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The Involvement of the Immune System in Neuronal Plasticity

The two projects described below comprise the major efforts during
the one year duration of this contract.

I. Cholinergic Sprouting in the Hippocampus Following Perforant Path
Damage: A Role for Interleukin-1. Fagan, A.M, and Gage, F.H.

Damage to the entorhinal afferents to the hippocampal dentate gyrus
(i.e. perforant path) leads to sprouting of the remaining intact septal
cholinergic afferents within the denervated outer molecular layer. To
investigate the cellular and molecular events which contribute to this
sprouting response we describe the temporal sequence of cellular changes
in the denervated zone prior to the observed neural reorganization. Rats
were given perforant path (PP) transections and sacrificed at various time
points foilowing the lesion, on Days (D) 1,2,3,4,5,6, and 30. Coronal sections
at the level of the dorsal hippocampus were immunostained to localize
microglia (0X-42), interleukin-1 (IL-1) and astrocytes (GFAP). We
observed a rapid increase in the number of microglia in the denervated
molecular layer within the first day following PP transection. Adjacent
sections show a concomitant increase in the number of IL-1- positive cells.
Reactive changes in GFAP-positive astrocytes are not observed Until D4.
This time course of events suggests a role of microglia in astrocyte
activation in vivo via production of IL-1, and supports a proposed
hypothesis postulating a cascade of glial events which lead to cholinergic
sprouting following PP transection.

II. Fibroblast Growth Factors Stimulate Nerve Growth Factor Synthesis and
Secretion by Astrocytes. Yoshida, K., and Gage, F.H.

Nerve growth factor (NGF) is produced and secreted by astrocytes
and fibroblasts, but not by microglia, in a primary non-neuronal cell
culture derived from newborn rat brains under a standard culture
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condition. NGF secretion by astrocytes was highest just after passage and
then gradually decreased. There is no significant difference in NGF
secretion by astrocytes from five sites of origin tested: cerebral cortex,
striatum, hippocampus, septum, and cerebellum. Acidic and basic
fibroblast growth factors (aFGF and bFGF) significantly increased NGF
secretion by astrocytes. The effect of aFGF was greater than that of bFGF,
and the effect of both FGFs was not additive at the maximum
concentration. The peak of NGF secretion stimulated by aFGF occurred 3-
12 h after the addition of aFGF. On the other hand, the dramatic increase
in cell numbers was observed 12-48 h after stimulation, and the
motphological change became significant 24 h after aFGF stimulation. NGF
synthesized by astrocytes is rapidly secreted into the culture medium and
aFGF enhances NGF secretion from the transcription level, because
cycloheximide and actinomycin-D completely inhibited NGF secretion by
astrocytes in the presence or absence of aFGF. Epidermal growth factor
(EGF), interleukin-1B (IL-1B), and tumor necrosis factor-a (TNF-a) also
increased NGF secretion by astrocytes to a certain extent. NGF secretion by
astrocytes in the presence of a maximum dose of aFGF was enhanced by
the addition of IL-1B or TNF-a, but not EGF. However, platelet-derived
growth factor, interleukin-3, and interleukin-6 had no significant effects.
FGFs also enhanced NGF secretion by fibroblasts derived from meninges,
but not by microglia.
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Cholinergic Sprouting in the Hippocampus: A Proposed Role for IL-1
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Department of Neurosciwenaes, University of Califurnia, San Dicgo, La Jolla, California 92002

Damage to the eatorhinal afferents (i.c., perforant
path) to the hippocampal dentate gyrus leads to sprout-
ing of the remaining intact septal cholinergic afferents
within the denervated outer moleenlar lnyer. ‘'o inves-
tigate the cellular and moleculin events which may con-
tribute to this sprouting response, we descreibe the tem-
poral sequence of ceifular changes in the denervated
zoene prior to th: obser red neural reorganization, Ruts
we ce given perferant path (1) transections and sucri-
ficed at vuarious time points following the lesion, on
Davs (i) 1, 2, 3, 1, 5, 6, and 30, Coronul sections nt the
level of the dorsal hippocampus were immunostained to
loculize microglia (OX-42), interleukin-1 (1L-1), and
astroctytes (GIFAP). We observed a vapid increase in
the number of immunoreactive microglia in the dener-
vated molecular layer within the tivst day follewing 1P
transection. Parallel sections show a concomitant in-
crease in the number of .- 1-pasitive cells. Maximal
reactive chunges (i.e., hypertrophy and inerease in nume-
ber) in GFAP-positive astroeytes ave not observed untjl
DG, This time course of events sugiests a role of micro-
glia in astrocyte activation in vive via production of 11.-
1 and offers support for a proposed by pothesis postulit-
ing a cuascade of glial events which may lead to choliner-
gic sprouting following PP transection, « w0 acudemic

Press, lne,

INTRODUCTION

Damage to the adult CNS initiates a variety of mor-
phological changes in neural organization. Controversy
exists, however, as to whether these “plastic” responsus
result in a restoration of normal circuitry leading to
functional recovery or represent a  disorganized
rearrangement of neural inputs. Disorganized or
aberrant reinnervation could theoretically play a com-
pensatory role in recovery of function or, conversely,
may exacerbate dumage-induced dystunction, In either
case, the mechanisms responsible for neural reorganiza-
tion are not understood. ‘T'o investigate the cellular and
molecular events associated with damage-induced reor-
ganization, we have used the rat hippocampus as a
model system. :

Damage to the entorhinal inputs (i.e., perforant path)
to the hippocampal dentate gyrus leads to robust and
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well-characterized sprouting responses by the remain-
ing intact aflerents: (i) ‘The commissural and associa-
tional projections, which normally innervate the inner
molecular layer (ML) of the dentate gyrus, expand their
terminal fields into the denervated outer ML after en-
torhinal lesions (1, 7, 46); (ii) the crossed temporoam-
monic tract, which sends a minor projection to the outer
ML of the dentate gyrus (27), increases in density after
entorhinal damage (63); and (iii) there is an increase in
acetylcholinesterase (AChI) content (64) and staining
intensity in the normally sparse septal afferents termi-
nating in the outer ML, suggesting an increase in the
number of septal fibers or terminals (6, 44, 61). Ultra-
structural studies have confirmed an increase in density
of terminals over time in the deafferented zone follow-
ing entorhinal damage (37, 48, 49). We have focused on
cholinergic sprouting in the outer ML,

In addition to neuronal events, changes in glial cell
nopulations have been observed in the outer molecular
zone during degeneration of the perforant path (PP)
and the subsequent sprouting of the septal cholinergic
fibers following damage. Nissl stains have shown an in-
crense in the number of glial cells in this area over time
(45). with the increased incidence of cells at the early
time points being attributed to the proliferation of the
local microglial population (19, 7). In addition, others
have reported astrocyte hypertrophy (45, 58) and in-
crease in number (18) following deafferentation. We
sneculate that glial cell activation is necessary for the
cholinergic sprouting responses observed after PP dam-
age, 'I'hese cellular events may furti:ermore provide
clues as to the identity of the specific mojecules involved
in neural reorganization.

