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Normal aging is associated with a significant reduction in cognitive
function across primate species. However, the structural and mo-
lecular basis for this age-related decline in neural function has yet
to be defined clearly. Extensive cell loss does not occur as a
consequence of normal aging in human and nonhuman primate
species. More recent studies have demonstrated significant reduc-
tions in functional neuronal markers in subcortical brain regions in
primates as a consequence of aging, including dopaminergic and
cholinergic systems, although corresponding losses in cortical in-
nervation from these neurons have not been investigated. In the
present study, we report that aging is associated with a significant
25% reduction in cortical innervation by cholinergic systems in
rhesus monkeys (P < 0.001). Further, these age-related reductions
are ameliorated by cellular delivery of human nerve growth factor
to cholinergic somata in the basal forebrain, restoring levels of
cholinergic innervation in the cortex to those of young monkeys
(P 5 0.89). Thus, (i) aging is associated with a significant reduction
in cortical cholinergic innervation; (ii) this reduction is reversible by
growth-factor delivery; and (iii) growth factors can remodel axonal
terminal fields at a distance, representing a nontropic action of
growth factors in modulating adult neuronal structure and func-
tion (i.e., administration of growth factors to cholinergic somata
significantly increases axon density in terminal fields). These find-
ings are relevant to potential clinical uses of growth factors to treat
neurological disorders.
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Aging in primates is associated with clear declines in cognitive
function (1–4). The structural and cellular bases for these

changes remain poorly defined. Extensive neuronal loss as a
function of aging does not occur in either humans or nonhuman
primates (5–10). However, declines in neuronal function have
been described as a consequence of aging in two subcortical
neural systems that modulate cortical function, namely basal
forebrain cholinergic and mesencephalic dopaminergic neurons.
In the nonhuman primate, 43% of basal forebrain cholinergic
neurons exhibit age-related declines in somal immunolabeling
for cholinergic markers (11) together with declines in cortical
levels of choline-acetyltransferase activity (12). Similar changes
have been found in rodent species (13–16). Dopaminergic sys-
tems also exhibit declines in neurotransmitter expression in the
aged primate substantia nigra, and in dopaminergic transmitter
markers in both striatal and cortical target regions (17–19). To
date, however, reliable structural changes in axonal projections
or connectivity in cortical circuitry have not been described in
the context of normal aging, despite the strong possibility that
such changes could account for observed age-related declines in
cognition.

In the present study, we examined whether aging in the
primate brain is associated with an alteration of cortical inner-

vation from basal forebrain cholinergic cell populations. Further,
we determined whether age-related changes in axonal terminal
fields, if present, could be ameliorated by cellular delivery of
nerve growth factor (NGF) to cholinergic neuronal somata in
the basal forebrain. Previous studies have reported that NGF
exerts specific neurite-promoting actions only along chemotropic
(concentration) gradients whereby cholinergic axons grow to-
ward the source of NGF (20–22). In the present paradigm, we
determined whether NGF delivery to the cholinergic neuronal
soma would influence terminal axonal morphology, thereby
representing a nonchemotropic action of neurotrophins on intact
axons. Findings of the present study indicate that primate aging
indeed is associated with a significant reduction of cortical
cholinergic innervation, and that this reduction is reversed by
NGF gene delivery to the neuronal soma.

Methods
All experimental subjects were born at the California Regional
Primate Center (CRPC). Before the present study, animals were
maintained under similar social conditions and were not involved
in behavioral studies, surgical procedures, or pharmacological
experiments. All procedures and animal care adhered strictly to
American Association for the Accreditation of Laboratory An-
imal Care, Society for Neuroscience, and institutional guidelines
for experimental animal health, safety, and comfort.

