively until a 
composite image of the complete ocular dominance pattern was ob- 
tained. Composite images were redrawn with black ink and are shown 
in Figure 6. 

In each composite image, the position of the tip of the lateral sulcus 
was marked. The shortest distance between the tip of the splenial sulcus 
and the area 17/18 border was 2.3 mm (SD, a0.3 mm; n = 4). The 
angle between the area 17/ 18 border and a straight line drawn through 
the lateral sulcus was 18” (SD, f2”; n = 4). These values were used as 
a reference to locate the area 17/l 8 border in the 2-DG images (Fig. 5). 

Results 
Double-label deoxyglucose autoradiography 
By 3H standards, no detectable blackening of the SB-5 film was 
observed for the range of tissue radioactivities obtained in this 
study. In contrast, an average of 32% (range, 22%38%; Table 
2) of the radioactivity detected on the Ultrofilm was caused by 
14C radiation. 

Figure 1 shows the average normalized plasma radioactivity 
curves for the double-label experiments. Significant amounts of 
the first injected tracer remained in the plasma late in the ex- 
periment. As a consequence, the first tracer was available for 
metabolism during the second stimulation. Calculation of the s 
value from Eq. (2) (see Appendix) shows that an average of 20% 
(range, 16O/+22%; Table 2) of the total tissue radioactivity mea- 
sured for the first tracer at the end of the experiment was met- 
abolically trapped in brain tissue during the second stimulation 
(metabolic contamination of the Ultrofilm radiographic image). 

14C cross-contamination and metabolic contamination to- 
gether contributed an average of 45% (range, 38O/o-49%; Table 
2) of the radioactivity detected on the Ultrofilm; that is, about 
half of the Ultrofilm image represents the cerebral activation 
pattern of the second stimulation. 

Figure 3 shows a representative example of the autoradi- 
ograms (Fig. 3, A, B) and the activation image of the first period 
(Fig. 30, which was derived by partially subtracting the 14C 

t 

terns (see Fig. 50. The resulting autoradiogram in A therefore shows 
relatively little patchiness. In contrast, the 14C autoradiogram (B) rep- 
resents activation only by the second stimulation. The image shown in 
C represents activation by the first stimulation; it was derived by a 
partial subtraction of the image shown in B from the image shown in 
A to correct for metabolic and 14C cross-contamination on the Ultrofilm 
autoradiogram (Table 2). In the autoradiograms (A, B), darker shades 
represent more radioactivity. In the metabolic activation image (C’), 
lighter shades represent more activation. 
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5mm 
Figure 4. Averaged activation image for the first (A) and second stimulation (B) of the ferret visual cortex (Experiment 253). Each pattern is the 
average of 9-l 2 activation patterns aligned with the help of the 4 holes pierced perpendicularly into the cortical surface. Images shown in A and 
B were smoothed by a 1 mm x 1 mm filter kernel. The smoothed images (C, D) were subtracted from the images shown in A and B (unsharp 
masking) to yield the images shown in E and F. The masked images show the activation patterns in area 17/18 on a relatively homogeneous 
metabolic background. Lighter shades represent more activation. 
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Figure 5. Overlap of regions repre- 
senting 2 different orientations in the 
flattened visual cortical area 17/l 8 of 
the ferret. Colors indicate activation by 
the first stimulation (brown), second 
stimulation (~&low), both stimulations 
(white), and neither stimulation (black). 
Artifacts (incomplete flattening or holes 
used for alignment) and unstimulated 
regions were blackened. The experi- 
ment number and the angle between the 
2 orientations used for the stimulation 
are given above each pattern. The ar- 
rows in B indicate changes in orienta- 
tional preference from vertical to 
oblique. The area 17/l 8 border was 
identified by comparing the location of 
the lateral sulcus in each brain slice to 
that in the maps shown in Figure 6 (see 
Materials and Methods). Compared to 
Figure 6, the images in Figure 5 are 
rotated counter-clockwise 90”. The ap- 
proximate elevations of the projection 
of the visual world at the vertical me- 
ridian (area 17/ 18 border; see scale bar) 
were estimated from the data in Law et 
al. (1988). The fixation point projects 
to about - 10” elevation (Law et al., 
1988). med, medial; lat, lateral; 17, area 
17; 18, area 18. 

autoradiogram (Fig. 3B) from the 3H/14C Ultrofilm autoradi- 
ogram (Fig. 3A). This subtraction corrects for metabolic and 
cross-contamination. 

