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It has been known for several years that stimulus-evoked 
metabolic activity is reduced in the somatosensory cortex 
of animals with basal forebrain lesions that deplete the neo- 
cortex of acetylcholine (ACh). During 2-deoxyglucose (2-DG) 
experiments, animals with unilateral basal forebrain lesions 
demonstrate a decreased response to somatic stimulation, 
while background metabolic activity in the surrounding cor- 
tical regions remains normal. In an attempt to ameliorate 
these deficits, we examined the ability of embryonic cholin- 
ergic basal forebrain transplants inserted into neocortex to 
innervate surrounding cortical regions and restore functional 
2-DG activity in adult host rats previously depleted of ACh 
by basal forebrain lesions. To accomplish this goal, a series 
of experiments were conducted in which we (1) depleted 
the cerebral cortex of ACh by injecting an excitotoxin into 
the rat basal forebrain, (2) transplanted embryonic basal 
forebrain or embryonic neocortical (control) tissue into the 
ACh-depleted cortex and, (3) 6-12 months later, used the 
2-DG metabolic mapping technique to examine effects of the 
transplants on metabolic activity evoked by whisker stimu- 
lation in rat somatosensory (barrel) cortex. Histochemical 
analysis revealed that acetylcholinesterase (AChE) staining 
within 2 mm of the basal forebrain transplants was similar 
in density to the contralateral normal hemisphere. AChE 
staining farther than 2 mm from the basal forebrain trans- 
plants and throughout hemispheres containing neocortical 
(control) transplants was greatly reduced, with few AChE- 
positive fibers present, a finding typical of cerebral cortex 
in basal forebrain-lesioned animals. Stimulus-evoked 2-DG 
uptake in barrels adjacent to the basal forebrain transplants, 
and therefore within AChE-rich territory, was similar to that 
in corresponding barrels identically activated in the contra- 
lateral hemisphere. 2-DG activity was reduced, however, in 
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stimulated barrels outside the region of dense AChE-posi- 
tive staining, as well as in all activated barrels in hemi- 
spheres containing control transplants of embryonic neo- 
cortex. These results indicate that transplantation of cell 
suspensions containing embryonic cholinergic basal fore- 
brain, but not neocortex, can ameliorate basal forebrain le- 
sion-induced deficits in functional activity, and that the res- 
toration of activity is influenced by proximity to the transplant. 

[Key words: AChE, barrel, cytochrome oxidase, plasticity, 
2-deoxyglucose, vibrissa] 

It is well established that basal forebrain lesions lead to cortical 
depletion of acetylcholine (ACh) (e.g., Johnston et al., 1979; 
Wenk et al., 1980). In an earlier series of experiments we found 
that unilateral basal forebrain lesions resulted in decreased cor- 
tical metabolic uptake in response to stimulation (Ma et al., 
1989; Juliano et al., 1990; Jacobs et al., 1991). Using the 
2-deoxyglucose (2-DG) technique we demonstrated that activity 
evoked by whisker stimulation in somatosensory cortex of rats 
and mice was reduced in dimension and intensity after unilateral 
basal forebrain lesions. In these studies, the 2-DG uptake was 
compared to similarly evoked activity in the opposite normal 
hemisphere; comparable results were found after unilateral basal 
forebrain lesions in other species (Juliano et al., 1990). In all 
previous investigations, background levels of metabolic label 
remained unchanged and the 2-DG reductions were particularly 
associated with evoked activity. These and many other recent 
studies emphasize the importance of ACh in normal cortical 
function, particularly in relation to processing of stimuli (Meth- 
erate et al., 1987, 1988a; Lamour et al., 1988; Rasmusson and 
Dykes, 1988). Although ACh has long been known to play a 
role in neocortical neuronal activity (Krnjevic et al., 197 1; Brown, 
1983; McCormick and Prince, 1985) more recent experiments 
emphasize the significance of cholinergic involvement in en- 
hancing neuronal responses to stimulation (Sillito and Kemp, 
1983; Donoghue and Carroll, 1987; Sato et al., 1987; Sillito and 
Murphy, 1987; Lamour et al., 1988; Metherate et al., 1988b; 
McKenna et al., 1989; Metherate and Weinberger, 1989, 1990). 

Current advances in the technique of transplantation suggest 
that implants of cholinergic tissue restore reductions in electro- 
physiological and metabolic activity in ACh-depleted hippo- 
campus (Low et al., 1982; Kelly et al., 1985; Buzsaki et al., 
1987; Vanderwolf et al., 1990). Studies by Fine et al. (1985a,b) 
and Dunnett et al. (1985) reveal the capacity of cholinergic 
transplants to survive and reinnervate previously ACh-depleted 
frontoparietal cortex. Furthermore, ACh-rich basal forebrain 
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transplants placed into the neocortex lead to improved perfor- 
mance in learning and memory tasks. For example, basal fore- 
brain-lesioned rats demonstrated improvement in tasks of re- 
sponse retention and spatial learning (such as passive avoidance 
and water maze learning) with transplants of cholinergic-rich 
basal forebrain tissue, but not with noncholinergic hippocampal 
tissue (Dunnett et al., 1985; Fine et al., 1985a,b). These results 
have subsequently been confirmed by others, demonstrating 
improved performance on spatial learning tasks with transplants 
of cholinergic basal forebrain, but not noncholinergic control 
transplants, in ACh-depleted cortex or hippocampus of rats 
(Arendt et al., 1989; Hodges et al., 1990). More recently, these 
results have been extended to primates, demonstrating that cho- 
linergic basal forebrain tissue, but not control hippocampal tis- 
sue, grafted to the hippocampus of marmoset monkeys can com- 
pletely reverse profound and specific learning disabilities resulting 
from fornix transection (Ridley et al., 199 1, 1992). The precise 
placement of fetal tissue grafts as well as their source appear to 
increase dramatically their potential to restore function. Trans- 
plants of embryonic cholinergic basal forebrain tissue placed 
into nontarget sites are without behavioral effect, while similar 
tissue implanted into cholinergically depleted cortex or hippo- 
campus results in functional recovery (Hodges et al., 1990). 

As a result ofthe encouraging findings regarding the possibility 
of neural transplants to thrive and grow in new environments, 
as well as to induce functional improvements, we conducted a 
study that made use of these experimental advances. The ex- 
periments described here explore the capacity of cholinergic 
basal forebrain grafts placed into neocortex to ameliorate the 
deficits in stimulus-evoked metabolic activity observed after 
unilateral basal forebrain lesions. 

These results have been presented in abstract form (Jacobs et 
al., 1990). 

Materials and Methods 
The study presented here involved a sequence ofexperiments. We tested 
the ability of fetal ACh-rich basal forebrain transplants to restore func- 
tional activity in the somatosensory cortex of adult rats with previous 
basal forebrain lesions. The specific manipulations included (1) exci- 
totoxic lesions of the basal forebrain that depleted the ipsilateral so- 
matosensory cortex of ACh, (2) transplantation ofembryonic basal fore- 
brain or neocortical tissue into the ACh-depleted cortex, (3) 2-DC 
experiments, during which the rat received whisker stimulation, and (4) 
tissue processing that included 2-DG autoradiography, staining for Nissl 
substance, cytochrome oxidase (CO) activity, and acetylcholinesterase 
(AChE) histochemistry. A total of 33 rats were used for this study. Only 
experiments successful in all four phases of this study were used for the 
data analysis (n = 14). Criteria for success are presented in Results for 
each of the manipulations. 