Trophic factors have been postulated to play u role in
cholinergic sprouting. Recent evidence has shown that
nerve growth factor (NGIP)-like activily is increased in
the dentate gyrus following PP lesions (8), and NGF-re-
ceptor-positive fibers show patterns of lesion-induced
reorganization similar to those of the sprouting septal
fibers visualized with AChE histochemistry (28). There-
fore, we suggest that the cholinergic sprouting observed
in the outer ML may be elicited by an increase in NGF
nelivity in this zone. Astrocytes have been reported to
produce NG as well as other neurotrophic and neurite-
promoting factors in vitro (14, 17, 30, 38, 40, 51, 69, 71).
Others have shown that 1L-1 regulates the synthesis of
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TABLI 1
Description and mmunostaimng Parameters of the Primary and Secondary Antibodies

. Dilution and
Autibody Source Pype Kuown specificity incubation
1° GFADP Gift from Polyclonal rubbit 1gG o against Recognizes iuman and rat GFAP 1:1000, 24 h at 4°C

l. F. Eng GYA protein (rom human MS
plagu.es

2° Vector Laby Biotinylated goat anti-rabibit 153G Recognizes rabbit $gG 1:200, 1 h ot RT

1° OX-42 Serotec Monaclonul mouse 1lgG aguinst
membrune polypeptude of rat
resident peritoneal

muceophuges

2° Vecetor Labs Bintinyluted horae anti-mouse
lg@s
1° 1l.-) Genzyme Monoclonal mouse 1gM aguinst

naturally denved human .-

Biotinyluted gout anti-mouse 1gM

Monoclonul mouse 192-1gG
ngainst plasma memwbrane
proteins of POI2 eells

Biotinyluted horse noti-mouse
lgGs

20 Vector Lubs
1° NGF-r Gift from
E. Johnson

3 Vector Lalis

Recognizes complement receptor CR.3 1:100, 48 h at 4°C
onanest et ucrophuges, including
resident peritoneal and activated
mucrophages, Kuptler cells, dendritic
cells, granulueytes, and brain microglia

Recognizes mouse 180G 1:160, 1 h at RT

Recognizes human sinus macrophages 1:100, 48 h at 4°C
und B3 cells, und murine kerutinocytes
and monoeytes

Recognizes mouse 1gM (p chain specific)

Recognizes rut NGF-receptor

1:150, 1 h at RT
1:100, 24 h at RT

Recognizes mouse G 1:150, 1 hut RT

NGF in nonneuronal cells of the damaged rat sciatic
nerve (39) and that I1.-1 is most likely secreted from
activated macrophages in the vicinity of the damaged
sciatic nerve (32). Activated microglia from the CNg
produce I.-1 invitro (23, 31), and .- 1 stimulates astro-
cyle proliferation in vitro (21, 23, 24) and in vivo (25).
More recently, *woblast growth factors and 1{.-1 have
been shown to enhance production of NGF by rat astro-
eyles in vitro (K. Yoshida and F. Gage, unpublished ob-
servalions).

Tuken together, these results demonstrate (i) glial ac-
tivation in the deaflerented outer molecular zone afler
PP damage, (ii) a role for 11.-1 in the prolitferation of
astrocytes, (iii) that activated microglia and macro-
phages can secrete 11.-1, and (iv) that 1l.-1 can activate
NGF synthesis in astrocytes and other nonneuronal
cells. On the basis of these findings we make the follow-
ing suggestion for the course of events that leads to the
cholinergic sprouting response in the dentate gyrus fol-
lowing deaflerentalion (18): Perforant pathway damage
induces terminal degeneration from the cells that are
transected in L entorhinal cortex. This terminal de-
generation activates microglia to phagoeytize in the re-
stricted deafterenten zone, Activated microglia produce
und subsequently release 11.- 1 intothe surrounding envi-
ronment, which in turn induces the activation of astro-
cytes. T'he activated astrocytes then secrete NGE into
this denervated region, which results in the attraction of
NGPF-responsive cholinergic fibers. As initial support
for this working hypothesis, the present study outlines
the temporal relations hetween glial cell activation af-

ter PI” lesions and proposes a rote for IL-1 in the dam-
aged CNS.

METHODS

Subjects.  Sevenly-two adult female Sprague-Daw-
lay rats weighing between 225 and 275 g were used. Ani-
mals were deeply anesthetized with a mixture of keta-
mine (75 mg/kg), Rompun (4.0 mg/kg), and aceproma-
zine (5.6 mg/kg) and placed in a Kopf stereotaxic
apparatns, Each rat received a unilateral aspirative le-
sion ol the retrosplenial cortex, which resulted in the
transection of the perforant path. Animals were sacri-
ficed at 1, 2, 3, 4, 5, 6, and 30 days (D1-D6, D30) follow-
ing the lesion. At least {four animals were used in each of
the time points, Four additional animals were used as
unoperated controls,

Histology. Rats were deeply anesthetized and per-
fused through the heart with 100 m!l of 0.9% saline fol-
lowed by 260 ml of cotd 4% paraformaldehyde i 0.1 M
phosphate bulfer (P1; ptl 7.4). T'he brains were re-
moved from the ckull, postfixed overnight, and then im-
mersed in 30% sucrose in PB for 2 days. Tissue sections
were cut at 35 pm in the coronal plane on a freezing
sliding microtome and stored in eryoprotectant (glye-
cero!, ethlyene glycof, and PB) until processing. For each
animal, adjacent sections through the level of the dorsal
hippocampus were processed for AChE histochemistry
according to a modified Karnovsky~Roots method or
stained with cresyl violet to visualize cell bodies or with
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FaG. 1.
analysis and the venteal leal of the dentate gyrus (DG) (inset) in
which all measurements were obtuined. Gross dimensional measure-
wents were abtained from ane representutive coronal section stuined
with cresyl violet from each animal. Length (L) corresponds to the
medial lateral length (in pm) ol the dentate granule cell layer provid-
ing the dorsul boundary of the examined moleeular layer (ML),
Width (W) correspone’s (o the dorsul veatrad width of the M1, (in
am). Meun widih values were calculated from three positions along
the venteal leat of the 1G. Area {crosshateh) cortespunds to the area
of the ML in the corunul plane (in pm?). This arca provides the hound-
aries within which ali cellular analyses were pertormed.

antibodies recognizing glial fibrillary acidie protein
(GFAP), microglia (0OX-42), interleukin-t (11.-1), or
NGF-receptor (NGF-r). Procedures for peroxidase im-
munohistochemistry were as follows (i) 2 X 10 min rinse
in 0.1 M Tris-buffered saline (TBS, pH 7.4) to remove
any eryoprotectant; (i1) 30-min incubation in 0.6% 11,0,
in I'BS to IMock endogenous peroxidase activity; (iii) 2
X 10 min rinse in ‘PBS containing 0.25% ‘P'riton X-100
detergent (1'BS-X); (iv) incubation in primary antibody
in TBS-X with 3% secondary hosl serum for appro-
priate time (‘Table 1); (v) 2 X 1) min rinse in T'BS-X
with 1% secondary host serum (S); (vi) incubation in
biotinylated secondary antibody in ''BS-X-S for 1 h at
room temperature; (vii) 2 X 10 min rinse in TBS-X-5;
(viii) incubation in avidin D-peroxidase complex (1100,
Vector f.abs) for T h at room temperature; (ix) 2 X 10
min rinse in ‘'BY; and (x) chromagen development in

Schematic illustration of the hippocampus at the level of
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0.025% 3-3-diaminobenzidine tetrachloride (DAB) with
0.4% NiC), and 0.09% H,0, in T'BS for 5-15 min. After
processing, sections were rinsed, mounted onto gelatin-
coated slides, driedd overnight, dehydrated through
graded alcohols, and coverslipped. Controls for anti-
body staining specificity included incubation in primary
antisera without the suLsequent secondary and incuba-
tion in the secondary antibody without the prior pri-
mavy,

Quantification. Rats from each time point were cho-
sep for quantitative analysis on the basis of our ability
to detect immunolabeling reproducibly between stained
sections. The few brains that showed perfusion or sec-
tioning artifacts were not included in the guantitative
analyses, but were evaluated qualitatively along with
the rest. Quantitative analyses were carried out on a
single representative section for each animal at compa-
rable levels of the dorsal hippocampus for the different
staining procedures, so comparisons between stains and
sections belween animals can be made. PP transection
denervates the dorsal hippocampus throughout its ros-
tral-caudsl] extent, so a single coronal section is repre-
sentative of reactive changes occurring throughout the
denervated area. Lesioned hippocampal sides were eval-
uated, and sections from unoperated controls were eval-
uated bitaterally.

A Cue-2 image analysis system (Olympus Corp.) was
used to enhance the image display to facilitate manual
counting of immunopositive cells and determine gross
dimensional measurements of the ML, Statistical evalu-
etions of all measurements were made with ANOVAgs,
and post-hoc Dunnett comparisons were performed to
assess individual group differences.