Figure 4 shows averaged activation images for the first and 
second period of 1 experiment. The low-pass filtered images 
(Fig. 4, C, D) that were subtracted from the images shown in 
Figure 4, A and B, do not show any columnar pattern. The 
resulting masked images (Fig. 4, E, F) show the columnar pat- 
tern on a relatively homogeneous background. 

Visual cortical results 
Organization of ferret visual cortical area 17118 in the 
orientational domain 
Typical activation patterns corresponding to the 2 stimulations 
from a double-label experiment and their derivation by image 
processing are shown in Figures 3 and 4. The mean periodicity 
of the orientation columns in this study was 1.4 cycles/mm. In 
all experiments, the columnar pattern seen in area 17 was in- 
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distinguishable from that in area 18. The orientational patches 
were often elongated and ran roughly orthogonal to the area 171 
18 border (Figs. 4, 5). 

In Figure 5, color-coded maps show the overlap of the 2 
activation patterns for all 6 ferrets. If the same orientation was 
used (Fig. 5A), the 2 activation patterns overlapped almost en- 
tirely. The remaining discrepancies were minor and likely rep- 
resent residual noise, originating mainly from the activation 
pattern of the first stimulation, that is, from the intrinsically 
more noisy Ultrofilm autoradiogram (Fig. 3). When animals 
were stimulated with gratings of orthogonal orientations (Fig. 

5, E, F), patchy activation patterns were seen that were not fully 
complementary but did not overlap. In some regions, areas 
representing orthogonal orientations were immediately adjacent 
to each other; in others, they were separated by areas which 
were not activated by either stimulation. 

With orientations forming an angle of 20” (Fig. 5D) and 45” 
(Fig. 5, B, c), complex patterns of partial overlap were seen. 
Relatively large areas were activated by either the first or the 
second stimulation. The degree of overlap of the two orienta- 
tions was variable, ranging from nearly complete overlap in 
some areas to little overlap in others. Most regions of overlap 
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Figure 6. Composite ocular dominance maps of ferret visual cortex reconstructed from serial )H-proline autoradiograms. A, Right cortex of ferret 
from Experiment 216 (contralateral to injected eye). B, Left cortex of ferret from Experiment 216 (ipsilateral to injected eye). C, Right cortex of 
ferret from Experiment 2 17 (contralateral to injected eye). D, Left cortex of ferret from Experiment 2 17 (ipsilateral to injected eye). Black urea 
represent regions that were radioactively labeled in the autoradiograms. The thin outlines delineate the margins of the brain sections. The thick lines 
indicate the position of the splenial sulcus (ss) on the ventral surface apposing the cerebellum and of the lateral sulcus (1s) on the dorsal surface. 
The extensions of the dotted lines mark the approximate position of the area 17/l 8 border (projection of the vertical meridian). The orientations 
of the slices (med, medial; lat, lateral) and of the visual field projected onto area 17/18 (Law et al., 1988) are shown. The point of the area 17118 
border closest to the tip of the lateral sulcus represents about 20” of visual field elevation (Law et al., 1988). The approximate visual field elevations 
at the area 17/18 border estimated from data by Law et al. (1988; their Figs. 1 and 17B) are given on the side of each panel. The fixation point 
projects to about - lo” elevation (Law et al., 1988). The cortices displayed in C and D are not completely flattened at the occipital pole, resulting 
in only partial display of the binocular region of area 17. 
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were surrounded by 3 or 4 regions which were each activated 
by only 1 of the stimulations. The arrows in Figure 5B indicate 
the direction of the orientational changes. Reversals in the di- 
rection of the change from clockwise to counter-clockwise oc- 
curred frequently around any of the patches representing over- 
lapping stimulations. These changes occurred on a scale smaller 
than the average periodicity of the orientation columns (1.4 
cycles/mm). 