Basal.forebrain lesions 
One week prior to transplantation of embryonic basal forebrain, Sprague- 
Dawlev rats weighinrr 175-250 am received unilateral iniections of ibo- 
tenic acid into tithe b&al forebrain. Two sets of coordinates were used, 
both aimed at the major source of cholinergic innervation to the so- 
matosensory cortex: the nucleus basalis magnocellularis (nbm), sub- 
stantia innominata, and ventromedial globus pallidus (Johnston et al., 
1981; Mesuiam et al., 1983; Rye et al., 1984; Saper, 1984). For one set 
of injections, a small opening in the skull was made 4 mm anterior to 
bregma and 2.3 mm lateral from the midline as described by Jacobs et 
al. (1991). A Hamilton syringe was angled 35” from vertical and 12” 
laterally and advanced 8.0 mm deep to the dura, where 0.5 ~1 of ibotenic 
acid (I 0 pg/pl) was injected over 2 min. The needle was then retracted 
to a depth of 7.0 mm and an additional 0.5 ~1 of ibotenic acid injected. 
The second set of coordinates, previously described by Fine et al. (1985a), 
required two openings in the skull. One was 1 .O mm anterior to bregma 
and 2.6 mm lateral from midline. A Hamilton syringe was advanced 

7.3 mm deep and 0.5 ~1 of ibotenic acid was injected. The other injection 
of 0.5 ~1 of ibotenic acid was made 7.0 mm deep to an opening 0.2 mm 
anterior to bregma and 3.4 mm lateral from midline. For this set of 
injections, the incisor bar was set 5.0 mm above the interaural line. 

Transplantation 
One week after the basal forebrain lesion, 14 adult host rats used for 
the data analysis received a cell-suspension transplant, of either cholin- 
ergic-rich embryonic basal forebrain (n = 7) from 16-d-old gestational 
age rat fetuses or neocortical control tissue (n = 7) from 14-15-d-old 
gestational age rat fetuses, into the ACh-depleted, ipsilateral frontoparie- 
tal cortex. The cell-suspension transplants were prepared as described 
previously (Bjiirklund et al., 1983; Fine et al., 1985a). Briefly, using 
aseptic technique, fetuses were taken by cesarean section from the mother, 
and their brains removed and placed in a sterile, ice-cold solution of 
0.6% D-glucose in saline. Either embryonic basal forebrain or pieces of 
the developing neocortex were dissected and incubated for 20 min, at 
37”C, in 10 ml of the D-glucose solution with 2.5 mg trypsin (Sigma 
type XIII) added. The tissue was then rinsed in D-glucose solution 
containing DNase (Sigma DNase I; 1 mg/ 10 ml). The Gain pieces were 
transferred to a vial in a final volume of 10 ~1 of the DNase/D-glucose 
solution per brain, and gently dissociated using fire-polished Pasteur 
pipettes. Viability of the dissociated cells was evaluated using ethidium 
bromide exclusion before and after transplantation. For all the cell 
suspensions prepared, a greater than 80% viability was found both before 
and after the transplantation session. 

Two microliters of cell suspension were injected into two sites in the 
frontoparietal cortex ipsilateral to the basal forebrain lesion. These sites 
were in close proximity to, or within, the portion of somatosensory 
cortex receiving input from the whiskers. One site was 0.3 mm posterior 
to bregma, 3.2 mm lateral to midline, and 2.5 mm deep from the dura. 
The second site was 2.3 mm posterior to bregma, 3.2 mm lateral to 
midline, and 2.5 mm deep from the dura. For all injections, the incisor 
bar was set at -3.3 mm. The animals survived for 6-12 months. One 
week prior to a terminal 2-DG experiment, the rats received a repeat 
basal forebrain lesion as described above to reduce the possibility that 
cholinergic innervation of the cortex might result from remaining or 
restored connections from the basal forebrain. 

2-DG experiment 
Rats were anesthetized with halothane (l-2%) and a jugular vein cath- 
eterized. Following this procedure, each rat was loosely restrained on a 
block where all but two to four whiskers were trimmed bilaterally and 
symmetrically, and a long-lasting topical anesthetic placed on the site 
of catheter insertion. The halothane was then removed and the rat 
allowed to recover from the anesthesia for 1.5 hr prior to a pulse in- 
travenous injection of 2-DC (10 &i/ 100 gm of 2-deoxy-D-[ 1 -14C]glucose). 

The selection of the number and the location of specific whiskers for 
stimulation during the 2-DG experiment was based on several factors. 
(1) A number ofwhiskers were chosen (usually three) in order to increase 
the possibility of activating barrels in different proximity to the trans- 
plant. In each animal, we therefore attempted to activate barrels both 
close to and far from the transplanted tissue. (2) Whiskers were selected 
that were not adjacent to one another, but that could easily be stimulated 
simultaneously. (3) Matching whiskers on each side were always chosen. 

The whiskers were stimulated manually using a hand-held brush. 
Stimulation of the whiskers began 5 min before the animal received the 
2-DC injection and continued for 45 min. Care was taken to ensure 
that both sides received identical stimulation during the 45 min period. 
The animal then received an overdose of sodium pentobarbital(50 mg/ 
kg) and was perfused intracardially with saline, followed by 0.1 M phos- 
phate-buffered paraformaldehyde (4O/o) with 4% sucrose added. The brain 
was quickly removed, frozen in Freon 22, and stored in a freezer at 
- 70°C until cut. 

Tissue processing 
Using a cryostat at - 16”C, 30-Frn-thick sections were cut in the coronal 
plane. Adjacent sections were saved for 2-DG autoradiography and 
AChE and CO histochemistrv. Sections for 2-DG autoradioeraohv were 