Cresyl violet.  For sections stained with cresyl violet,
the total number of cells in the ML of the ventral leaf of
the dentate gyrs (1DG) were calculated (Fig. 1). Average
width measurements of the ML (dorsal-ventral dimen-
sion) were calculated from three positions along the
ventral leal of the DG for each animal. In addition, esti-
mates of the length of the dentate granule cell (GC)
layer bordering the ML (medial-lateral dimension) and
the area of the ML (in pm?) were obtained.

0X-42, anti-1L-1, and anti-GFAP. Values for im-
munostained tissue are reported as the total number of
immunopositive cells in the ML of the ventral leaf of
the DG

RESULTS

PP lesion.  Sections stained with cresyl violet and for
ACHE were examined to evaluate the extent of the le-
sion (Fig. 2). ‘T'he lesion destroyed parts of the dorsal
portions of the perirhinal cortex and transected the PP.
In some cases parts of the visual cortex and parietal
cortex were damaged. In all cases the corpus callosum
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FIG. 2. Photamicroguaphs ol the lesion employed to teanseet the perfeeant path awd patterns of AChIS (C, 1) and NGPF-receptor (B, 1)
fiber staining in the normal (C, 1) and dencevaited (1), 1) hippocampus, (A) Schematic illusteation of a horizontal section through the
hippocampus (left = rastrul) showing orientations of pyranmidal cells of the CA fickds und granule cells of the dentate gyrus. Cells of the
entarhinul cortex project to the dentate gyrus through the subiculum var the perforant path. (8) Photomicrograph of a horizontal section
stuined with eresyl violet showing o anilateral fesion of the pertorant path, (D) An inerease in density of AChE-positive fibers in the molecular
layer of the dentate gyrus is observed 30 days tolluwing the lesion as compared to the normal pattern (C), NGPF-receptor immunoreactivity in
the molecular luyer at Duy 30 (1) 15 also increased reliatine 1o control (1), Abbreviations: dy, dentate gyrus; IXC, entorhinal cortex; gr, granular




overlying the medial portions of the hippocampus was
destroyed. ‘The effectiveness of the lesion was verified
by observing an increase in AChE staining in the outer
ML of the DG 30 days following the lesion (IFig, 2). Pat-
terns of NGI-r-positive fibers in the ML following deaf-
ferentation closely resemble those of AChE, supporting
the idea that this sprouting response is supported
by NGF.

Giruss morphology.  Gross morphological changes in
the dentate gyrus tollowing deatlerentation were as-
sessed on tissue stained with cresyl violet (CV; 1'able 2).
Area measurements (in pm?) of the ML, of the ventral
leat of the DG were not statistically diftferent from uno-
perated control values. Measures of the medial-lateral
length of the granule cell (GC) layer providing the dor-
sal boundary of the examined ML were not different
from controls at any time point. Measurements of the
dorsal-ventral width of the deaflerented MI., however,
were different from control values by 4 days postlesion
(I = 7.05, P’ < 0.61). 'T'his significant decrease in width
represemts a shrinkage of 15% of normal width (#
= 7.05, I’ <0.01), comparable to other published reports
(1, 4, 17, 45). By 30 days postlesion, the differences in
width represented a shrinkage of 29%. '1'o avoid possible
misinterpretation due to this tissue shrinkage over time,
gquantitative changes in cell populations are reported us
the total number of ceils rather than the cell density.

Cresyl violet.  In normal, unlesioned tissue, the ML
of the DG is relutively homogeneous in terms of cell
types. With the exception of scattered interneurons, the
ML, is neuron-free, Smaller, denser staining glial cell
bodies are distributed evenly throughout the MlL..
Within 1 week following deallerentation of the ML, by
PP transection, the total number of glial cells increases
as a function of postoperative time (' = 1114, I’ < 0.01;
Fig. 3A, Fig. 4). By 30 days postlesion, the total number
of cells has returned to normal.

0OX-42.  In the unlesioned adult rat brain, cells im-
munolabeled with OX-42 are sparsely scattered
throughout the ML of the DG. Staining profiles show
small cells extending one or two thin processes. Image-
enhanced conditions are usually required for retiable
identification and quantification under high power
magnification. After PP transection, most OX-42-posi-
tive cells in the deaflerented ML take on a very ditlerent
appearance and difter in their distribution within the

ML.. Labeled processes are thicker, and the number of

stained processes per cell increases dramatically (I'ig.
5). ‘T'he staining pattern often resembles a halo of pro-
cesses surrounding a small cell body, 'T'his hypertrophic
profile is not observed in unlesioned tissue and is less
representative of cells at later time points (e.g., D5 and

CHOLINERGIC SPROUTING IN THE HIPPOCAMPUS
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D). In addition, these reactive microglial cells ipsilat-
eral to the lesion are most often selectively distributed
within the deaflerented, outer purtions of the ML. Quan-
titutively, there is a rapid increase in the total number of
OX-42-psitive cells in the ML witi.%i. the week follcw-
ing PP transection (I = 5.48, [> < 0.01). This increase is
epparent within 24 h following the lesic 5, and the cell
numbher remains elevated throughout the time points
ubserved (Fig. 313). By 30 days postlesion, the nun.ber of
OX-42-positive cells in the deafferented ML has re-
turned to normal control values.

11.-!. Cells stained for IL-1 exhibit cytoplasmic
staining profiles, with the reaction product within the
perikarya. "I'he few labeled cells in the normal rat brain
DG sre typically sraall and scattered very sparsely
Throughout the ML. After deafferentation, immuno-
pusitive ceils in the ML appear larger and often more
darkly stained, although staining intensity was not sys-
tematically evaluated (Fig. 6). In a few cases at the later
time points (e.g., D3-D6), a pattern of diffuse immuno-
reactivity restricted to the outer ML was observed, sug-
gesting extracellular localization of 1L.-1 (data not
shown). Following P’ trunsection, the total number of
cells immunopositive for 1L.-1 increases in the outer ML
compared Lo normal control values (F = 17.80, P
< (0.01). 'This increase in cell number is apparent within
24 h following the lesion, but the number returns to
normal control values by Day 5 (Fig. 3C),

GPFADP. GFAP-positive astrocytes are distributed
evenly throughout the ML in the normal rat brain, Im-
munosteining is observed within the soma and thin pro-
cesses of the cells. Following PP transection, GFAP-
nusitive cells in the denervated ML become hypertro-
phic. Labeled processes become thicker, and the cell
soma appears to swell (Fig. 7). At the longer time points
(e.gg., DS and DB), individual processes often cannot be
distinguished, In addition to hypertrophic changes, the
number of GFAP-positive cells in the denervated area
increases wiihin the week following the lesion (I = 7.32,
P < 0.01; Fig. 3D). By 30 days postlesion, values have
returned to those of normal controls. One normal con-
trol had un extraordinary number of GFAP-pusitive
cells in the ML. Since the value was two standard devia-
tiong higher than the group mean, this animal was ex-
cluded from further analysis.