General organization of area 17/18 in the ferret 

Figure 6 shows complete maps of the eye-specific input into 
area 17/18 of the ferret. The maps represent the radioactive 
label in layer IV, the layer most prominently labeled by ortho- 
grade amino acid tracing of eye-specific input (Wiesel et al., 
1974; Le Vay et al., 1985; McConnell and Le Vay, 1986; Lowe1 
and Singer, 1987). Flattening of the occipital fold was not en- 
tirely successful in all cases and may have occurred at slightly 
different positions of the fold. Nevertheless, all preparations 
resulted in a separation of the 2 cortical sheets along the area 
17/ 18 border or the monocular/binocular border within area 
17. Taken together, the maps provide a picture of eye-specific 
input to area 17/ 18 in the ferret that is complete except for the 
part situated in the splenial sulcus (Law et al., 1988). 

The contralateral projections (Fig. 6, A, c) uniformly labeled 
the area immediately rostra1 to the splenial sulcus on the ten- 
torial surface of the occipital pole. This area is part of visual 
cortical area 17 and represents peripheral monocular regions of 
the visual field. In mustelides (McConnell and Le Vay, 1986; 
Le Vay et al., 1987; Law et al., 1988) the most peripheral 
receptive fields (up to 130”) are located in the depth of the 
splenial sulcus that was not flattened in this study. 

As the cortex wraps around the occipital pole, layer IV was 
labeled in a patchy fashion (Fig. 6, A, C). This segment corre- 
sponds to the binocular segment of area 17, and extends more 
than 20” into the periphery in the ferret (Law et al., 1988) and 
40” in the mink (McConnell and Le Vay, 1986). It was the ap- 
proximate area stimulated in the 2-DG experiments by the vi- 
sual stimulus (total area, 80” x 80”). 

The region rostra1 to area 17 was less heavily labeled and had 
a much coarser pattern of labeled and unlabeled regions; it is 
area 18. No uniformly labeled region similar to that seen in area 
17 was found in area 18. The rostra1 border of area 18 runs in 
a medio-lateral direction and partially coincides with the lateral 
sulcus. A separate area 19 could not be identified on the proline 
autoradiograms. 

Ocular dominance pattern in the binocular segments of area 
17118 
Figure 6 shows that, in the binocular segment of area 17, ipsi- 
lateral projections form islands in an almost completely con- 
tiguous pattern of contralateral stripes. Some of the islands are 
elongated and have more than 1 lobe, as if a few patches became 
confluent (e.g., see Fig. 6B). The same global arrangement was 
found in area 18. However, in area 18, the patches were about 
2 mm apart; in area 17, they were about 0.7 mm apart. 

The island/stripe pattern does not seem to have any particular 
orientation. Although some islands/stripes are oriented orthog- 
onal to the 17/ 18 border, many others run in parallel or oblique- 
ly. When the width of the labeled ipsilateral islands (Fig. 6, B, 
D) is compared to that of the labeled contralateral stripes (Fig. 
6, A, C), the islands are narrower than the contralateral stripes. 
The total area occupied by the islands is smaller than that oc- 

cupied by the stripes in the binocular segment of area 17/18. 
Towards the border from the monocular to the binocular seg- 
ment of area 17, the ipsilateral islands seem to thin out. 

In the ferret, the lower visual world projects progressively 
more medially along the area 17/18 border, which coincides 
with the vertical meridian (Law et al., 1988). Figure 6 shows 
that, in area 18, the ipsilateral patches are larger medially than 
laterally. Moreover, the ipsilateral projections occupy a larger 
portion of area 18 medially than laterally. A similar difference 
between the medial and lateral regions is seen for area 17 in 
Figure 6A, where the holes in the contralateral projection be- 
come smaller and seem less elongated in the region close to the 
0” elevation point. 