-  I  ,  

collected on slides coated with 2% gelatin and placed on a warming tray 
(60°C) for rapid dehydration. The slides, along with 14C methylacrylate 
standards, were exposed to x-ray film (SB-5, Kodak) in cassettes for 
approximately 7 d. Sections for AChE histochemistry were also saved 
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Figure 1. A typical lesion in the basal 
forebrain after injections of ibotenic 
acid. A, Drawings taken directly from 
the brain of a rat that received a lesion. 
The sections are in the coronal plane at 
representative rostrocaudal levels, il- 
lustrating the site ofa lesion (da&shad- 
ing). The lesions generally included the 
nucleus basalis magnocellularis (b) and 
the ventromedial globus pallidus (GP). 
The location of the transplant is indi- 
cated with hatched lines. The antero- 
posterior (AP) levels are taken. from 
Paxinos and Watson (1982). B, A sec- 
tion stained for CO activity demon- 
strating reduced staining at the site of 
the lesion (asterisk). UC, anterior com- 
missure; A V, anteroventral nucleus of 
the thalamus; CPU, caudate-putamen; 
f;  fornix; j, fimbria; H, hippocampus; 
ic, internal capsule; LV, lateral ventri- 
cle; SZ, substantia innominata; VL, 
ventrolateral nucleus of the thalamus; 
VPL, ventroposterolateral nucleus of the 
thalamus. 
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Figure2. A, Photomicrograph ofa coronal section through a rat brain that received a transplant ofembryonic basal forebrain tissue. The arrowheads 
outline the lateral border of the transplant. The section is stained for CO activity; the staining intensity of the transplant is similar to that of the 
surrounding cortex. B, Photomicrograph of an adjacent section stained for AChE activity. Intense staining can be seen throughout the transplant. 
Close to the transplant the AChE staining intensity is relatively high; more laterally, density of the staining diminishes, due to a prior lesion of the 
basal forebrain. The arrowheads bound the region shown at higher power in C. The staining in the hemisphere on the left in both A and B represents 
a normal pattern. C (facing page), A higher-power view of B indicating that the density of AChE-stained fibers decreases with distance from the 
transplant. Scale bars, 1 mm. 

on gel-coated slides and processed using the method of Koelle (1955) 
as adapted by Jacobowitz and Creed (1983). Sections for CO histo- 
chemistry were processed according to Wong-Riley (1979). 

Data analysis 

Computer analysis of autoradiographic images. Using a video-based 
image-processing system, with a PDP 1 l/23+ host computer, the auto- 
radiographs were displayed, digitized, and calibrated with.reference to 
the 14C standards. By converting the optical density values into either 
color or gray scales through the use of look-up tables, we were able to 
quantify variability in the 2-DG label within individual sections. 

Measurements of metabolic activity associated with the activated 
barrels were obtained from the individual autoradiographs. Regions of 
cortex surrounding the activated barrels, but not receiving specific stim- 
ulation, were also measured. The optical density values were expressed 
as a percentage above background (background was considered to be 
the optical density of white matter). 

Two-dimensional maps of the frontoparietal cortex were generated 
from autoradiographs every 100 pm in the coronal plane, using software 
that partitions a designated area of cortex into vertical and tangential 
arrays of high resolution. In this computerized analysis, layer IV of the 
selected region of cortex was indicated using a digitizing tablet. Vertical 
bins were generated in the region of interest, of approximately 50 pm 
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width, which contained the average density values from layers II-V. 
The files containing the density information were then aligned and 
displayed as digitized maps of activity in flattened somatosensory cor- 
tex, thus visualizing an average density through layers II-V (Tommer- 
dahl et al., 1985). Both sides of the brain were digitized together, under 
the same conditions, to ensure that both hemispheres would be treated 
equally. 

-Specific loci of high activity emerged within the posteromedial barrel 
subfield (PMBSF). reflectina 2-DG untake in the barrels. To determine 
the area bf increased activ;y associated with the barrels, we obtained 
the average pixel intensity for the entire two-dimensional map of each 
hemisphere, and measured areas whose pixel value was 2 standard 
deviations (SDS) or more above the average intensity. This thresholding 
allowed regions of increased activity to emerge that always corresponded 
with barrel-associated spots (e.g., see Fig. 6). In all of our analyses the 
spots of label on the autoradiographs were compared with adjacent CO- 
stained sections and the Nissl staining in order to verify the presence 
of a “barrel.” The areas that emerged with our thresholding, therefore, 
were known to correspond to a cytoarchitectonic “barrel.” These high- 
density regions were measured using a digitizing tablet and custom- 
designed software. Although the barrel-associated spots usually ap- 
peared as a single focus of label, occasionally small ectopic foci also fell 
into the 2 SD thresholded range. In these cases, if the ectopic foci were 
in the territory of the “barrel” (as determined on adjacent CO sections) 

it was included in the measurement; if it lay outside the cytoarchitectonic 
barrel, it was excluded from the measurement. The resulting area1 di- 
mensions of these regions allowed us to compare corresponding barrel- 
associated spots in the normal and transplanted hemispheres, since 
matching whiskers were always stimulated during the 2-DG experiment 
(see Figs. 10-12). 2-DG uptake in barrels at various distances from the 
transplants was determined. 

Computer analysis ofAChE innervation. The number of AChE-stained 
fibers was counted in both hemispheres of three rats using the method 
described by Stichel and Singer (1987). The optical density of AChE 
staining was measured for these same six hemispheres using the image- 
analysis system; a linear relationship was observed between the fiber 
counts and the optical density measurements. The optical density values 
in the AChE sections, as related to the fiber densities, allowed us to 
determine the amount of depletion (expressed as a percentage of levels 
in the identical region ofthe opposite, unlesioned hemisphere) at various 
distances from the transplant, following the basal forebrain lesion. The 
optical density measurements also allowed for quantification of the 
amount of AChE innervation after basal forebrain lesions, as well as an 
objective measurement of reinnervation following transplants of basal 
forebrain tissue. Measurements of the optical density of AChE-stained 
fibers were taken through several trajectories perpendicular to the pial 
surface. One trajectory was measured in the normal hemisphere that 
traversed a path through one of the activated barrels. A number of 
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Figure 3. Histograms representing the 
density of AChE staining in an animal 
with a unilateral basal forebrain lesion 
that received an embryonic basal fore- 
brain transplant. See Results for details. 
Each curve in the histogram represents 
density values taken through a path in 
the cortex at location A, B, C, or D. A 
is taken through the transplant itself 
(hatched region), and thus is relatively 
high in intensity; B is taken through the 
normal hemisphere; Crepresents a path 
through a sector within 2 mm of the 
transplant, that is, within the territory 
containing AChE density at least 85% 
of normal; D represents a path farther 
from the transplant, with decreased in- 
tensity of staining. For purposes of this 
histogram, the optical density values are 
represented on a scale from 0 to 255, 
with 0 the least dense and 255 the most 
dense. The distance of each trajectory 
through the cortex from the pial surface 
is indicated on the x-axis. The location 
of the lesion in this animal is indicated 
with shading. 

255. 

195 

175 

160 

different sites were selected in the transplanted hemisphere that included 
the transplant itself, each region of cortex that contained a barrel acti- 
vated during the 2-DC experiment (as identified on adjacent 2-DG 
autoradiographs), and a path through a cortical site relatively distant 
from the transplant that had not been specifically activated during the 
2-DG experiment. The numerical values of the optical densities in the 
path of each trajectory allowed us to generate histograms reflecting 
AChE density (see Figs. 3, 5). 