DISCUSSION

The present study was undertaken to determine the
sequence of events preceding septal cholinergie sprout-
ing in the vuter molecular layer of the dentate gyrus
following perforant path transection. Our observations

layer; un, snnes molecular; L, lesion; om, outer molecular, po, polymorphic area, pp, perforant path; 8, subiculum, Magnification: (B) X5; (C-F)

X40.6.
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TABLE 2

Gross Dimensional Measurements of the Molecular Layer of the Ventral Leaf of the Dentate Gyrus at Various Time Points
{Days 1-6, 30) following Perforant IPath 'I'runsection

4

Aren Length Width
Day (uné X 100) (um X 10) (pm) % Normal width

0(n = 8)* 2872 & 1304 1509 2 (6.9 225+ 3.6 100.3 + 0.02

L {n=4) 2775 & L 1643 & 68.7 222+ J4 98.7 £ 0.02

2(n =17 2699 & 2306 tAN8 t G5 212+ 113 94.7 £ 0.02

3(n=18) J0H 1 13973 1534 1 66,2 200 £ 8.3 91.9 £ 0.04

4 (n = 0) 2861 1 1634.6G 10456 2 12,1 191 £ 8.6° 85.0 = 0.04*

6 (n = 4) 2486 4 1173 1477 & 68.4 191t 49° 85.0 + 0.02¢

6(n=4) 2095 = 89.6 1308 1 41.4 184 £ 5.9*° 81.8 £ 0.03**
30 {n = b) 22408 4 136.7 1437 £ 58.3 160 = 8.2%° 71.6 £ 0.04*¢

Note Values are obtained from une represeatative secdon stained with eresyl violet from each animal,
* 0 indicates the unoperated contral group, nindicates the aumber of aniwals in each geoup, and values are reported as the mean & SEM,
* 2o Sratistical difterences trom conteod values according to Dunnett post-hoe comparisons at the 22 < 0,05 and 22 < 0,01 levels, respectively.

suggest a rapid microglial activation and concomitant
11.-1 production, folowed hy hypertrophy and increase
in number of GFAP-positive astrocytes in the dener-
vated outer molecular zone. We propose that these
events reflect specific denervation-related phenoinena
in that the observed changes in glial cell populations ure
most often spatially restricted to the deatferented zone
and temporally coincide with the known degeneration
and subsequent regeneration patterns following deaf-
ferentation.

0X-42

0X-42 recognizes the complement receptor CR-3, the
rat homologue to the human iC3b receptor, a mem-
brane-bound antigen common te a subset of macro-
phages (57). 0X-42 immunoreuctivity reveals cells con-
forming to the traditional descriptions of microglia in
the brain. These cells typically have small, elongated
cell odies with small, dense nuclei. One or two thin
cytoplasmic processes extend chiefly from both poles in
the undamaged adult rat brain. Similar staining profiles
attributed to microglia have been observed in the rodent
brain stained with silver stains (10, 20, 34, 59), ML-1
lectin (68), lectin GSA 1-B4-HRP (65), and the macro-
phage-specific murine antibody F4/80 (55).

In the undamaged adult bruin microglia are consid-
ered functionally dormant or quiescent. In response to
damage, these cells transform into “‘reactive” or “acti-
vated” microglia (42). Morphologically, activated mi-
croglia become rounded via retraction of their pro-
cesses, and functionally, they exhibit motile, prolifera-
tive, and phagoeytic properties. 'This functional
transformation with morphological change Las been
demonstrated in vitro, with transtormation of rounded,
ameboid microglia into ramified, process-bearing mi-

croglia agsociated with the loss of proliferative and
phagoeytic eapabilities (21, 52).

In the present study, we define microglia as *“acti-
vated” by observing changes in cellular morphology
demoenstrated by 0X-42 immunolabeling profiles. We
have not yet determined if these cells are phagocytizing
or proliferating. Morphologically, OX-42-positive cells
appear to increase their process arborization in re-
sponse to damage, not retract their processes as de-
scribed in the classic early literature (10, 53). Whether
this change represents a true, albeit paradoxical, mor-
phological transformation or, alternatively, reflects an
upregulation of the CR-3 antigen is not certain. Little is
known about how microglial activation and transforma-
tion are regulated in site.

What Is the Origin of 0X-42-Immunoreactive Cells in
the Denervated ML following PP I'ransection?

Controversy exists as to whether the “reactive” mi-
croglia which appear in response to damage are derived
frem a population of cells intrinsic to the CNS or are
mcnocytic macrophages of hematogenous origin, invad-
ing the damaged area from the bloodstream. Studies re-
port diilerences in the origin of brain macrophages de-
pending on the nature of the injury (2, 21, 54, 62). Re-
ports demonstrate an extrinsic, hematogenous origin of
brain macrophages in traumatic wounds in which the
blond-brain barrier (BBB) is severely disrupted, asin a
stab wound (9, 33, 35, 36, 56), and an endogenous origin
in areas of Wallerian and retrograde degeneration (16,
41, 60, 66, 67). Our data from tissue stained with 0X-42
are consistent with this distinction. In the present para-
digm, the BBB is disrupted by the lesion, but the analy-
ses are carried out at distances up to 2 mm distal from
the lesion. In the wound area we often observe round
cells immunopositive for 0X-42, which are most likely
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FIG. 3.  Line graphs showing the number of cells stained with cresyl violet (CVY, OX-42, anti-11.-1, und anti-GFAR in the molecular layer
of the dentate gyrus as o function of the number of doys following perforunt pih trunsection. Values are obtained from a representative
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the number ol animals in each group. ***Indicates statiatical dillerences Feom cont rol values nceording to Dunnett post-hoe comparisons at

the 1* < .06 und I? < .04 levels, respectively.

macrophages infiltrating from the bloodstream (data
not shown). Cells with this morphology ure not seen in
the deaflerented ML, Instead, we observe in the M1,
0X-42-positive cells with the morphological character-
istics of microglin, These observalions ure consistent
with reports of morphologically distinet forms of macro-
phages in the damaged CNS, but do not directly address
their origin.

Cells immunolabeled with 0X-42 observed in the ML
may arise from cells intrinsic to the CNS which have
somehow been “activated” and thereby upregulate the
CR-3 receptor. Alternatively, macrophages from the
bivodstream may traverse the capillary endotbelivm in
areas of CNS degeneration and transform to a more
branched morphology. Either scenario could account
for the pattern of 0X-42-positive cells in the deafler-
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F1G. 1. High-power photomicrographs showing the molecalar layer of the dentate pyrus stained with cresyl violet from a normal control
(A} and 1 duys lollowing perforant path transection (B). Abbreviations: gr, granular layer; im, inner inolecular; om, outer molecular; po,
pulymorphic ares. Magiification, A116,
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Low-power (A, B) and high-power (C, D) photomicrographs showing sections from the dentate gvrus immunostained for glial fibrillary acidic protein (GFAP) from a

normal control (A, C) and 4 days following perforant path transection (B, D). Abbreviations: gr, granular layer; im, inner molecular; om, outer molecular; po, polymorphic area.

Magnification: (A, B) X52; (C, D) %208.
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euted MI. without verilying their origin, More direct
studies investigating the origin ol these cells are in
progress,

IL-1

We do not observe IL-1-immunoreactive fibers in hy-
pothalamic areas, as reported by Super and colleagues
(3) for human tissue. In fact, very few cells in the normal
adult rat brpin show positive staining for 1{.- 1, Antibody
species specificity may contribute to this discrepancy.
However, within 24 h following PP transection, many
IL-1-immunopositive cells are seen in the deatlerented
MI.. This pattern is consistent with biochemical data
demonstrating no measurable IL-1 activity in normai
adult rat brain (25) and increased levels in extracts of
injured brain (24),

T'wo distinet but related forms of human 11.-1 (o and
B) have been isolated (47). Both share biologicul activ-
ity; mediating the induction of 11.-2 synthesis by thymo-
cytes, stimulating rat astrocyte proliferation in vitro
(21, 26), and regulating the synthesis of NGF in non-
nearonal cells of the damaged rat sciatic nerve (39), Re-
cently, cDNAs for rat IL- 1o and g have been cloned (60)
and exhibit 73% and 77% sequence identity to the hu-
man forms, respectively. ‘The monoclonal antibody used
in the present study is directed against naturally de-
rived human 1L.-1 protein. ‘'his antibody neutralizes
both « and g forms of the human protein, as well as
murine [L.-1, so the present data do not address possible
distinctions between the roles of ccand g forms of .- 1 in
this paradigm. Specific staining with polyclonal antibod-
ies directed against the « and g forms of the human
protein (Genzyme, Boston, MA) could not be demon-
strated. Antibodies to the rat forms are unavailable ot
the present time,

T'o demonstrate the staining specificity of the mono-
clonal antibody to human 11.-1, we attempted to biock
immunostaining by preadsorbing the antibody with |1.-
1 protein. We were ‘unable to block staining convine-
ingly since we could not obtain suflicient titers of the
purified protein within budget limits (anti-human 11.-1
= 42 mg/ml (Genzyme), purified human JL.-1 = 2000
pg/ml (Endogen)). However, standard control sections
in which the primary or secondaty antibodies were
omitted showed no positive staining, demonstrating an-
tibody-specific staining profiles (data not shown).