Discussion 
Methodological considerations 
The conventional (single-label) 2-DG method (Sokoloff et al., 
1977) provides a valuable tool to study the functional organi- 
zation of complex activation patterns in the sensory brain of 
mammals, for example, in the visual system (Kennedy et al., 
1976; Hubel et al., 1977), in the olfactory system (Sharp et al., 
1975) in the somatosensory system (Durham and Woolsey, 
1977; Juliano and Whitsel, 1987), and in the auditory system 
(Webster et al., 1978). [3H]- or [14C]2-DG autoradiograms of 
20-pm-tissue sections can be obtained from virtually every brain 
structure and provide excellent spatial resolution. 

The major disadvantage of the conventional 2-DG method 
is that cerebral activation can only be mapped once in each 
animal. A number of double-label deoxyglucose methods have 
therefore been proposed to map 2 activations in the same animal 
(Livingstone and Hubel, 1981; Olds et al., 1985; John et al., 
1986; Friedman et al., 1987). These methods have been criti- 
cized (Webster et al., 1983; Redies et al., 1987; Friedman et al., 
1989) because they neglect the fact that the tracer injected first 
is also available for metabolic trapping during the second stim- 
ulation (Fig. 1, Table 2). A quantitative solution to this problem 
(Redies et al., 1987; Redies and Diksic, 1989b) is applied in 
this study [Eqs. (l), (2); see Appendix]. The tracer kinetic model, 
the experimental rationale, and the parameters for this approach 
have been described in detail elsewhere (Redies et al., 1987; 
Redies, 1988; Redies and Diksic, 1989a, b; Redies and Gjedde, 
1989; Redies et al., 1989). 

The present study shows that, with the appropriate correc- 
tions, complex cerebral activation images representing 2 se- 
quential visual stimulations can be metabolically mapped using 
[3H]2-DG and [14C]2-DC as tracers. The corrections eliminate 
(1) metabolic contamination, that is, metabolic trapping of the 
first tracer during the second stimulation; and (2) cross-contam- 
ination between the 2 tracers on the radiographic films. 

As outlined in detail above (see Materials and Methods), the 
following strategies were used to minimize the errors associated 
with image processing and image calculations: 

(1) Two hundred times more 3H than 14C was injected (Table 
2). With this ratio, about one third of the radioactivity detected 
on the Ultrofilm is caused by j4C radiation (Table 2). While 
higher ratios result in less cross-contamination, the amount of 
tritiated 2-DG injected was limited by the cost of the tracer. 

(2) To decrease the experimental errors and the amount of 
the first tracer taken up during the second experimental period 
(Table 2; Redies et al., 1987; Redies and Diksic, 1989b), the 
second period was relatively short (30 min); the first period was 
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relatively long (60 min) to permit the levels of the first tracer 
in plasma to fall to low levels (Fig. 1). 

(3) Autoradiograms on both films were calibrated to the same 
set of 14C radioactivity standards, thus eliminating errors caused 
by incorrect cross-calibration of 3H and 14C radioactivities. 

(4) The noise associated with the intrinsically more noisy 3H 
autoradiograms (Fig. 3) was reduced by averaging 9-12 radio- 
activity images from supragranular layers. 

(5) To minimize errors contributed by incorrect cross-cali- 
bration between the 2 films and between the 2 plasma radio- 
activity curves, s values were calculated by using the radioac- 
tivities measured for the unstimulated frontal cortex to normalize 
radioactivities for the visual cortex [Eqs. (l), (2); see Appendix]. 

General layout of ferret visual area 17/18 (proline study) 

The general layout of area 17/ 18 in flattened ferret visual cortex 
(Fig. 6) resembles that previously reconstructed by single-cell 
recording and neuroanatomical techniques in the ferret (Law et 
al., 1988) and in the mink (McConnell and Le Vay, 1986; Le 
Vay et al., 1987). The apparent absence of a monocular segment 
in area 18 agrees with neurophysiological data from the mink 
and ferret (McConnell and Le Vay, 1986; Le Vay et al., 1987; 
Law et al., 1988). 

Because the sectioning and mounting procedure used in the 
proline study was the same as that used in the double-label 
2-DG experiments, the maps of eye-specific input shown in 
Figure 6 can be transferred to the 2-DG maps (Fig. 5) using the 
position of the lateral and splenial sulcus as anatomical land- 
marks (see Materials and Methods). 