Results 

Basal forebrain lesion and consequent ACh depletion 

The primary tool used to assess the placement of each basal 
forebrain lesion was the pattern of staining for CO activity, 
which has previously been shown to be a reliable marker delin- 
eating excitotoxic lesion sites (Ma et al., 1989; Juliano et al., 
1990). Figure 1A is a drawing of a typical lesion site encom- 
passing the ventromedial globus pallidus, the nbm, and the 
substantia innominata. Figure 1B is a section stained for CO 
activity, which also indicates the site of the lesion. Each lesion 
was carefully assessed to exclude cases from further analysis 
where the lesion damaged the thalamus, although we included 
two cases that had slight damage to rostra1 portions of the tha- 
lamic reticular nucleus. The extent of cortical cholinergic de- 
pletion was evident as a marked decrease in the density of 
AChE-stained fibers in the somatosensory cortex ipsilateral to 
the lesion, compared to the contralateral normal hemisphere. 
Experiments considered successful for this phase of the study 
included animals with lesions that (1) were within the designated 
boundaries, and (2) resulted in AChE-positive fiber staining in 
the experimental hemisphere that was no more than 40% of 
that in the opposite hemisphere, that is, a 60% depletion. 

Histologic assessment of the transplants 

Basal forebrain transplants. Figure 2A demonstrates the ap- 
pearance of CO staining in a rat that received a basal forebrain 
transplant. Within the transplant, regions of increased staining 

intensity, which correspond to cell-dense clusters, can be de- 
tected. Relative to the overall staining pattern in the cerebral 
cortex, however, the intensity of CO staining within the trans- 
plant is not grossly different from the surrounding cortex. While 
there are subtle variations in the appearance of the CO-stained 
transplants in different animals, the relative similarity of stain- 
ing between cortex and transplant is a consistent finding. 

AChE staining in the section adjacent to the CO-stained sec- 
tion seen in Figure 2A is shown in Figure 2B. Basal forebrain 
cell-suspension transplants are easily recognizable due to their 
intense AChE staining. The AChE staining also exhibits fluc- 
tuations in density that correspond to cell-dense regions, iden- 
tified on adjacent Nissl-stained sections. The density of AChE- 
positive fibers in cortex immediately adjacent to the transplant 
is increased compared to cortical regions lying farther from the 
transplant. An example is shown in Figure 2C, a higher-power 
photomicrograph of the cerebral cortex adjacent to the basal 
forebrain transplant shown in Figure 2B. A dense network of 
cholinergic fibers emanates from the transplant; in some cases, 
denser than the innervation in the contralateral, normally in- 
nervated hemisphere. Regions farther from the transplant are 
substantially reduced in AChE staining intensity. Fibers that 
emerge from the transplant into the deep cortical layers tend to 
run a horizontal course before turning toward the pial surface; 
those entering directly into supragranular layers tend to course 
diagonally as they ascend to the pial surface. In many instances, 
individual fibers in the surrounding cortex can be traced directly 
into the transplant. Although it is possible that these fibers do 
not originate directly from the cell suspension, the pattern of 
AChE staining surrounding the transplant suggests that the in- 
crease is most likely the result of innervation from the trans- 
plant. Similar patterns have been described previously (Fine et 
al., 1985a). 

Using our image-analysis system, we compared the density 
of the AChE staining at specific sites in the transplanted hemi- 
sphere with the AChE density in the opposite untreated hemi- 
sphere (see Materials and Methods). Quantitative densitometry 
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Figure 4. Adjacent sections in the coronal plane taken from a rat with a prior unilateral basal forebrain lesion that received a transplant of 
embryonic neocortex. Arrowheads bound the transplant. A, In this section, stained for CO activity, fluctuations in the density of staining are evident. 
B, Adjacent section reacted for AChE activity, demonstrating unilateral AChE depletion on the right. The transplant is barely visible using this 
type of stain. The site of the ibotenic acid lesion can be seen in the globus pallidus (asterisk). Scale bar, 1 mm. 

measurements of AChE staining included the transplant itself, 
all cortical regions that contained barrels activated by whisker 
stimulation during the 2-DG experiment, and a sector of cortex 
farther from the transplant not specifically activated during the 
2-DC study. We determined these specific loci by comparing 
the AChE-stained sections with adjacent 2-DG autoradio- 
graphs. Figure 3 contains optical density histograms generated 
at specified sites in an AChE-stained section. 

We found using this quantitative analysis that all the cortical 
regions studied fell into three groups: group A, cortical sites in 
animals that received a basal forebrain transplant and lay close 
to the transplant (BF & AChE+ ); group B, cortical sites in basal 
forebrain-transplanted rats that lay far from the transplant (BF 
& AChEm); and group C, cortical sites in animals receiving 
control (neocortical) transplants (Cortex & AChE-). 

For the group of animals receiving basal forebrain transplants, 

(1) the optical density of AChE staining within 1.5 mm from 
the basal forebrain transplants was at least 85% that of the 
normal hemisphere, with dense AChE-positive fibers extending 
from the basal forebrain transplant. This is the BF & AChE+ 
group A. The extent of the apparent transplant-derived fiber 
outgrowth was independent of the size of the transplant. Be- 
tween 1.5 and 2.0 mm from the transplant, optical density values 
varied considerably, from 35% to 92% ofthe contralateral hemi- 
sphere. (2) In cortical regions farther than 2 mm from the trans- 
plant, the AChE fiber density was 30-40% of normal. This is 
the BF & AChE- group B. 

Acceptable criteria for successful transplantation ofboth basal 
forebrain and neocortical tissue included visualization of ap- 
parently healthy cells, as revealed by Nissl staining and dem- 
onstration of robust staining for CO activity. In experiments 
involving basal forebrain transplants, intense staining for AChE 
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Figure 5. Histogram of the density of 
AChE staining in an animal that re- 
ceived a unilateral basal forebrain le- 
sion (shading) and a transplant of em- 
bryonic cerebral cortex (hatched region). 
Each curve in the histogram represents 
AChE density values oftrajectories that 
traversed the normal hemisphere (A), 
the transplant (B), a path within 2 mm 
of the transplant (C), and a path rela- 
tively far from the transplant (D). All 
the curves through the experimental 
hemisphere (B, C, and D) are reduced 
in density from the normal side (A). See 
Figure 3 and the text for details. 

was also a required component. We had very few transplants 
that were not well positioned, but a number of animals that 
received control cortical cell suspensions were rejected from 
consideration in this study because the transplants grew into the 
striatum and, in one instance, into the thalamus. 