Do Microglia Produce IL-1 in Response
to PP Transection?

IL-1 is a macrophage-derived cytokine that mediates
a number of immunological and inflammatory re-
sponses (13). Mononuclear phagocytes are considered
the most potent secretors of .- 1 (12). Microglia, consid-
ered phagoeytes of the brain, produce 1L.-1 in vitro (22,
23, 31) and are the hypothesized source of [L.-1 in vivo
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during CNS development in the rat (21, 26) and follow-
ing penetrating brain injury in the adult (24, 25). A re-
cent report demonstrates IL-1 immunoreactivity local-
ized to astrocytes and microglial-like cells in brain tis-
sue from patients with Alzheimer’s disease and Down’s
syndrome (29). Enriched astrocyte cultures have been
shown to be capable of producing IL.-1, but to a much
lesser extent (15, 23).

In the present paradigm, microglial activation, as de-
fined by changes in 0X-42-immunostaining profiles,
spatially and temporally coincides with degenerative
changes in the transected entorhinal afferents (5, 37, 43,
46, 64). The presence of degenerative debris may pro-
vide a signal for microglia in the area to phagocytize
and, in the process, produce I1,-1. Only microglia stimu-
lated to phagoeytize produce 1L-1 in vitro (22, 23, 31).
'he rupid and concurrent appearance in parallel sec-
tions of OX-42-positive microglia and cells immunola-
beled for lL.-1 is consistent with the idea that reactive
microglia produce {1.-1 in vivo in response to PP tran-
section. Demonstration of colocalization of 0X-42 and
IL.-1 immunoreuactivity in the same cell is necessary to
provide definitive support for this hypothesis. In addi-
tion, studies investigating in situ localization of rat IL-1
mRNA in this model are in progress.

11.-1 immunoreactivity returns to normal control val-
ues by D5, the time at which the number of astrocytes is
maximal. In a few cases at these later time points we
observe a diffuse pattern of IL-1 immunoreactivity re-
strizted to the outer ML, suggestive of extracellular lo-
calization. The lag between the immediate appearance
of cells immunopositive for 11.-1 and subsequent astro-
glial hypertrophy and increase in number suggests that
astrocytes ure not the primary cellular source of IL-1 in
this model. Furthermore, the sequential pattern is com-
patible with the proposed role of IL-1 in mediating as-
trocyte proliferation,

GEAP

GI'AP is an intermediate filament protein specific to
astrocytes in the CNS., GFAP-positive astrocytes are
normally distributed throughout the dentate gyrus in
the adult rat brain and undergo reactive changes in the
ML following PP transection. Immunolabeled pro-
cesses become thicker and the cell soma appears to get
larger. ‘I'hese hypertrophic changes can be observed
within the first few days following deafferentation, be-
coming more robust with time, consistent with other
published reports (45, 58). Astrocytes in the ML also
increase in number by 23% of their normal value by 5
days following the lesion, a few days after the microglial
respense, This sequential pattern is in agreement with
other reports ol astrocyte activation following micro-
glia]l activation in damaged tissue (11, 19, 65, 66, 70).
Furthermore, this sequence of events is consistent with
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the working hypothesis postulating rapid microglial ac-
tivation and 1L-1 production followed by astrocyte acti-
vation in response to PI? transection.

Are Glial Cells Proliferating in Response
to PP Transection?

Since the ML is relatively free of neurons, glial celis
account for the majority of cells stained with cresyl vio-
let in this area. Within a week following I’P transection
we observe an increase in total cell number over time in
accordance with other published reports (46). Figure 3A
depicts a rapid 33% increase in the number of cells
within 24 h after the lesion followed by a slower rise
prior to reaching asymptotic levels at D4 or Db. Al-
though cresy! violet cell counts do not discriminate be-
tween specific glial subtypes, this time course corrélates
with the rapid 0X-42 changes observed at D1 and the
subsequent monotonic rise in the number of GFAP-
positive cells. Furthermore, an increase in the numbee
ol cells in the entire ML, suggests that there is an addi-
tion of cells !'ollov!ing damage, not merely a migration of

cells from the inner ML to the outer ML as proposed by
others (68). By 30 days following the lesion, the total
number of cells in the ML returns to normal control
values, consistent with other reports (45). This decline
from the previous increases observed within a week
postlesion may reflest a death of cells or a migration out
of the obseirved molecular zone.

‘T'he coincidental early and rapid increase in the num-
ber of cells stained with cresyl violet and those with
0OX-42 suggests that they represent the same cell popu-
lation. Interpretation of the increase in'number of cells
iniunoreactive for 0X-42 is ambiguous, This increase
could reflect an upregulation of the CR-3 receptor on
cellsintrinsic to the CNS. In this case, a fixed number of
total cells stained with cresyl violet would be predicted.
Alternatively, the increase in number of 0X-42-positive
cells could result from'the proliferation of the small
number of intrinsic immunoreactive microglia or an in-
vasion of hematoyenously derived cells expressing the
aatigen, The increased number of cells observed in sec-
tions stained with cresyl violet suggests an addition of
cells, be it due to proliferation or invasion from the pe-
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riphery. Studies employing [*H Jthymidine to lubel pro-
liferating cells in vive are in progress.

The 28% increase in the number of cells immuno-
stained for GFALD? observed in the, present study suy-
gests astrocyte proliferation in the ML in response to
deaflerentation. With respect to the proposed working
hypothesis, this suggestion is consistent with the known
role of 11.-1 in promoting astrocyte proliferation in vitro.
Previous studies of this model system report astrocyte
hypertrophy without proliferation (45, 58). Gall and col-
leagues (19) concluded that microglia, identified accord-
ing to morphological criteria, are the most common pro-
liferative element within the hippocampus tollowing
deallerentation of the Ml., although it was noted that
astrocytes were sometimes observed to contain radioac:
tive label as well. A previous study from this laboratory
reported a 61% increase in astrocyte number in the Ml
by 4 days postlesion (18). The present study differs from
the previous one in both histological and quantification
methods, so the magnitude of the eflect cannot be di-
rectly compared.

As a {inal point, a close inspection of IMig. 3 indicates
that the combined total number of cells stained with
OX-42 and anti-GFAD is less than the number stained
with cresyl violet at all time points observed. This dis-
crepancy may reflect immunostaining of’ a subpopula-
tion of microglia and/or astrocytes or alternatively may
indicate the presence of other cell types, e.g., oligoden-
drocytes, or lymphoeytes, e.g., ‘1" or B cells, which have
intiltrated from the periphery in response to deatferen-
tation of the Ml..