Organization in the orientational domain 

The orientation pattern (Figs. 4, 5) and its periodicity in the 
ferret visual cortex (1.4 cycles/mm) are similar to those seen in 
the macaque (Hubel et al., 1977; Tootell et al., 1988) and in the 
cat (Singer, 198 1; Albus and Sieber, 1984; Lowe1 and Singer, 
1987). The ferret, cat, and macaque patterns appear patchy, 
whereas the tree shrew pattern consists of more regular bands 
running in parallel with occasional branching points (Humphrey 
et al., 1980). Like in the cat (Singer, 198 1; Albus and Sieber, 
1984; Lowe1 et al., 1987) and the tree shrew (Humphrey et al., 
1980), the patches in the ferret visual cortex are elongated and 
generally run orthogonal to the area 17/ 18 border, with little 
difference between areas 17 and 18. 

Figure 5 provides information on the representation of more 
than the 2 orientations used for stimulation in each experiment. 
For example, the extensive areas of overlapping activation seen 
in Figure 5, B-D, are likely to represent orientations interme- 
diate to the 2 orientations used in the stimulation because in- 
dividual visual cortical neurons in the carnivores (cat: Albus, 
1975; mink: Le Vay et al., 1987) are responsive to a range of 
orientations (median half-width range, -20-30”). Moreover, at 
a given cortical location, neurons have a similarly wide range 
of optimal orientations (Albus, 1975). In agreement with these 
data, the overlap is extensive in Figure 5, Band C (45” difference 
between orientations), but sparse in Figure 5, E and F (90” 
difference). The areas not activated by either stimulation in 
Figure 5 (black areas) likewise represent orientations comple- 
mentary to those used in the experiment because the carnivore 
visual cortex is not known to have regions lacking orientation- 
selective cells, such as the cytochrome oxidase patches of the 
primate visual cortex (Livingstone and Hubel, 1984). 

Comparison of 2-DG maps with results from other 
mapping studies 

In the following, the results obtained in the present 2-DG study 
are compared with results from electrophysiological mapping 
studies in cat visual cortex (Swindale et al., 1987) and optical 
imaging studies in macaque visual cortex (Blasdel and Salama, 
1986). 

Similarities between the studies 

Despite differences, there are several similarities between the 
2-DG results and other mapping studies (Blasdel and Salama, 
1986; Swindale et al., 1987). These similarities are: (1) frequent 
changes in the direction of the orientational gradient, (2) fre- 
quent changes in the steepness of the directional gradient, and 
(3) representation of any orientation in both relatively large and 
small patches. 

Interestingly, it is these features that are also seen in orien- 
tation maps generated by computer simulations (Swindale, 1982; 
Linsker, 1986). In particular, some of the orientation maps ob- 
tained in the present study (e.g., Fig. 5, B, C) look strikingly 
similar to maps generated in the computer simulations by Lin- 
sker (1986). In addition to the general features mentioned above, 
orientational patches in both Linsker’s map and the maps shown 
in Figure 5 are typically flanked on 2 of 4 sides by patches 
representing neighboring orientations and on the other 2 sides 
by patches representing the opposite orientation, in a cross- 
hatch pattern. 

The resemblance of experimentally obtained and computer- 
generated maps is ofconceptual significance. The computer sim- 
ulations are based on relatively simple principles governing the 
development of synaptic strength between the modules (Swin- 
dale, 1982; Linsker, 1986). The resemblance supports the sug- 
gestion that basic developmental mechanisms may also induce 
the complex arrangement of orientation columns in vivo (von 
der Malsburg, 1973; Swindale, 1980, 1982; von der Malsburg 
and Cowan, 1982; Linsker, 1986). 

Dl&ences in experimental uncertainties between studies 

Because each of the different methods is associated with uncer- 
tainties and perhaps artifacts, it is important to carefully com- 
pare results obtained by the different methods before drawing 
conclusions about cortical functional organization. 