Neocortical (control) transplant. The appearance of a typical 
cell-suspension “control” transplant of embryonic neocortical 
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Figure 6. Examples of digitized two-dimensional maps of stimulus- 
evoked metabolic activity that were visualized at a threshold 2 SDS 
above background (see Results for details). These maps correspond to 
Figures 7 and 14. The spots of label were related to the CO-stained 
sections to verify the presence of the appropriate barrel. Ectopic foci 
that appeared as a result of the threshold values were excluded from 
measurement if they lay outside the cytoarchitectonic barrel. BF & 
AChE+ represents a map taken from an animal receiving a basal fore- 
brain transplant, including the basal forebrain-lesioned and transplant- 
ed hemisphere (7) and the normal, opposite hemisphere (NJ Cortex & 
AChE- represents a map taken from an animal receiving a control, 
neocortical transplant, including the basal forebrain-lesioned and trans- 
planted hemisphere (7) and the normal, opposite hemisphere (IV). Solid 
lines bound the transplants. Scale bar, I mm. 

tissue is shown in Figure 4. These transplants stain poorly for 
AChE (Fig. 4B), confirming the paucity of cholinergic elements. 
Sections stained for CO activity were used to confirm both the 
placement and robustness ofthe neocortical transplant (Fig. 4.4). 
The distribution of CO activity is usually homogeneous and 
generally similar in appearance to the surrounding cortex, al- 
though in some animals areas of cell-dense clusters account for 
isolated patches of increased staining. After determining the 
borders of the cortical transplants, the AChE-stained sections 
were examined to determine whether staining varied system- 
atically with distance from the transplant. There is no difference 
between the density of AChE staining observed adjacent to the 
transplant and that observed within the same hemisphere but 
farther from the transplant. (These animals correspond to group 
C described above, Cortex & AChE- .) The AChE staining pat- 
tern throughout the transplanted hemisphere is similar to that 
in animals with AChE depletion subsequent to basal forebrain 
lesions (Fine et al., 1985a; Ma et al., 1989; Jacobs et al., 199 1). 
The AChE histochemistry in the opposite hemisphere appears 
normal. 

A typical densitometric analysis of AChE-stained fibers in the 
normal hemisphere and in the hemisphere containing the con- 
trol graft is shown in Figure 5 (see Materials and Methods). The 
mean optical density values of AChE staining for all cortical 
sites ipsilateral to the neocortical transplants ranged from 25% 
to 40% ofnormal, both within the transplant itselfand at varying 
distances. 

2-DG uptake 

Animals receiving cholinergic basal forebrain transplants. The 
2-DG uptake elicited by whisker stimulation was significantly 
decreased in AChE-depleted cortical territory, similar to results 
of previous studies (Ma et al., 1989; Jacobs et al., 199 1). The 
average optical density of barrel-associated label relatively far 
from the transplant, and therefore in AChE-depleted cortex, was 
significantly different from matched counterparts in the opposite 



Figure 7. Two-dimensional maps of 2-DC activity through the so- 
matosensory cortex of a rat that received a transplant of embryonic 
basal forebrain. Both hemispheres are shown, including the normal side 
(N) and the experimental side(T), which received a prior basal forebrain 
lesion and the transplant (location bounded with heavy black lines). 
During the 2-DG experiment, two whiskers were stimulated bilaterally 
(C3 and Dl), which evoked two spots of barrel-associated label in the 
somatosensory cortex of both hemispheres (indicated on the maps as 
a/a’ and b/b’). Both spots of activity in the hemisphere receiving the 
transplant (a’ and b’) are within 1.5 mm from the transplant, and similar 
in dimension to the spots of activity elicited in the normal hemisphere. 
The maps are normalized so that values 45% above the mean value of 
the entire map are visualized as light gray, values 55-60% above the 
mean are intermediate gray, and values 70% or greater than the mean 
are black. Values lower than 45% average are set to whzte. Medial is to 
the left; rostra1 is up. Scale bar, 1 mm. 

hemisphere (paired t test, p < 0.05). In contrast, 2-DG uptake 
in activated barrels close to the basal forebrain transplants, and 
within AChE-positive territory, was not significantly different 
from the opposite unlesioned hemisphere (Table 1). 

The two-dimensional maps of metabolic activity allowed us 
to visualize 2-DG uptake evoked by whisker stimulation 
throughout somatosensory cortex. As indicated in the Materials 
and Methods, the maps were set to a threshold (densities greater 
than 2 SDS above the average), which we used to measure the 
areas of the whisker-evoked spots of label. Examples of the 
thresholded maps can be seen in Figure 6. In Figures 7 and 8, 
maps of the normal (N) hemisphere and the hemisphere con- 
taining the transplant(T) are shown; the boundaries ofthe trans- 
plant are indicated with heavy black lines. In both figures, com- 
panion spots of barrel-associated label are indicated (a is matched 
with a’, b matched with b’, and so on). The barrel-associated 
spots in cortical territory close to basal forebrain transplants 
(i.e., within 1.5 mm), with levels of AChE staining at least 85% 
of the opposite unlesioned side, are not significantly different in 
area1 dimension or optical density of metabolic label from their 
matched counterparts in the opposite hemisphere (Figs. 7, 8; 
Table 1). The barrels farther from the transplant, in cortical 
territory with AChE staining density less than 40% of the unle- 
sioned side, are significantly different as reflected in the area 
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Figure 8. Two-dimensional maps of stimulus-evoked 2-DC uptake 
prepared as described in Materials and Methods and in Figure 7. During 
the 2-DC experiment, three whiskers were stimulated (B 1, B3, and D 1), 
which elicited three barrel-associated spots of activity in each hemi- 
sphere, indicated as a, b, and c in the normal (N) hemisphere and a’, 
b’, and c’ in the hemisphere containing the transplant (r). In this case, 
barrels a’ and c’ are within 1.5 mm from the transplant and display 
metabolic activity similar in dimension and intensity to the normal 
side; barrel b’ is 1.9 mm from the transplant and reduced in dimension 
and intensity from b in the normal hemisphere. See Figure 7 for other 
conventions. Medial is to the left; rostra1 is up. Scale bar, 1 mm. 

and optical density of the 2-DG uptake compared with their 
counterparts in the opposite hemisphere (Fig. 8, Table 1). In 
Figure 7, both barrel-associated spots of activity in the exper- 
imental hemisphere (T) are within AChE-reinnervated cortical 
territory; comparison with the normal side indicates that the 
two sets of matched 2-DG label are of comparable size. In Figure 
8, barrels a’ and c’ of the transplanted hemisphere are also in 
AChE-positive cortical territory. The pattern of label in a’ is 
larger than its companion, while the label in c’ is comparable 
in size to its matched counterpart. The label associated with 
barrel b’, which lies outside AChE-reinnervated cortical terri- 
tory, is substantially decreased in size compared to the uptake 
in its companion barrel in the contralateral normal hemisphere. 

Figure 9 is a 2-DG autoradiograph taken from the animal 
whose cortical map is represented in Figure 8. The transplant 
lies adjacent to the PMBSF; the levels of 2-DC uptake in the 
transplant are slightly decreased in intensity compared to the 
surrounding cortex. Two barrel-like spots of activity can be seen 
in each hemisphere. The barrel close to the transplant lies within 
1.5 mm from the edge of the transplant (solid arrow) and the 
label evoked in it is of comparable size to its companion spot 
in the contralateral hemisphere. The barrel situated more lateral 
is 1.9 mm from the transplant (open arrow) and the activity 
evoked in it is reduced in dimension relative to its counterpart 
in the opposite hemisphere. 
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Figure 9. An autoradiograph taken from an animal that received an embryonic basal forebrain transplant indicated by the arrowheads. The 
autoradiograph was photographed directly from the film and is not digitized. Two regions of barrel-associated increased uptake can be seen in both 
hemispheres; each pair ofarrows (open and solid) indicate matching barrels. The solid arrows point to activity evoked in the normal hemisphere 
(on the left) and activity evoked in a barrel relatively near to the transplant (on the right). The barrel-associated 2-DG label of these activated 
barrels is similar in dimension. The open arrow3 point to a barrel in the normal hemisphere and a barrel 1.9 mm from the transplant. The spot of 
activity farther from the graft is decreased in dimension from its companion on the opposite side. Scale bar, 1 mm. 