CON LUSIONS

The results of the present study describe a sequence
of events preceding septal cholinergic sprouting in the
outer ML of the DG following PP transection (Fig. 8).
At the cellular level, microglia become activated prior to
reactive changes in the astrocyte population. An iu-
creuse in the number of OX-42-positive microglie is ob-
served within 24 h following the lesion, whereas astro-
cyte hypertrophy and increase in number becomes may-
imal 4 days later. At the molecular level, production of
1L.-1 precedes the astrocyte response. T'he appearance
of cells immunolabeled for 11.-1 parallels thet of
0X-42-positive microglia, but IL.-1 immunoreactivity
returns to normal control values by D5, the time at
which changes in GPFAP-positive astrocytes become pro-
nounced. Together these observations are consistent
with the hypothesis that terminal degeneration rapidly
aclivates microglia to phagoceytize and, in so doing, pro-
duce lL-1. 11.-1 is then released into the surrounding
environment and in turn induces activation of astro-
cytes. Further studies will investigate the role of astro-
cyte-derived trophic and/or tropic factors (e, NG,
laminin, basic FGI®) as the next hypothesized step in the
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sequence of molecular events responsible for eliciting
and perbaps maintaining the reorganization of cholin-
ergic afferents to the ML following PP transection.
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Following fimbria/fornix transecti~n, ceils in the medial septum appear to undergo retrograde degeneration as shown by Nissl and
acetylcholine esterase (AChE) stain ag. Recent studies using immunocytochemical techniques have also demonstrated loss of choline
acetyltransferase (ChAT) and nerve growth factor receptor (NGFr) labeling of neurons in this region. Whether the apparent loss of ChAT-
and NGFr-positive neurons is the result of the aciual death of these neutons, or is instead a loss of ChAT enzyme or NGFr expression below
levels detectable by immunocytochemical methods, remains an unresolved issue. In order to address this question, rhodamine-labeled
fluorescent latex microspheres were injected into the hippocampus where they were retrogradely transported to the cell bodies of the medial
septum, Five days later these animals received either unilateral or bilateral fimbria/fornix lesions and were ailowed to survive an additional
4 weeks, Compared to unlesioned control animals, unilaterally lesioned animals showed a 91% loss of fluorescently labeled cells and bilaterally
lesicned animals showed a 93% loss. The inability to detect the fluorescent microspheres in the medial septum suggests that she majority of
medial septal cells die after fimbria/fornix transection. ChAT and NGFr immunohistochemical staining were also performed. Cells stained for
ChAT were reduced in number by 92% in animals with unilateral lesions and by 75% in animals with bilateral lesions, while NGFr-stained
cells were reduced in number by 75% in animals with unilateral lesions and by 68% in animals with bilateral lesions. Of note, several cells
were double-labeled for both fluorescent microspheres and either ChAT or NGFr after both unilateral or bilateral lesions. suggesting that not
all hippocampally projecting cholinergic cells of the medial septum die after fimbria/fornix transection. Issues concerning cell dysfunction and

" g

X}

death are discussed.

INTRODUCTION

Cholinergic cells of the medial septum project to the
dorsal hippocampus through the fimbria/fornix (FF) basal
forebrain fiber bundle3-*-3-%%, Either partial or complete
lesions of this projection result in retrograde degenera-
tion of cholinergic cell bodies of the medial septum as
shown by choline acetyltransferase (ChAT) immunocyto-
chemistry, acetylcholine esterase (AChE) staining, and
generalized loss of large diameter neurons visualized with
Nissl stains®!%% The degeneration of these septal
neurons results in loss of cholinergic input to the dorsal
hippocampus.

Recently, it has been suggested that cell dysfunction
rather than cell death may oceur in the septum following
FF izsions', and that loss of AChE staining or ChAT
labeling represents loss of transmitter enzyme expression
in the dysfunctional cells. The latter suggestion, however,
has not been supported by recent investigations of
Montero and Hefti?S. Studies in other transmitter systems
have indicated that loss of transmitter-related enzymes
indeed can occur despite cell survival after a lesion!®3341,
Thus, whether septal cholinergic cells that project to the
hippocampus become dysfunctional or actually die after

axotomy remains controversial. The resolution of this
issue is of broad relevance since the septohippocampal
projection serves as a major conduit of subcoitical input
to the hippocampal formation', possesses unique elec-
trophysiological properties’?**, is uniquely dependent
upon a continuous supply of nerve growth factor (NGF)
for normal function in the adult animai'''**, and
provides a useful model of memory function??%. For
example, it has been demonstrated that intracerebroven-
tricular infusion of NGF following FF lesions will prevent
degeneration of septal cells as assessed by AChE staining
and ChAT labeling'!:!>!845, However, if septal cell dys-
function rather than cell death occurs, then transient in-
fusions of NGF to save septal cells might be unnecessary.
Instead, reconstruction of the septohippocampal projec-
tion might be facilitated by methods that promote axonal
regeneration and restitution of NGF retrogradely trans-
ported from the natural target source, the hippocampus.

To determine whether cell dysfunction or death results
after FF lesions, we have used rhodamine-labeled fluo-
rescent latex microspheres to label cells prior to FF
transection. Rhodamine microspheres are retrogradely
transported across damaged axon terminals into the cell
body, where they remain detectable in the cytoplasm for

Correspondence: F.H. Gage, Department of Neurosciences M-024, University of California San Diego, La Jolla, CA 92093, U.S.A.
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TABLE |

Injections of fluorescent microspheres at given coordinates relative to
bregma (in mM)

Injection AP ML VD
1 -2.55 ~14 34
2 -3.14 -1,0 36
3 -3,60 2.4 32
4 ~4.16 2.0 32

periods of at least 10 weeks in vivo and 1 year after
fixation'®. They possess hydrophobic surfaces that adhere
to cell membranes, are non-toxic to the cell, and appear
to remain inert within the cytoplasm'®, Fluorescence is
lost upon exposure to lipid-soluble substances (as during
some tissue-fixation procedures) and upon cell lysis
occurring with death. Thus, if cells survive the FF lesion,
then they should remain labeled with microspheres; if
cells die, the label should disappear. In the current
experiment animals were injected with fluorescent micro-
spheres and underwent FF lesions 5 days later; histolog-
ical analysis was performed after an additional 4-week
survival period.

MATERIALS AND METHODS

Female Sprague-Dawley rats (200~220 g) were used throughout
this study, and were housed in standard laboratory cages with free
access to food and water. The rats were divided into one of 3 groups:
a control group (n = 9) without FF lesions, a unilateral FF lesion
group (n = 9). and a bilateral lesion group (2 = 9). All animals
received injections of fluorescent microspheres as detailed in Table 1.

Microsphere injection
Injections were placed into the dorsal hippocampus to maximally
label neurons projecting through the FF'. Under deep anesthesia, the

FLUOR. CELLS IN MEDIAL SEPTUM
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Fig, 1. Loss of fluorescence after fimbria-fornix (FF) lesions. Graph
demonstrates a 91% decrease in fluorescently labeled medial septal
cells in animals after unilateral FF lesions compared to control
animals, and a 93% decrease in bilaterally lesioned animals.
* denotes significance of difference = P < 0.L001,

rat was mounted in a Kopf stereotaxic apparatus. A midline incision
was made of the scalp, the periosteum was scraped and the skull was
cleaned with 5% H,0,. A hole was drilled at each of the 4 coordinates
given in Table [*. Next 100 nl of rhodamine fluorescent microspheres
(Lumaflor Inc., New City, NY) were injected into each site through a
1 4l Hamilton syringe. Microspheres were injected over 10 min,
followed by a 5-min wait and then slow withdrawal of the syringe. The
wourd was closed with wound clips.

Fimbrialfornix lesions

Five days aflter microsphere injections, animals receiving FF lesions
were reanesthetized and the scalp wound re-opened. A 2.mm square
picce of skull was removed just lateral to midline and caudal 1o bregma,
A unilateral oc bilateral aspirative lesion of the FF and supracallosal
striae was made as described previously®, The wound was reclosed, and
animals were sacrificed 4 weeks later,

Histology

Each animal was pe:fused with 100 ml cold 0.1 M phosphate.
buffered saline (PBS) followed by 300 m} 4% formalin in PBS. The
brains were removed, postfixed overnight in the same fixative, and
then left for 3 days in phosphate buffer containing 30% sucrose at + *C.
The brains were frozen with dry ice and coronal sections were cut at
0 um with a sliding microtome and collected in 24-well tissue culture

Fig. 2. Photomicrograph of a fluorescently labeled cell (blue-green ultraviolet filter; 200x).
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Fig. 3. Reduction of ChAT staining after FF lesions. Graph
demonstrates a 92% decrease in ChAT-positive cells in unilaterally
lesioned animals compared to control animals, and a 75% decrease
in bilaterally lesioned animals. Group 1 = control animals (no
lesions); group 2 = unilateral FF lesions; group 3 = bilateral FF
lesions. * denotes significance of difference between lesioned sides
relative to unlesioned controls (P < 0.0001).

plates (Flacon) containing cryoprotectant (glycerolethylene-glycol/
phosphate buffer). Sections were taken rostrally from the medial
septum/vertical limb diagonal band (MS/VDB) complex and caudally
through the extent of the dorsal hippocampus. Every fourth section was
alternately processed for fluorescence, Cresyl violet, and ChAT or
NGFr immunocytochemistry.