Four groups of rhesus monkeys (Macaca mulatta) were stud-
ied: 7 young-adult nonoperated subjects (mean age 9.5 6 0.9
years); 2 aged nonoperated subjects (mean age 27.5 6 1.2 years);
4 aged control subjects that received intraparenchymal grafts of
autologous fibroblasts genetically modified to produce the re-
porter gene b-galactosidase (mean age 22.1 6 0.6 years); and 5
aged subjects that received intraparenchymal grafts of autolo-
gous fibroblasts genetically modified to produce and secrete the
full-length b component of human NGF (mean age 22.5 6 0.5
years).

For NGF delivery to aged subjects, autologous fibroblasts
genetically modified to produce and secrete human NGF were
prepared as described (23, 24). Briefly, primary fibroblasts
obtained from skin biopsies were modified genetically in vitro to
produce the active, b subunit of human NGF. Transduction
procedures were carried out by using replication-incompetent
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retroviral vectors derived from Moloney murine leukemia virus.
Transduced cells were selected by growth in the neomycin analog
G418. Production of full-length NGF mRNA was determined by
Northern blot, and NGF secretion from transfected cells was
monitored by using a two-site ELISA as described (25). In vitro,
before grafting, fibroblasts from NGF-grafted monkeys secreted
a mean of 12 6 2.0 ng human NGF per 106 cells per day, and the
biological activity of secreted NGF was verified by using a PC12
bioassay (26). Optimal NGF-producing bulk clones were ampli-
fied to numbers sufficient for in vivo grafting by serial passaging.
Cells for grafting to control monkeys were prepared similarly,
except the reporter gene b-galactosidase was substituted for the
NGF gene as described (23, 24). Cells were harvested, suspended
at a final concentration of 105 cells per ml, and grafted into five
sites spanning the rostral-to-caudal extent of the intermediate
division of the nucleus basalis of Meynert (Ch4i) bilaterally (10
grafts total). Ch4i was targeted by grafts to potentially influence
specifically those cholinergic neurons that project to cortical
regions influencing learning and memory (27). After being killed
3 months later, all aged subjects exhibited surviving grafts within
the target region (see Fig. 1). Previously, grafts of NGF-secreting
fibroblasts have been shown to sustain in vivo gene expression for
at least 8 months in the monkey brain (11).

Surgery. Genetically modified cell grafts were targeted to cho-
linergic somata located in the Ch4i, which primarily innervates
insular and inferior temporal cortices (27). Monkeys underwent
preoperative MRI scans to generate stereotaxic coordinates for
basal forebrain grafting sites. For surgery, monkeys were pre-
anesthetized with 25 mgykg ketamine i.m. and then were
anesthetized with isofluorane. After performing a parasagittal
craniotomy and retracting the dura, cells were injected bilaterally
into each of five sites equally spaced over the rostral-caudal
extent of Ch4i (10 grafts total per animal). Grafts were targeted

to a position slightly dorsal to, but within 500 mm of, the Ch4i-cell
population. Cell suspensions, each consisting of 10-ml volume
(1.0 3 105 cells per ml), were injected into the 10 grafting sites
with a 25-gauge Hamilton syringe at a rate of 1 mlymin.
Postoperatively, all experimental subjects were observed closely
for signs of discomfort or toxicity and received the analgesic
buprenorphine. Grafted monkeys survived for 3 months and
then were killed by transcardial perfusion as described below.

Perfusion and Histology. Animals were sedated with 25 mgykg
ketamine i.m. and were anesthetized deeply with Nembutal (30
mgykg i.p.) before being killed. All reflex responses to cutane-
ous stimulation were absent verifiably before perfusion proce-
dures were begun. Subjects were perfused transcardially for 1
hour with a solution containing 4% (volyvol) paraformaldehyde
in 0.1 M phosphate buffer at 4°C and 5% sucrose solution in the
same buffer for 20 min.