A paired t test indicates that the areas of the spots of 2-DG 
uptake in barrels within 1.5 mm from the transplant are similar 
to those in the opposite hemisphere (Fig. lo), while the areas 
of the labeled spots outside the AChE-positive territory are 
significantly different from their matched counterparts in the 
opposite hemisphere (Fig. 11). 

We also assessed the difference in size between the matched 
pairs of activated barrels as a group. In order to do this, the 

Table 1. Optical density levels of 2-DC activity associated with 
activated barrels in normal and transplanted hemispheres 

BF and AChE+ BF and AChE- Cortex and AChE- 

g= & g= & 
N 
(B = g= 

76.52) 76.13) 65.76) 63.39) 66.19) 64.05) 

71.86 74.05 71.15 69.24 56.12 60.69 
78.82 76.00 66.19 67.49 58.88 59.20 
82.92 82.02 63.25 60.25 62.9 1 58.09 
74.06 76.26 75.98 72.66 63.74 61.93 
80.70 82.57 66.02 66.42 65.74 59.47 
76.65 74.88 62.35 59.68 73.52 68.09 
70.6 1 67.15 66.33 58.95 75.45 72.74 

54.77 52.46 73.16 72.22 

The optical density value for a given activated barrel in a transplanted hemisphere 
was matched with its equivalent in the opposite hemisphere. Mean optical density 
values of stimulus-evoked 2-DG uptake are expressed as a percentage above 
background; background is white matter. Optical density values were obtained 
from the autoradiographs. 
BF and AChE+ refers to cortical territory in basal forebrain-transplanted hemi- 
spheres where AChE-positive staining is at least 85% of the contralateral normal 
hemisphere. BF and AChE- refers to basal forebram-transplanted hemisphere 
regions with 3040% AChE-positive staining compared to normal. Cortex and 
AChE- refers to neocortical-transplanted hemispheres (control) where AChE- 
positive staining IS 25-40% of normal. N, normal hemisphere; T, lesioned and 
transplanted hemisphere. 
<’ Activated barrels in basal forebrain-transplanted hemispheres that lay outside 
the region of cortical AChE reinnervation (BF and AChE-) demonstrate signifi- 
cantly reduced levels of 2-DG activity compared to their pawed counterparts in 
the contralateral hemisphere (paired t test, p < 0.05). 

percentage difference between the areas of activated barrels was 
determined. For each group of matching pairs [group A, spots 
of label associated with barrels close to basal forebrain trans- 
plants and their matching normal counterparts (i.e., BF & 
AChE+ ); group B, spots of label associated with barrels far from 
basal forebrain transplants and their counterparts (i.e., BF & 
AChE-); and group C, spots of label associated with barrels in 
hemispheres with neocortical control grafts and their tiormal 
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Figure 10. Bar graph illustrating the area (in pm’) of barrel-associated 
spots of 2-DG uptake, in response to whisker stimulation, taken from 
both hemispheres of animals that received a basal forebrain transplant. 
The hatched bars indicate measurements of 2-DG uptake associated 
with activated barrels in regions of transplanted hemispheres where 
cqrtical AChE innervation is at least 85% of normal (BF & AChE+ ). 
The solid bars indicate area1 measurements of label evoked in the cor- 
responding barrels in the normal hemisphere. The areas of the spots of 
label were measured on the two-dimensional maps according to pro- 
cedures described in the text. The two populations of area1 measure- 
ments were not significantly different (paired t test). BF, basal forebrain. 
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Figure II. Bar graph illustrating the area1 measurements of barrel- 
associated spots of label in both hemispheres of animals receiving basal 
forebrain transplants. The measurements taken in the transplanted 
hemisphere were in cortical territory that was AChE depleted (i.e., 40% 
of normal, BF & ACM-), indicated with hatched bars; the measure- 
ments in the opposite hemisphere are indicated with solid bars. See 
Figure 10 and Results for details. Significant differences were found 
between the areas of activated barrels in the AChE-depleted cortical 
territory in basal forebrain-transplanted hemispheres compared to 
equivalent barrels in the normal hemispheres (paired t test, p < 0.01). 
BF, basal forebrain. 

counterparts (i.e., Cortex & AChEm)], the area of the activated 
barrel in the normal hemisphere was considered to be 100%. 
The size of the activated barrel in the experimental hemisphere 
was expressed as a percentage of its normal counterpart. A sta- 
tistically significant difference was found when the percentage 
size difference of the group A patches of 2-DG uptake (BF & 
AchE+) was compared to the percentage size difference of the 
patches in either group B (BF & AChE-) [ANOVA, F(1,20) = 
8.10, p < O.OOl] or group C (Cortex & AChE-) (Fig. 12). No 
differences were found when group C was compared with group 
B. We also evaluated the overall relationship between amount 
of AChE innervation and size of 2-DG uptake in a barrel and 
found a statistically significant correlation @ < 0.05) as seen in 
Figure 13. 

Animals receiving neocortical control transplants. Figure 14 
is an example of a cortical map generated from an animal that 
received a basal forebrain lesion and a control transplant of 
neocortical tissue. Three vibrissae were bilaterally and sym- 
metrically stimulated during the 2-DG experiment. The three 
activated regions in the experimental hemisphere lie within 1.5 
mm from the transplant. When the area1 dimensions of the 
2-DG activity associated with the barrels in the experimental 
hemisphere were compared to their counterparts in the opposite 
hemisphere, they were found to be significantly reduced in size 
(Fig. 14). Although the spots of activity are within close prox- 
imity to the transplant, the AChE staining density in these sites 
is 35% of staining density in the opposite nonlesioned hemi- 
sphere. The decrease in the area of the activity associated with 
the barrels in control-transplanted hemispheres is a consistent 
finding, as demonstrated in Figures 13 and 15. 

The percentage difference between the areas of matched pairs 
of activated barrels in control-grafted animals (group C as de- 
fined above) was significantly different from the percentage area 
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Figure 12. Bar graph illustrating the percentage difference in areal 
measurements of activated barrels in transplanted hemispheres ex- 
pressed as a percentage of corresponding matched barrels in normal 
hemispheres. Group A (BF & AGE+ ), activated barrels in basal fore- 
brain-transplanted hemispheres within cortical territory containing at 
least 85% of AChE staining levels of the contralateral unlesioned hemi- 
spheres; Group B (BF & AChE-), activated barrels in basal forebrain- 
transplanted hemispheres within cortical territory containing 3040% 
of AChE staining levels ofthe contralateral hemispheres; Group C(Cor- 
tex di AChE-), activated barrels in neocortical control-transplanted 
hemispheres within cortical territory containing 25-40% ofAChE stain- 
ing levels of the contralateral hemispheres. Group A is significantly 
different from Group B (p < 0.001). Group A is significantly different 
from Group C(p < 0.0 1). Groups B and Care not significantly different. 

difference of barrels in AChE-reinnervated territory of basal 
forebrain-transplanted animals (group A) [ANOVA, F( 1,20) = 
14.00, p = 0.011, but not those outside the region of AChE 
reinnervation (group B) (Fig. 12). Optical density measurements 
were obtained demonstrating that the intensity of metabolic 
activity in the activated barrels in control-transplanted hemi- 
spheres was not significantly different compared to the corre- 
sponding values in contralateral hemispheres (Table 1). 