Swindale et al. (1987) used interpolation paradigms in con- 
junction with single electrode recordings to obtain orientation 
maps. These authors estimated that the error in localizing the 
border of orientational domains associated with the interpola- 
tion is, on the average, about 200 Frn. In view ofthis uncertainty, 
some of the details in cortical organization shown in their maps 
derived not solely from experimental data but also from the 
assumptions on which the interpolation procedure was based. 
This may be especially problematic at points where steep changes 
in the orientational gradient occurred. 

The methodology applied in the present study is based on a 
set of assumptions that relate to glucose metabolism (Sokoloff 
et al., 1977; Redies et al., 1987; Redies and Diksic, 1989a, b; 
Redies and Gjedde, 1989). These assumptions are less likely to 
directly bias results on functional cortical organization than an 
interpolation paradigm. The sampling density is much higher 
in the 2-DG maps that have a spatial resolution of 50-100 pm. 
The 2-DG maps therefore provide a spatially very detailed pic- 
ture for the 2 orientations mapped in each study. 
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Optical imaging provides excellent spatial resolution and al- 
lows the mapping of many different activation patterns in the 
same animal. However, the physiological interpretation of op- 
tical imaging data is difficult because the physiological correlates 
of the signals detected are largely unknown (see below). 

Dlyerences in signals detected 

The orientation maps obtained by optical imaging, electrophysi- 
ology, and the 2-DG method may also differ because ofdifferences 
in the signals detected. The signals detected by the 2-DG method 
are well understood and easily quantified (Sokoloff et al., 1977; 
Redies et al., 1987; Redies and Gjedde, 1989). Their physio- 
logical correlates are the inhibitory and excitatory synaptic ac- 
tivity (reviewed in Nudo and Masterton, 1986). The signals 
detected by electrophysiological recording of cellular discharge 
are also well understood. In contrast, it is at present unknown 
what the signals optically detected in the intact mammalian 
brain are and how they relate to synaptic activity or cellular 
discharge. If the signals are of multiple origin (Grinvald et al., 
1986, 1988), they may not all change in the same direction upon 
cerebral activation. The physiological interpretation of optical 
imaging data therefore remains problematic. 

Despite these differences, good correlations between neuronal 
discharge on the one hand and the 2-DG or optical signals on 
the other hand were reported for the visual cortex (Schoppmann 
and Stryker, 198 1; Blasdel and Salama, 1986; Grinvald et al., 
1986, 1988). Nevertheless, electrophysiological sampling in these 
studies was not dense enough to draw firm conclusions about 
the equivalence of the different methods, especially for regions 
in which the orientational gradient is steep. 

Breaks, modules, and singularities 
The orientation maps obtained by Blasdel and Salama (1986) 
in the macaque visual cortex revealed striking discontinuities 
(breaks) in the orientational gradient surrounding individual 
cortical “modules.” The possibility has been raised that these 
breaks and modules are experimental artifacts (van Essen and 
Orbach, 1986; Grinvald et al., 1986). The maps of Swindale et 
al. (1987) do not show such discontinuities. In the ferret maps 
(Fig. 5, E, F), frequent discontinuities are seen where orthogonal 
orientations are represented immediately adjacent to one another. 

In the ferret visual cortex, patches representing 1 orientation 
often are elongated and extend over a distance across the cortical 
surface about 2 to 3 times greater than the average periodicity 
ofthe patches (Fig. 5). These results indicate that the ferret visual 
cortex is not as neatly organized into relatively small and round 
functional modules, as the macaque visual cortex seems to be 
(Blasdel and Salama, 1986). These differences may reflect meth- 
odological differences (see above), as well as species differences. 
In particular, the cytochrome oxidase patches of the monkey 
visual cortex, which lack orientation-selective cells (Livingstone 
and Hubel, 1984), are not found in nonprimate species such as 
the ferret. 