Serial coronal sections through the brain were cut on a
freezing microtome set to a 40-mm thickness. Every sixth section
was Nissl-stained for identifying graft placement within the basal
forebrain. In each case, graft survival and placement relative to
the Ch4-cell group were confirmed. An adjacent series of
sections (240-mm spacing) was processed for acetylcholinester-
ase (AChE) histochemistry according to described protocols
(28). AChE staining was done routinely on sections either the
same day the brain was sectioned or on the next day. Care was
taken to be consistent with all incubation times in the staining
procedure, including the time in the Karnovsky–Roots solution
(65 mM sodium acetatey0.2 mM ethopropaziney1.7 mM acetyl-
thiocholine iodidey5 mM sodium citratey3 mM cupric sulfatey
0.2 mM potassium ferricynide; 30 min), ammonium sulfide (1
min), and silver nitrate (1 min). AChE has been demonstrated
to be a reliable marker of cholinergic terminals, and recent
studies using selective immunotoxic lesions in rats (29, 30) and

Fig. 1. NGF-secreting and control grafts within Ch4i. (A) Thionin-stained coronal section showing NGF-secreting cell graft within the Ch4i. The graft is well
integrated within host tissue. (B) p75 immunolabeled section adjacent to A reveals dense graft penetration by cholinergic axons. (C) Higher magnification of
p75 labeled cholinergic neurons adjacent to an NGF-secreting graft demonstrates fiber growth directed toward the graft. (D–F) Comparable thionin and p75
immunolabeled sections from a control aged monkey that received b-galactosidase-expressing fibroblasts. Graft survival is comparable to that of NGF grafts,
but fewer axons penetrate the grafts. ac, anterior commissure; ap, Ansa peduncularis; SO, supraoptic nucleus. (Scale bar in A 5 1 mm and applies to A, B, D, E;
bar in C 5 100 mm and applies to C and F.)
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primates (31) have demonstrated that almost all AChE fiber
labeling in the cortex arises from the basal forebrain cholinergic
system.

Quantification of Cholinergic Innervation Density. An intersect anal-
ysis was used to obtain a quantitative estimate of cholinergic
axon density in several different cortical regions described
below, using standardized methods developed by Geula and
Mesulam (32). This method was chosen because it is relatively
insensitive to intersubject variability in AChE-staining inten-
sity and is thought to ref lect axon density reliably (32). Brief ly,
very high-resolution digital images of AChE-stained, 40-mm-
thick sections were captured from an Olympus AX-70 micro-
scope at 3360 magnification (3600 for hippocampus) with
high numerical aperture optics using a digital Spot camera
(Diagnostics Instruments, Sterling Heights, MI) with a com-
puter interface. Images were displayed on a high-resolution
Sony monitor and a 6 3 6 grid (175 mm 3 175 mm for 3360)
was superimposed on each quantification frame by using
Adobe PHOTOSHOP 5.0 (see Fig. 2). The number of AChE-
stained axons intersecting all gridlines in the field were
quantified and summed in each image. This method of analysis
was chosen because it is capable of quantifying cholinergic
fiber numbers independent of the intensity of the AChE-
staining intensity (32). Two fields per animal were quantified
in this manner from each of the following cortical regions
(nomenclature of Paxinos et al., ref. 33): inferior temporal
cortex layers II and V; insular cortex layers II and V; cingulate
cortex layer II; frontal cortex layer II; and hippocampal
formation (stratum radiatum of CA1). Comparable sections
were chosen from each experimental subject by using fiduciary
landmarks by an investigator blinded to the group identity, and
images were captured by placing the counting grid over the
appropriate region manually. Cortical layers II and V were
chosen for analysis because they were defined easily on the
basis of morphological criteria. Layer II was always sampled

parallel to the cortical surface, placing the grid '25-mm below
the cell-sparse molecular layer I. Layer V was sampled by
placing the grid parallel to the cortical surface, directly over
the large pyramidal neurons that occupy this region. Hip-
pocampal sampling was accomplished by placing the grid
within the center of stratum radiatum of the CA1 hippocampal
subfield, parallel to the pyramidal cell layer. All samples were
captured by a single experimenter from coded slides, and the
analysis of captured images was always carried out by a second
experimenter; both experimenters were blinded to the details
of the experimental groups until after the study was
completed.