Discussion 

The results of these experiments suggest that cell-suspension 
transplants of embryonic cholinergic basal forebrain tissue (1) 
increase the density ofAChE staining surrounding the transplant 
and (2) if sufficiently close to activated barrels, can ameliorate 
deficits in stimulus-evoked metabolic activity resulting from 
basal forebrain lesions. Control transplants of neocortical tissue 
did not result in such improvements. 

The t$ect of basal forebrain lesions on cortical function 
It is widely accepted that basal forebrain lesions can profoundly 
impair cortical cholinergic functions, with less clear-cut impact 
on other neurotransmitter systems (for review, see Dekker et 
al., 1991). The evidence supporting this stems from a number 
of sources, including previous investigations by this laboratory 
of the effect of basal forebrain lesions on metabolic activity. The 
metabolic studies determined that 2-DG uptake in response to 
stimulation was decreased in the somatosensory cortex ipsilat- 
era1 to the lesion (Ma et al., 1989; Juliano et al., 1990; Jacobs 
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Figure 13. A scatterplot indicating the 
relationship between the amount of 
AChE in the transplanted and lesioned 
hemispheres (expressed on the abscissa 
as a percentage of the opposite, unle- 
sioned hemisphere) and the size of the 
2-DC spots of label evoked in the same 
regions. The area of the barrel-associ- 
ated spots of label is expressed on the 
ordinate as the percentage difference 
between matched loci in each hemi- 
sphere. Each symbol refers to a given 
spot of 2-DC uptake. See text for details 
regarding computation of percentage 
difference. 0 BF& AChE+ refers to spots 
of label close to a basal forebrain trans- 
plant and in cortical territory with AChE 
innervation at least 85% of the normal 
hemisphere; 0 BF & AChE- refers to 

Relationship between AChE innervation & 
area of barrel-associated 2DG uptake 
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spots of label far from a basal forebrain 
transplant and in cortical territory with 
AChE innervation less than 85% of the 
normal hemisphere; * Cortex and 
AChE- refers to labeled foci in hemi- 
spheres receiving a neocortical trans- 
plant and with AChE innervation less 
than 85% of the normal hemisphere. 
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et al., 199 1). Although basal forebrain lesions almost certainly 
destroy several classes of neurons, we interpreted the reductions 
in stimulus-evoked 2-DG activity as most likely due to deple- 
tion of cortical ACh. Our interpretation was supported in part 
by the finding that similar reductions in stimulus-evoked activ- 
ity resulted after topical application of a muscarinic antagonist 
to the somatosensory cortex (Juliano et al., 1990). In addition, 
cortical CO staining and baseline cortical 2-DG uptake ipsilat- 
era1 to the lesion were normal, suggesting that thalamocortical 
afferent fibers were not disrupted (Ma et al., 1989; Juliano et 
al., 1990). 

Basal forebrain lesions do not appear to cause substantial 
reductions in cortical levels of other neurotransmitters, such as 
somatostatin, noradrenaline, dopamine, GABA, or 5-HT (John- 
ston et al., 198 1; McKinney et al., 1982; Dubois et al., 1985; 
Fine et al., 1987; Hiihmann et al., 1987). Conversely, behavioral 
impairments induced by basal forebrain lesions are improved 
by treatments with drugs that enhance or mimic the action of 
ACh (see Dekker et al., 199 1, for review), suggesting that ACh 
is the functionally relevant substance depleted by the lesions. 
In addition, a number of studies emphasize the specific effects 
of cholinergic depletion on certain cortical processes. For ex- 
ample, research evaluating the role of ACh on the development 
of cortical morphology in mice determined that only basal fore- 
brain lesions, and not those known to deplete cortical norepi- 
nephrine or 5-HT, resulted in abnormal cortical cytoarchitec- 
ture (Hohmann et al., 1988). In a different study evaluating 
changes in 2-DG uptake, Levin et al. (1988) determined that 
noradrenergic-depleting lesions of the locus coeruleus in rats 
resulted in expansion of stimulus-evoked 2-DG uptake in in- 
dividual barrels, in contrast to the reductions caused by cortical 
ACh depletion. Furthermore, ACh-rich transplants inserted into 
neocortex or hippocampus depleted of ACh lead to substantial 
improvements in memory and attention, while grafts of tissue 
containing other neurotransmitters do not result in behavioral 
improvement (Fine et al., 1985b; Collier, 1990; Dunnett, 1990, 
1991; Kimble, 1990; Ridley et al., 1992). 

Basal forebrain transplants restore activity toward normal 

For the reasons described above, we consider it likely that in- 
creases in 2-DG uptake seen after transplantation of embryonic 
basal forebrain are due to graft-derived cholinergic reinnerva- 
tion of adjacent neocortex. While it is likely that cholinergic 
neurons are only a minority among the constituents of these 
grafts, many ofthe other neurotransmitters that might be present 
(e.g., GABA, glutamate, somatostatin) are common to both the 
basal forebrain and neocortical embryonic tissue used in this 
study. In addition, we found a clear correlation between the 
amount of AChE innervation and the increase of 2-DG uptake 
in the barrel region. Activated barrels adjacent to the cholinergic 
transplants, and within AChE-positive regions, exhibited label 
of comparable dimension and intensity to corresponding barrels 
in the contralateral normal hemisphere. This was not the case 
for barrels lying more than 2 mm from the basal forebrain 
transplant and outside the AChE-positive areas. The activity 
evoked in these “outside” areas was typical of that observed in 
the ACh-depleted hemispheres of our earlier studies. This may 
reflect a “limit” to the distance that axons can extend from these 
transplants. Previous investigations of embryonic rat cholin- 
ergic transplants into ACh-depleted rat neocortex suggest that 
fiber outgrowth surrounding the graft is restricted to l-3 mm 
(Fine et al., 1985a,b; Dunnett et al., 1986). AChE-positive fibers 
have been reported to extend up to 6 mm from intrahippocam- 
pal basal forebrain transplants placed in rats following fimbria- 
fornix lesions, although the most intense staining occurs within 
2 mm ofthe graft borders (Bjorklund and Stenevi, 1977; Nilsson 
et al., 1987; Shapiro et al., 1989). Kelly et al. (1985) found that 
2-DG uptake in rat hippocampus, reduced by prior lesion of 
the septohippocampal pathway, is restored to near normal levels 
within 3 mm of the intrahippocampal cholinergic basal fore- 
brain transplants, and the density of the AChE staining is also 
greatest within that region. The mechanism that permits and/ 
or restricts the distance that fibers extend from a transplant is 
not clear. Dunnett et al. (1986) proposed that since neurogenesis 