Another feature seen in orientation maps are “singularities,” 
points around which all orientations are arranged in an orderly 
fashion (Linsker, 1986; Swindale et al., 1987). Singularities are 
spaced at regular intervals in the map by Swindale et al. (1987) 
and perhaps are a consequence of the assumption that there are 
no discontinuities in the interpolated maps. The computational 
maps by Linsker (1986) show a continuous spectrum, from 
singularities, to points surrounded by a few but not all orien- 
tations, to steep orientational changes that occur along a straight 

line. Similarly, in the 2-DG maps (Fig. 5), there are occasional 
points surrounded by several orientations, but these are less 
frequent than points in which 2 neighboring orientations lie side 
by side. 

Ocular dominance pattern in binocular segments of area 
17118 

The island/stripe pattern found in area 17/ 18 of the ferret (Fig. 
6) is similar to data from the mink (McConnell and Le Vay, 
1986) and has previously been seen in the ferret, though perhaps 
less clearly (Law et al., 1988). 

The ocular dominance pattern of the cat assumes the ap- 
pearance of irregularly intertwined beads on a string (Lowe1 and 
Singer, 1987; Anderson et al., 1988). As in the ferret, the con- 
tralateral projections in the cat are more prominent than the 
ipsilateral ones, but this imbalance is less striking than the im- 
balance seen in the ferret. Both the cat pattern (Lowe1 and Singer, 
1987; Anderson et al., 1988) and the ferret pattern (Fig. 6) have 
a similar periodicity and do not show any particular orienta- 
tional preference. 

Unlike the cat and ferret patterns, the ocular dominance pat- 
tern in the macaque consists of elongated stripes lying next to 
each other, with occasional branching points (Hubel and Wiesel, 
1978; Le Vay et al., 1985). In the macaque, these stripes are 
oriented orthogonally to the area 17/ 18 border. 

At present, the functional significance of these species differ- 
ences remains unknown. It is also unclear whether these differ- 
ences reflect differences in the intracortical mechanisms causing 
segregation of eye-specific input or differences in the afferent 
projections. 

The relative prominence of the ipsilateral projections in the 
more medial (lower visual field) regions of the ferret area 18 
(Fig. 6) can also be seen in a figure published previously for the 
ferret (Law et al., 1988; their Fig. 15). To our knowledge, the 
ferret is the first species for which changes in the ocular dom- 
inance pattern of area 18 along the vertical visual axis have been 
described. Area 17 does not show a similarly strong change, 
though, at least in Figure 6A, the holes in the contralateral 
projection are smaller around the location of the fovea1 projec- 
tion (- lo” elevation; Law et al., 1988). Patches also seem to 
become smaller and less elongated around the projection of the 
fixation point in one of the orientation maps (see Fig. 5F), but 
this feature is not confirmed by the other maps in Figure 5. 

Like in the macaque (Le Vay et al., 1985), the ipsilateral 
islands in area 17 ofthe ferret become narrower as they approach 
the monocular fragment (Fig. 6). The number of contralaterally 
driven units was found to increase towards the periphery in the 
ferret (Law et al., 1988). 

These results bear upon the possible developmental mecha- 
nisms eliciting segregation of eye-specific input to area 17/ 18 
in the ferret. It has been shown in computer simulations that 
an imbalance in the effectiveness of competition leads to a pat- 
tern in which the less effective feature forms islands surrounded 
by the more effective feature (Swindale, 1980). Similar island/ 
stripe patterns can also be obtained by local activator/inhibitor 
models in which the inhibition is either stronger or weaker than 
the activation (Young, 1984). The similarity of the pattern in 
areas 17 and 18, despite the difference in periodicity, suggests 
that the mechanism(s) causing segregation of eye-specific input 
are the same in both areas but have different space or time 
constants. 
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For technical reasons, we were unable to study the overlap bands in the cat’s visual cortical areas 17 and 18: a [14C]deoxyglucose 
of orientation and ocular dominance patterns. However, our study. Exp Brain Res 56:384-388. 

results suggest that the relationship between ocular dominance Anderson PA, Olavarria J, van Sluyters RC (1988) The overall pattern 

and orientation columns must be different in areas 17 and 18 
of ocular dominance bands in cat visual cortex. J Neurosci 8:2183- 
2200. 