To determine further whether differences in AChE fiber-
intensity staining may have influenced the outcome of this
analysis, two investigators blinded to the identity of the exper-
imental subjects, independently rated the subjective dark-
nessyintensity of AChE-stained sections in those regions used in
the preceding quantitative analysis. By using a rank scale of 0–5
(0 5 lightly stained, 5 5 very darkly stained), the mean overall
intensityydarkness of the AChE staining was measured.

Statistics. Multiple group comparisons were made by analysis of
variance (ANOVA) with post hoc analysis by using Fisher’s
least-square difference (lsd). Biological significance was estab-
lished at the 95% confidence level. Data are presented as
mean 6 SEM.

Fig. 2. Quantification of cholinergic innervation densities. Cholinergic axon
density was determined in multiple cortical regions. Quantified regions in-
cluded: inferior temporal cortex layers II (IT-II) and V (IT-V); insular cortex layers
II (INS-II) and V (INS-V); cingulate cortex layer II (CING); frontal cortex layer II
(FR); and hippocampal formation, stratum radiatum of CA1 (HF). Axon den-
sities were determined by superimposing a 6 3 6 grid over a highly magnified
image captured from one of the defined regions (see Inset). All AChE-stained
fibers crossing the gridlines (arrows in Inset) were counted to yield an index of
innervation density, as described by Guela and Mesulam (32). (Scale bar 5 5
mm.) (Scale bar in Inset 5 35 mm.)

Fig. 3. Age-related decline in mean cortical cholinergic innervation is re-
versed by NGF gene delivery to cholinergic somata in the basal forebrain. AChE
staining in the insular cortex of young, aged-control, and aged-NGF-grafted
rhesus monkeys. (A) The normal density of cholinergic axons is illustrated in
young subjects. (B) Axon density is reduced in aged-control grafted subjects.
(C) AChE-stained fiber density is increased significantly in aged monkeys that
received grafts of autologous NGF-secreting fibroblasts into Ch4i. (A–C, scale
bar 5 35 mm.) (D) Quantification of cholinergic axon density. To compare
cholinergic innervation densities across multiple cortical regions, normalized
z scores of density measurements from each cortical region were calculated
and then averaged. A significant overall group effect was present by one-way
ANOVA (P , 0.0001). Aging was associated with a significant reduction in
overall cholinergic fiber density (*, P , 0.0001, post hoc Fisher’s lsd), which was
restored in recipients of NGF-secreting cells. Black bars, young monkeys; red
bars, aged controls; blue bars, aged NGF-grafted subjects. Error bars represent
SEM.

Conner et al. PNAS u February 13, 2001 u vol. 98 u no. 4 u 1943

N
EU

RO
BI

O
LO

G
Y



Results
Aging Is Associated with a Significant Reduction in Cholinergic Fiber
Density in the Neocortex. Aged b-galactosidase-grafted animals
did not differ significantly from aged nonoperated animals in
cholinergic innervation of the various cortical fields examined in
this study and therefore were combined into a single group “aged
controls” agedyintact 5 217.6 6 2.8%; agedyVeh 5 228.4 6
3.4% relative to young animals; P 5 0.07). When averaged across
all cortical regions, overall group differences in cholinergic axon
innervation density were present (P , 0.0001, ANOVA; Fig. 3).
Aged control monkeys exhibited a significant 24.8 6 2.6%
decline in AChE axon terminal density averaged across all
cortical regions compared with nonaged subjects (P , 0.0001,
post hoc Fisher’s lsd; Fig. 3). These differences were consistent
and significant across several individual cortical regions when
analyzed independently (Fig. 4), including insular cortex, cingu-
late cortex, and frontal cortex. Strong trends toward similar
age-related differences in cholinergic innervation were present
in the inferior temporal cortex and in the hippocampal formation
(Fig. 4).