Sections to be studied for fluorescence were mounted onto gelatin-
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coated slides after 3 rinses in PBS. These sections were briefly dipped
in PBS before analysis to enhance contrast. It was found that
fluorescence was best appreciated when sections were not exposed to
alcohol rinses and were not coverslipped,

Fluorescently labeled tissue sections were examined both to verify
the accuracy of injection sites in the hippocampus and to count
retrogradely labeled cells in the MS and VDB. Fluorescently labeled
cells were counted through 8 sections that included MS/VDB. The
sections were examined under 20X magnification using a counting grid
(0.5 X 0.5 mm) that entirely covered the areas of interest.

CiAT immunocytochemistry was conducted as reported previously?,
Briefly, the procedure consisted of: (1) overnight incubation of a
polyclonal antibody against ChAT® (courtesy of L. Hersh) of verified
specificity after 1:1500 dilution with 0.1 M Tris-saline containing 1%
goat serum and 0.25% Triton X-100; (2) incubation for 1 h with
biotinylated goat anti-rabbit IgG (Vector Laboratories) diluted 1:200
with Tris-saline containing 1% goat serum; (3) 1-h incubation with
avidin-biotinylated peroxidase complex (Vector Laboratories) diluted
1:1000 with Tris-saline containing 1% goat serum; and (4) treatment for
15 min with 0.05% solution of 3,3"-diaminobenzidine, 0.01% H,O,,
and 0.04% nickel chloride in 0,1 M Tris-buffer. Immunolabeled tissue
sections were mounted onto gelatin-coated glass slides, air-dried, and
covered with Permount and glass coverslips.

Nerve growth factor receptor (NGFr) immunocytochemistry was
conducted similarly to ChAT immunocytochemistry. Primary NGFr
monoclonal antibody (192-IgG) (courtesy E. Johnson) specific for
NGFr*® was obtained from a hybridoma cell culture supernatant.
Primary NGFr antibody was used at 1:100 dilution in a 24-h incubation,
diluted in horse serum rather than goat serum.

Counting of ChAT or NGFr-positive cells in the medial septum was
performed under light microscopy employing 3 40 gm-thick sections

P o P 4 by

Fig. 4. ChAT immunohistochemical staining in medial septal region. A: medial septal region contralateral to side of FF lesion in m_:imenlly
lesioned animal, demcastrating normal appearance of ChAT-immunoreactive cell bodies and processes. B: medial septal region ipsilateral to
side of FF lesion. Degeneration of cholinergic cell bodies and processes is evident, 100X,
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NGFr.IR CELLS IN MEDIAL SEPTUM
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Fig. 5. Reduction of NGFr staining afte; FF lesions, Graph
demonstrates a 75% decrease in NGFr-positive «ells after unilateral
FF lesions and a 70% decrease after bilaters! lesions, compared to
unlesioned animals. Groups 1-3 as in Fig. 3. * denotes significance
of difference between lesioned sides relative to unlesioned controls
(P < 0.0001),

located approximately 160, 320 and 480 um rostral to the decussation
of the anterior commissure. The sections were analyzed with a 10x
objective using a 0.5 x 0.5 mm counting grid, Cells labeled positively
with peroxidase reaction product and possessing ¢ither: (1) a cell body
with emerging fiber: or (2) a zell body with well-defined nucleus were
counted. Results were expressed as percentage of control animals in
both unilaterally and bilaterally lesioned animals.

Sections stained for ChAT or NGFr were also examined under
fluorescence to detect Jouble-labeling with microspheres. Fluorescence
was impaired by immunohistochemical processing as noted previous-

Iy*, but occasional double-labeled cells were seen and quantified,

Statistical analysis

Group differences were assessed by a one-way ANOVA. Post-
Neuman~Keuls was used to assess individual group differences
between control, lesioned and bilaterally lesioned animals.

RESULTs

Two animals, one from the unilateral lesion group and
one from the bilateral lesion group, died before the end
of the experiment. An additional animal was excluded
from the fluorescence study based upon poorly placed
dye injections. Nissl staining on the remaining animals (8
per group) revealed that all lesioned animals had com-
plete transections of the FF, including all midline fibers.

As reported previously'®, the bulk of a microsphere
injection remained well-localized to the injection site.
Following unilateral FF lesions, a 919 decrease in the
number of septal cells labeled by microspheres occurred
when compared to uniesioned animals (P < 0.0001; Figs.
1 and 2). A 93% loss occurred on the side of the
fluorescent injection in bilaterally lesioned animals,
compared to unlesioned animals. Approximately 10% of
labeled cells were found contralateral to the side of

"t

Fig. 6. NGFr immunohistochemical staining in medial septal region. A: medial septal region in control animal without FF lesion, demonstra}ing
normal appearance of NGFr-immunoreactive cell bodies and processes. B: medial septal region in animal following bilateral FF lesion.
Degeneration of NGFr-positive cell bodies and processes is evident,

I



injection in unlesioned animals, confirming previous
reports of limited bilateral hippocampal projections of
septal fibers'.

ChAT staining showed a 92% decrease in labeled cells
ipsilateral to the FF iesion, corresponding to previous
reports?, and a 75% decrease in bilaterally lesioned
animals (Figs. 3 and 4). Despite the limitations on
detection of cells labeled simultaneously for ChAT and
fluorescent microspheres, double-labeled cells were de-
tected both in control and lesioned animals. In 3 animals
with bilateral FF lesions, 3 cells were double-labeled in
the VDB (a structure that projects to the dorsal hippo-
campus in a manner similar to that of the medial
septum)’%,

NGFr staining showed a 75% decrease in the number
of labeled cells ipsilateral to the lesion in unilaterally
lesioned animals, and a 70% decrease in bilaterally
lesioned animals (Figs. 5 and 6), corresponding to a
previous report®®, Double-labeling for NGFr and micro-
spheres suffered from limitations similar to those encoun-
tered with ChAT immunocytochemistry, yet a total of 4
MS cells and 14 VDB cells were double labeled in
FF-lesioned animals (3 MS cells and 6 VDB cells were
double-labeled among 6 unilaterally lesioned animals,
and one MS cell and 8 VDB cells were double-labeled
among 3 bilaterally lesioned animals).

DISCUSSION

To determine whether cholinergic cells of the MS
survive in a dysfunctional state after FF lesions, or
whether they actually degenerate and die, retrogradely
transported fluorescent rhodamine microspheres were
injected into the hippocampus prior to FF lesions. The
results demonstrate a substantial loss of fluorescently
labeled neurons after FF lesions, suggesting that the cells
die following the lesion. Parallel resuits have recently
been obtained by another group of workers employing

* the septohippocampal lesion model and another fluores-

cent cell marker, True biue (O'Brien et al., following
article).

Rhodamine-labeled fluorescent microspheres were
chosen for this experiment because they remain inert
within the cytoplasm after retrograde transport, maintain
fluorescence for extended periods, and show little passive
diffusion from the site of injection's. Although changes in
intracellular pH or state of lipid solubility are potentially
capable of destroying the fluorescent signal, it is most
likely that changes in the intracellular environment
sufficient to disrupt fluorescence would result in cell
death. This is supported by observations in the current
experiment and in previous unpublished observations
that retrogradely labeled cells of the septum examined at
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various time points after axotomy show release of
fluorescent microspheres into the cellular interstitium in
close proximity to the cell body after cell disruption.
Since fluorescence in the interstitium is detected after cell
disruption, the fluorescent markers appear to be more
resistant than the cell itself to an environment hostile to
cell survival, Another possibility is that the fluorescent
markers are somehow extruded from dysfunctional but
surviving neurons. However, rhodamine microspheres
are relatively large (0.02-0.2 um diameter) so it is
unlikely that they would leak through holes in dysfunc-
tional cell membranes unless these holes were so large on
a molecular scale that membrane functions vital for cell
survival were disturbed (e.g. massive Ca** influx could
occur). It is also possible that dysfunctional cells would
exocytose the inert intracytoplasmic microspheres, al-
though this seems unlikely. Thus, the possibility that
fluorescence is lost artifactually has not been excluded
with certainty, but it would appear very likely that the
loss of these markers correlates with cell death.