(if there is a simple relationship at all) because the orientation Blasdel GG. Salama G (1986) Voltage-sensitive dves reveal a modular 
pattern is very similar in areas-l 7 and 18 but the ocular dom- 
inance pattern has a different periodicity. 

organization in monkey striate cozex. Nature 321579-585. 
Cucchiaro J, Guillery RW (1984) The development of the retinogenic- 

ulate pathway in normal and albino ferrets. Proc R Sot Lond [Biol] 
223:141-164. 

Appendix 
Whereas the radioactivity image produced by the second tracer ([14C]2- 
DG) represents the cerebral activation image for the second stimulation, 
the image produced by the first tracer ([sH]2-DG) represents a weighted 
mixture of the cerebral activations elicited during both stimulations 
(Redies et al., 1987; Redies and Diksic, 1989b) because the first tracer 
is available for metabolic trapping during both stimulations (see Table 
2). The cerebral activation image representing the first stimulation was 
recovered by partially subtracting the radioactivity image obtained for 
the second tracer from the radioactivity image of the first tracer. This 
subtraction corrects for uptake of the- first tracer during the second 
stimulation (Redies et al.. 1987: Redies and Diksic. 1989b). 

Cerebral functional activity for the first stimulation is proportional 
to glucose utilization for the first period of the experiment [R(TO - r,)]. 
It has been shown (Redies and Diksic, 1989b) that 

W”o -+ To) m C*,,,,, - s x C**u,,> (1) 
where C*,,,,, and C**,,,,, are the radioactivities of the tracers measured 
at the time of decapitation, T2. * and ** denote parameters of the first 
and second tracer, respectively; s is a constant (Redies and Diksic, 
1989b). cc denotes proportionality. In this study, s was calculated ac- 
cording to Eq. (B17) in Redies et al. (1987): 

ZP*(T, + T,) ~zn<T2) - cm 
' = ZP*(To - TJ ' cI(*,,,l,2j - C?*fit.,.2j ' 

(2) 

where ZP*(T, - TZ) and ZP*(To - Tz) are the specific precursor activities 
of the first tracer that were integrated from the start of the experiment 
(To) to the injection of the second tracer (T,), and from To to the time 
of decapitation (r,), respectively; C*,,,, and C**,tiT,, are the radioac- 
tivities measured for the frontal cortex (control values) at time T2; and 
C”,,,,, and C**,(,-,, are the radioactivities calculated for the precursor 
compartment at time T2 (Redies et al., 1987). By normalizing radioac- 
tivities for the visual cortex to those of unstimulated frontal cortex [Eq. 
(2)], potential errors due to incorrect cross-calibration of the 14C ra- 
dioactivities between the 2 films are minimized because any mistake is 
made twice (for the visual and frontal cortex) and largely cancels out in 
Eq. (1). Moreover, both films are calibrated to the same set of 14C 
radioactivity standards, thus eliminating errors introduced by incorrect 
cross-calibration between 14C and ‘H radioactivity standards. Correct 
calibration of the 3H standards is particularly problematic due to the 
short range of 3H radiation in tissue (-3 pm). The conversion of )H to 
14C radioactivity is based on the constant relationship between the 2 
isotopes for a wide range of film blackening (Juhler and Diemer, 1987; 
Friedman et al., 1987). 

Before calculating s, the ‘H plasma radioactivity values were con- 
verted to 14C equivalents by multiplication of the ‘H values with the 
approximate 14Q3H conversion factor for Ultrofilm (0.0 15; Friedman 
et al., 1987). Inaccuracies in this conversion lead to very small errors 
in calculating s from Eq. (2) because it can be shown that C*,Z,,.2, is less 
than 10% of C*,,,r2, at 90 min after injection in the ferret experiments 
(Redies and Giedde, 1989) and because ZZ’*(T, - T,) and ZZ’*(To - T,) 
form a ratio. The s value was calculated with the computer program 
DOUBLE (Redies, 1988, 1989) using the average ferret gray matter rate 
constants of the K,* - k,* model (Redies et al., 1989). An example of 
this image calculation is shown for 1 set of autoradiogmms in Figure 3. 
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