Cellular NGF Delivery Reverses Age-Related Reductions in Cholinergic
Innervation. Aged monkeys that received grafts of NGF-secreting
cells exhibited a substantial and significant reversal of age-
related declines in cortical cholinergic innervation (Figs. 3 and
4). When averaged across all cortical regions examined in this
study, NGF-grafted animals had levels of cholinergic innervation
that were significantly greater than values of aged control
monkeys (P , 0.0001, post hoc Fisher’s lsd; Fig. 3D) and were
equal to intact young monkeys (P 5 0.89, post hoc Fisher’s lsd).
Further, in NGF-grafted aged subjects, cortical regions (insular
and inferior temporal cortices) receiving innervation primarily
from Ch4i, the cholinergic subdivision targeted for grafting,
demonstrated levels of cholinergic innervation significantly ex-
ceeding those of normal young monkeys (overall 13.4 6 4.5%
increase relative to young monkeys; P 5 0.01, post hoc Fisher’s
lsd; Fig. 4). Levels of cholinergic innervation in these regions also
significantly exceeded control aged monkeys (overall 43.6 6
3.0% increase; P , 0.0001, post hoc Fisher’s lsd). Cholinergic
fiber densities in cortical regions (cingulate and frontal cortex,
hippocampus) not heavily innervated by the targeted Ch4i-cell

population also exhibited slight reversal of age-related losses
after NGF-cell grafting, although the magnitude of the reversal
relative to aged control monkeys (20.6 6 4.1% increase; P 5
0.01, post hoc Fisher’s lsd) was more modest than that observed
in the temporal and insular cortex. These effects of cellularly
delivered NGF on cortical cholinergic innervation were exerted
at a distance, because the growth factor was presented to the
cholinergic soma yet influenced terminal axon density in the
distant cortex.

To determine whether NGF delivery simply increased AChE
expression in neurons, thereby enhancing the intensity of the
AChE stain rather than actually increasing axon density, AChE-
staining intensity (darkness) was compared in experimental
groups by using the rating scale of 1–5 defined in Methods (5 5
darkest). The mean intensity of AChE staining was equal in aged
vehicle-infused (4.1 6 0.29) and aged NGF-infused (4.1 6 0.18)
subjects. Further, AChE-staining intensity was slightly darker in
aged animals compared with young subjects (3.2 6 0.39),
indicating that reductions in axon density with age were not an
artifact of lighter AChE staining. It was noted also that AChE-
stained fibers were labeled equally throughout the z plane of
individual sections.

Discussion
The present findings indicate that normal aging in the nonhuman
primate brain is associated with a significant reduction in
cholinergic innervation of the cortex. Cholinergic systems con-
tribute only a small fraction to the total number of axons and
synapses in the cortex (34), yet exert an important role in
modulating neuronal excitability throughout the neocortex and
hippocampus (35, 36). Thus, alterations in this system can exert
wide-ranging effects on various aspects of cognition, including
attention and memory (37–40). Although prior studies have
reported age-related declines in some transmitter systems in the
cortex (12–19), structural alterations in neocortical systems have
not been described previously. The present report indicates that
system-specific structural markers reveal extensive reductions in
cortical cholinergic axonal terminals in the primate brain with
aging.

Notably, these age-related changes in cortical cholinergic
innervation were reversed substantially by cellular gene de-