Figure 14. Two-dimensional maps of stimulus-evoked metabolic ac- 
tivity from an animal that received a basal forebrain lesion and a trans- 
plant of embryonic cortical tissue. During the 2-DG experiment, three 
whiskers were stimulated (Bl, B3, D3). In the normal (N) and trans- 
planted (7’) hemispheres, three spots of barrel-associated label can be 
seen (ala’, b/b’, c/c’). In the map of the hemisphere with the transplant 
(71, all the barrel-associated spots of activity are reduced in dimension 
compared with their companions in the normal side (NJ All these 
diminished spots of label were also within 2 mm from the transplant 
and in cortical territory with less than 35% of AChE-positive fibers in 
the opposite hemisphere. See Materials and Methods and Figures 7 and 
8 for conventions and details. Medial is to the left; rostra1 is up. Scale 
bar, 1 mm. 

continues into adult life in the hippocampus (Angevine, 1965; 
Bayer, 1980; Stanfield and Cowen, 1988) a prolonged acces- 
sibility to trophic factors may account for the greater distance 
of AChE-positive fiber outgrowth. It is also possible that the 
inherent maturity of the transplant may determine the extent 
of axonal outgrowth; after an implant reaches a mature age, 
axons may stop growing. 

The improvements in stimulus-evoked 2-DG uptake follow- 
ing cholinergic transplantation and subsequent reinnervation, 
as demonstrated by AChE staining, can be understood in light 
of the significant role that ACh plays in the processing of in- 
formation in sensory regions of neocortex. Many studies have 
shown that ACh enhances neural activity through a mechanism 
depressing potassium permeability (KrnjeviC et al., 197 1; Hal- 
liwell and Adams, 1982; Brown, 1983; McCormick and Prince, 
1985). In neocortex, this effect is particularly evident in response 
to specific stimulation. In other words, ACh is more effective 
when coupled with an appropriate stimulus (Metherate et al., 
1987, 1988b; Sillito and Murphy, 1987; Dykes, 1990). In addi- 
tion, ACh appears to facilitate long-term enhancement of cor- 
tical responses and contribute to neural plasticity in both adult 
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Figure 15. Bar graph illustrating areas of barrel-associated 2-DG up- 
take in animals that received neocortical transplants following basal 
forebrain lesions. The transplanted hemispheres contained 25-40% of 
AChE staining in the opposite hemisphere. Measurements of stimulus- 
evoked spots of label in the AChE-depleted hemispheres containing the 
transplant (Cortex & AChE-, dotted bars) and their matched counter- 
parts in the normal hemispheres (solid bars) were significantly different 
(paired t test, p < 0.01). 

and neonatal animals (Bear and Singer, 1986; Rasmusson and 
Dykes, 1988; Dykes, 1990; Juliano et al., 1991; Webster et al., 
199 1). As suggested in our earlier studies, the absence of ACh 
may lead to a diminished cortical response to somatic stimu- 
lation, reflected in a smaller than normal spot of 2-DG label 
(Ma et al., 1989; Jacobs et al., 1990). Restoring ACh to the 
somatosensory cortex may facilitate a more expansive response. 
It is not surprising, therefore, that replacement of ACh in de- 
prived cortex by transplants of ACh-rich tissue increases the 
strength of neural responses to stimulation, reflected as in- 
creased 2-DG uptake. A recent finding by Nilsson and Bjiirklund 
(1992) reinforces the notion that heightened metabolic uptake 
seen here reflects a cholinergic enhancement of activity in re- 
sponse to a functional demand. These authors report that 
ACh-rich transplants into animals with fimbria-fornix lesions 
differentially release ACh as required by the host under distinct 
behavioral conditions. 

Our present results also reveal a slight improvement in the 
optical density of barrel-associated 2-DG activity near (i.e., 
within 2 mm) the “control” neocortical transplants, but also in 
ACh-depleted territory. Although these patches of label were 
significantly reduced in size from their normal counterparts, 
they were not as small as the barrel-associated spots of uptake 
located greater than 2 mm from the basal forebrain transplants. 
That is, there seemed to be a small, but not significant, benefit 
derived from proximity to a transplant, neocortical or basal 
forebrain. The reason for the slight increase in density and size 
of the control-grafted animals is not clear. It is unlikely. that 
ACh played a role, since no evidence for cholinergic innervation 
was seen in the AChE staining pattern associated with the neo- 
cortical tissue transplants. The surrounding cortex had less than 
40% of the AChE staining density of the opposite unlesioned 
hemisphere. It is possible, as has been suggested by others, that 
unidentified trophic factors participate in functional improve- 
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ments noted after grafting (e.g., Bjorklund et al., 1987). Ifpresent 
in this case, these trophic factors may be able to elicit only 
limited improvements, since despite the slight increases in bar- 
rel-associated optical density values near the control transplants, 
the area of cortex activated by whisker stimulation was still 
significantly smaller than normal. This suggests that such trophic 
effects, if present, are not sufficient to restore the normal levels 
of neural activation in response to stimulation of a given whisk- 
er, as cholinergic grafts are able to do. 

We also observed variability in the size of whisker-evoked 
label within the cortical territory that received adequate AChE 
innervation, although the differences between hemispheres were 
not significant (see Fig. 10). It is not clear what accounts for the 
lack of consistency in 2-DG uptake among this group (BF & 
AChE+). The size differences may be related to the relative 
completeness of AChE innervation or to unspecified trophic 
factors, as suggested above. This variability is most likely not 
due to differences in side-to-side stimulation during the 2-DG 
injections, since prior studies involving normal and sham-le- 
sioned animals did not find hemispheric differences in 2-DG 
uptake within barrel cortex after similar manual stimulation 
(Ma et al., 1989; Jacobs et al., 1990; Jacobs and Juliano, 1992). 

Clinical implications 

Reduction of cortical ACh is associated with many dementias 
including Alzheimer’s disease, Korsakoff s syndrome, and Par- 
kinson’s disease with dementia. It is still not clear that aug- 
mentation of neurotransmitters through transplantation is an 
appropriate therapy for humans with disease processes that may 
require treatment substantially more complex than replacement 
of a single substance. Recent results from transplantation of 
dopaminergic cells into animal models of Parkinson’s disease, 
and into some humans, have provided optimism for the pos- 
sibility of improvements in motor impairments associated with 
this disease (Lindvall et al., 1990; for review, see Lindvall, 199 1; 
Freed et al., 1992). In addition, numerous studies in ACh-de- 
pleted animals, demonstrating cognitive improvements follow- 
ing basal forebrain transplants (Ridley et al., 199 1, 1992), sus- 
tain the possibility of human treatment with transplantation in 
the future. Observations that deficits in somatosensory pro- 
cessing are present in patients with Alzheimer’s disease (Freed- 
man and Oscar-Berman, 1987) underscore the significance of 
the results reported here. 
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