Fig. 4. Changes in cholinergic axon density across cortical regions. Aged control monkeys (red bars) exhibit a significant decline in cortical cholinergic
innervation compared with young intact animals (black bars) in most cortical regions. Aged recipients of NGF-secreting grafts (blue bars) exhibit a significant
reversal of age-related loss in cholinergic innervation; however, this effect is significant only in cortical regions (insula and inferior temporal cortex) innervated
primarily by cholinergic neurons of Ch4i, which was targeted for grafting. Numbers in parentheses below each cortical region indicate P value for ANOVA. *,
significantly reduced compared with young animals (P , 0.05, post hoc Fisher’s lsd); #, significantly increased compared with aged control animals (P , 0.05, post
hoc Fisher’s lsd). INS, insular cortex; IT, inferior temporal cortex; CING, cingulate cortex; FR, frontal cortex; HF, hippocampal formation.
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livery of NGF. Whereas previous studies had reported that
NGF reverses age-related atrophy of the cholinergic neuronal
soma in the rodent (41–44) and primate brain (11), effects of
NGF on distant cholinergic terminals have not been reported.
Findings of the present study indicate that NGF reverses the
effects of aging on cholinergic innervation in diverse cortical
regions. The effects of NGF on cholinergic axon densities were
most prominent within cortical regions innervated preferen-
tially by the Ch4i-cell population targeted by the grafts.
Ch4i-targeted grafts only marginally affected cholinergic axon
densities within cortical regions innervated primarily by either
the Ch4 anterior-cell group (cingulate and frontal cortex) or
the Ch1 and Ch2 cholinergic-cell group (hippocampus). Taken
together, these results strongly suggest that graft-derived NGF
acts primarily within the region immediately adjacent the
grafted cells.

The possibility that NGF delivery merely up-regulated
AChE expression rather than truly augmenting cholinergic
density has been excluded largely by the demonstration that
the intensity of the AChE stain was not affected by NGF
delivery. The lack of a direct effect of NGF on AChE
expression is consistent with prior studies. NGF can activate
the cholinergic gene locus strongly, thereby increasing expres-
sion of choline acetyltransferase, stimulating vesicular acetyl-
choline transporter and enhancing acetylcholine release but
does not directly alter AChE expression (45–47). Thus, aging
is associated with a true reduction in the number of cholinergic
axons, and this reduction is ameliorated substantially by
NGF-secreting cell grafts placed adjacent to projecting cho-
linergic somata.

These findings also indicate for the first time that neuro-
trophins can inf luence axonal morphology at a distance. To the
present, neurotrophic factors have been reported to inf luence
axonal growth and structure in a concentration-dependent
fashion. Experiments both in vitro (48, 49) and in vivo (20–22)
have demonstrated that local application of neurotrophic
factors to axons and their growth cones elicit concentration-
dependent changes in axonal growth. Indeed, a local chemo-

tropic sprouting of cholinergic axons in NGF-secreting grafts
was present in this study (Fig. 1). Yet in addition, aged
monkeys with NGF-secreting cell grafts placed adjacent to the
cholinergic soma exhibited a significant increase in the number
or complexity of cholinergic terminals in the cortex, repre-
senting a nonchemotropic, distant action of NGF. Further, this
reversal of age-related axonal attenuation occurred after just
3 months of NGF delivery to the primate brain. Thus, the aged
brain remains sensitive to growth-factor delivery at both somal
(21, 41–44) and axonal levels. The mechanism through which
growth factors inf luence axonal morphology at a distance may
involve activation of diverse intracellular downstream signal-
ing pathways, including PI3-kinase and rasyextracellular sig-
nal-regulated kinase (50, 51), leading to increases in cellular
transport of growth-related proteins. Thus, to the growing list
of growth factor effects in the adult brain can be added
nonchemotropic modulation of axonal structure.

The mechanism of age-related loss of cortical cholinergic
innervation and atrophy of cholinergic somata in the primate
brain (11) remains to be established. Age-related reductions in
NGF production in the cortex have not been reported either
in the context of normal or pathological aging (52–55). On the
other hand, reductions in expression of neurotrophin receptors
in basal forebrain cholinergic neurons have been reported in
Alzheimer’s disease (56, 57) but not in normal aging. Alter-
ations in expression of other metabolic components of neural-
cell function including immediate early gene activation, neu-
ronal cytoskeletal integrity, and ability to buffer calcium and
manage oxidative damage, are currently being examined in the
aged brain (reviewed in ref. 1). Regardless of the mechanism
of age-related atrophy and loss in neuronal systems, growth-
factor delivery reverses these changes in the primate basal
forebrain cholinergic system, supporting a potential rationale
for growth-factor delivery in the context of such neurodegen-
erative disorders as Alzheimer’s disease (58, 59). Further
insights into basic mechanisms of age-related dysfunction in
the brain will contribute to the design of the most rational
approaches for treating age-related pathological neuronal
degeneration.
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379, 482–494.
9. West, M. J. & Gundersen, H. J. (1990) J. Comp. Neurol. 296, 1–22.

10. West, M. J. (1993) Neurobiol. Aging 14, 287–293.
11. Smith, D. E., Roberts, J., Gage, F. H. & Tuszynski, M. H. (1999) Proc. Natl.

Acad. Sci. USA 96, 10893–10898.
12. Wenk, G. L., Pierce, D. J., Struble, R. G., Price, D. L. & Cork, L. C. (1989)

Neurobiol. Aging 10, 11–19.
13. Gallagher, M., Burwell, R. D., Kodsi, M. H., McKinney, M., Southerland, S.,

Vella-Rountree, L. & Lewis, M. H. (1990) Neurobiol. Aging 11, 507–514.
14. Fischer, W., Gage, F. H. & Bjorklund, A. (1989) Eur. J. Neurosci. 1, 34–45.
15. Fischer, W., Chen, K. S., Gage, F. H. & Bjorklund, A. (1992) Neurobiol. Aging

13, 9–23.
16. Luine, V. & Hearns, M. (1990) Brain Res. 523, 321–324.
17. Siddiqi, Z., Kemper, T. L. & Killiany, R. (1999) J. Neuropathol. Exp. Neurol. 58,

959–971.
18. Siddiqi, Z. A. & Peters, A. (1999) J. Neuropathol. Exp. Neurol. 58, 903–920.
19. Emborg, M. E., Ma, S. Y., Mufson, E. J., Levey, A. I., Taylor, M. D., Brown,

W. D., Holden, J. E. & Kordower, J. H. (1998) J. Comp. Neurol. 401, 253–265.

20. Hagg, T. & Varon, S. (1993) Exp. Neurol. 119, 37–45.
21. Kordower, J. H., Winn, S. R., Liu, Y.-T., Mufson, E. J., Sladek, J. R., Hammang,

J. P., Baetge, E. E. & Emerich, D. F. (1994) Proc. Natl. Acad. Sci. USA 91,
10898–10902.

22. Tuszynski, M. H., U, H.-S. & Gage, F. H. (1991) Ann. Neurol. 30, 625–636.
23. Tuszynski, M. H., Senut, M.-C., Ray, J., U, H.-S. & Gage, F. H. (1994)

Neurobiol. Dis. 1, 67–78.
24. Tuszynski, M. H., Roberts, J., Senut, M.-C. & Gage, F. H. (1996) Gene Ther.

3, 305–314.
25. Conner, J. M. & Varon, S. (1996) J. Neurosci. Methods 65, 93–99.
26. Greene, L. A., Aletta, J. M., Rukenstein, A. & Green, S. H. (1987) Methods

Enzymol. 147, 207–216.
27. Mesulam, M.-M., Mufson, E. J., Levey, A. I. & Wainer, B. H. (1983) J. Comp.

Neurol. 214, 170–197.
28. Hedreen, J. C., Bacon, S. J. & Price, D. L. (1985) J. Histochem. Cytochem. 33,

134–140.
29. Heckers, S., Ohtake, T., Wiley, R. G., Lappi, D. A., Geula, C. & Mesulam,

M.-M. (1994) J. Neurosci. 14, 1271–1289.
30. Berger-Sweeney, J., Heckers, S., Mesulam, M.-M., Wiley, R. G., Lappi, D. A.

& Sharma, M. (1994) J. Neurosci. 14, 4507–4519.
31. Ridley, R. M., Pugh, P., Maclean, C. J. & Baker, H. F. (1999) Brain Res. 836,

120–138.
32. Geula, C. & Mesulam, M. M. (1996) Cereb. Cortex 6, 165–177.
33. Paxinos, G., Huang, X.-F. & Toga, A. W. (2000) The Rhesus Monkey Brain in

Stereotaxic Coordinates (Academic, San Diego).
34. Chen, K. S., Masliah, E., Mallory, M. & Gage, F. H. (1995) Neurosci. 68, 19–27.
35. Sillito, A. M. & Murphy, P. C. (1987) Cereb. Cortex 6, 161–185.
36. Sarter, M. & Bruno, J. P. (2000) Neurosci. 95, 933–952.
37. Sarter, M. & Bruno, J. P. (1997) Brain Res. Brain Res. Rev. 23, 28–46.
38. Everitt, B. J. & Robbins, T. W. (1997) Annu. Rev. Psycol. 45, 649–684.
39. Jerusalinsky, D., Edgar, K. & Izquierdo, I. (1997) Neurochem. Res. 22, 507–515.
40. Whitehouse, P. J. (1998) J. Clin. Psychiatry 13, Suppl. 59, 19–22.

Conner et al. PNAS u February 13, 2001 u vol. 98 u no. 4 u 1945

N
EU

RO
BI

O
LO

G
Y



41. Fischer, W., Wictorin, K., Bjorklund, A., Williams, L. R., Varon, S. & Gage,
F. H. (1987) Nature (London) 329, 65–68.

42. Chen, K. S. & Gage, F. H. (1995) J. Neurosci. 15, 2819–2825.
43. Martinez-Serrano, A., Fischer, W. & Bjorklund, A. (1995) Neuron 15, 473–484.
44. Markowska, A. L., Koliatsos, V. E., Breckler, S. J., Price, D. L. & Olton, D. S.

(1994) J. Neurosci. 14, 4815–4823.
45. Williams, L. R. & Rylett, R. J. (1990) J. Neurochem. 55, 1042–1049.
46. Rylett, R. J., Goddard, S., Schmidt, B. M. & Williams, L. R. (1993) J. Neurosci.

13, 3956–3963.
47. Berse, B., Lopez-Coviella, I. & Blusztajn, J. K. (1999) Biochem. J. 342, 301–308.
48. Campenot, R. B. (1977) Proc. Natl. Acad. Sci. USA 74, 4516–4519.
49. Campenot, R. B. (1994) J. Neurobiol. 25, 599–611.
50. Segal, R. A. & Greenberg, M. E. (1996) Annu. Rev. Neurosci. 19, 463–489.

51. Klesse, L. J. & Parada, L. F. (1999) Microsc. Res. Tech. 45, 210–216.
52. Jette, N., Cole, M. S. & Fahnstock, M. (1994) Mol. Brain Res. 25, 242–250.
53. Crutcher, K. A., Scott, S. A., Liang, S., Everson, W. V. & Weingartner, J. (1993)

J. Neurosci. 13, 2540–2550.
54. Mufson, E. J., Conner, J. M. & Kordower, J. H. (1995) NeuroReport 6,

1063–1066.
55. Scott, S. A. & Crutcher, K. A. (1994) Rev. Neurosci. 5, 179–211.
56. Mufson, E. J., Li, J.-M., Sobreviela, T. & Kordower, J. H. (1996) NeuroReport

8, 25–29.
57. Mufson, E. J., Lavine, N., Jaffar, S., Kordower, J. H., Quirion, R. & Saragovi,

H. U. (1997) Exp. Neurol. 146, 91–103.
58. Hefti, F. & Weiner, W. J. (1986) Ann. Neurol. 20, 275–281.
59. Yuen, E. C. & Mobley, W. C. (1996) Ann. Neurol. 40, 346–354.

1946 u www.pnas.org Conner et al.