The death of septal cholinergic cells after FF transec-
tion might be anticipated for several reasons. First, loss
of Nissl-stained neurons is detected in the MS after FF
axotomy5:10:15:22.3935 " gince Nissl substance consists of
acidic cytoplasmic structures such as DNA, RNA and
rough endoplasmic reticulum, and these structures are
prerequisite for cell survival, one might expect diminish-
ment or loss of Niss! staining as cells die. In contrast,
studies in the nucleus basalis of Mevnert (NBM),
hypoglossal and vagal systems after axotomy show
long-term persistence of Nissl staining that correlates
with long-term cell survival assessed by other means (e.g.
fluorescence)'®-3>38, Although Nissl staining does not
reveal specifically if cells lost in the septum are cholin-
ergic, GABAergic*!, substance P-containing®, or gala-
nin-positive, it does suggest that a population of MS
cells die after FF lesion. That some of these Nissl-lost
neurans in the septum are cholinergic is suggested by the
fact that: (1) approximately 30-35% of septal fibers
projecting through the FF are cholinergic, a proportion
roughly equal to that of projecting GABAergic fibers"
2:4.10.17.24.31.44. qnd (2) only 30% of glutamic acid dehy-
drogenase (GAD)-positive cells of the septum project to
the hippocampus'’, while the majority of septal cholin-
ergic cells project to the hippocampus!*.

That septal cholinergic neurons die after axotomy is
also suggested by the fact that septal cholinergic cells
projecting to the hippocampus are thought to possess few
extra-hippocampal axon collaterals®. Since neurons with
few axon collaterals are less likely to survive axotomy
than neurons with several collaterals’, one would predict
that septal cells would be severely injured after axotomy.

A recent study reported recovery of MS ChAT labeling
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when NGF was infused into the lateral ventricles of rats
1-3 weeks after FF lesions, suggesting that loss of ChAT
activity in a subset of neurons represents cell dysfunction
(i.e. transmitter enzyme suppression) rather than
death™. A second study, however, failed to save septal
cholinergic neurons when NGF was infused beginning 2
weeks after the FF lesion®., The present study supports
the findings of the latter study. Factors that might
account for the discrepancy between these studies include
the following. (1) Variations might exist in the extent
and/or completeness of the FF lesions, and in surgical
technique. For example, axotomy close to the cell body
causes greater cell damage than distal axotomy”+13-2!3,
and could result in cell death after a proximal lesion, but
in cell dysfunction after a distal lesion®’, (2) Intensity of
ChAT-immunoreactivity as a result of variations in
immunocytochemical protocols and/or differences in ti-
ters of anti-ChAT antibodies could result in differing
interpretations of cell survival. (3) Differences in NGF
activity might exist between the two studies. While the
study by Hagg et al." infused 7S NGF, the second study
used 2.55 NGF?, (4) Variations in the mode of admin-
istration of NGF may account for differing results. For
example, twice-weekly NGF delivery, used in the study
that failed to show ChAT recovery, might be insufficient
to induce recovery while continuous infusion for 2 weeks
could support recovery. However, the degree of sparing
of ChAT-positive cells with biweekly injections of NGF'*
has been comparable to that seen after continuous
infusion in previous, non-delayed NGF studies'!-!8:%%, (5)
In the present study, rhodamine microspheres might be
toxic to cells, although previous experience with these
markers indicate no evidence of this'® and control
animals did not appear to show cell loss in the current
study. (6) Loss of fluorescence might occur without cell
death, although this appears to be unlikely as pointed out
above. Artifactual loss of fluorescence would not explain
the discrepancy between the two NGF studies.

It should also be noted that the study of Hagg et al.'*,
while showing ChAT recovery after delayed NGF infu-
sion, also indicates a progressive non-recoverable loss of
ChAT-positivity at later time points. Indeed, the degree
of recovery after a 3-week delay to NGF treatment falls
by 63% compared to no delay. This may, therefore,
merely indicate a more protracted time course for cell
death than for loss of ChAT staining. Since the present
study employs a 4-week time point to study cell survival,
it is possible that a 4-week deiay following NGF treat-
ment would also result in fewer cells saved.

Although the present study suggests that the majority
of cholinergic cells of the MS degenerate after FF lesions,
10-30% of cells still survive’. That some of these
surviving ChAT-positive cells originally projected to the

hippocampus is demonstrated by the presence of double-
labeling for fluorescent microspheres and ChAT. Addi-
tionally, the presence of double-labeling for NGFr and
fluorescent microspheres also indicates that cells have
survived which originally projected to the hippocampus,
and which expressed NGFr. Since cholinergic MS cells
appear to require hippocampally derived NGF for normal
function!!"13:1845 these findings suggest that this subpo-
pulation of surviving cells may: (1) not require NGF for
survival, despite the fact that they are cholinergic and
project to the hippocampus: or (2) derive NGF support
from a source other than the ipsilateral dorsal hippocam-
pus. Possible alternative sources of NGF include the
ipsilateral HPC through axon collaterals that travel in the
ventral pathway and terminate in the ventral HPC!%-%,
the contralateral HPC through collateral projections
across the septal midline, cortical projections to cholin-
ergic cells, or sprouting after the lesion into regions that
possess NGF, such as the dorsolateral quadrant of the
septum. Previous studies employing AChE staining and
ChAT labeling have supported the latter possibility,
showing sprouting of cholinergic fibers into the dorsolat-
eral quadrant after FF lesions alone!%-'2,

This study documents a loss of NGFr staining paral-
leling that of ChAT loss after FF lesions. This finding is
not unexpected in light of the fact that a double-labeling
experiment of ChAT and NGFr cells of the MS/VBD
complex revealed a 90% overlap of these pepulations®.
The slightly lesser degree of NGFr loss compared tc
ChAT loss could be attributed to: (1) the existence of
NGF-dependeat populations of seprai cel's besides the
known cholinergic hippocampal projection: (2) the exis-
tence of a subset of septal NGF-dependent cells that
project not only to the hippocampns bui also 1o other
regions of the CNS by means of axon collaterals, thezeby
obtaining NGF; or (3) variaticns in stainiug iechrique.

The presence of fluorescent tabeling in szptal (clls
contralateral to the side of injection suggests a 10% rate
of contralateral or bilateral projecticns of septal-hippo-
campal fibers, in agreement with previous raportst.

Conclusion

The present study supports the assumption that a
population of cholinergic cells of the MS uud=rgo atrophy
and death after FF lesions, although the time course of
cell loss may extend over several weeks. In addition, the
survival of some hippocampally prejecting septal cholin-
ergic cells and NGFr-positive cells after FF lesions
suggests the existence of an NGF source for these
projecting neurons other than the ipsilateral dorsal
hippocampus.

This study and previous work points out the need for
caution in describing the results of lesion studies. The




10
»
]

&

*

v -

R T . o T TR T oY T TR
[N Yo

term ‘cell death’ should be used carefully, and should not
be based solely upon a loss of transmitter-related staining
after a lesion. Nissl staining, fluorescent markers, and
immunocytochemistry are powerful tools when used
collectively to describe the fate of damaged neuron
systems.
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CHAPTER 17

Gene therapy in the CNS: intracerebral grafting of
genetically modified cells

Fred H. Gage!, Michael B. Rosenberg?, Mark 1. Tuszynskil, Kazunari Yoshida!,
David M. Armstrong!, Robert C. Hayes! and Theodore Friedmann?

Departments of INeuroscrences and *Pediatrics, University of Culifurniv at Sun Diego, La Jolla, CA 92093, U.S.A.

Grafting cells to the CNS has been suggested and applied as a potensial approach to CNS theeapy through the seleciive replacement
of cells lost as a result of disease or dumags. Independently, studics aimed at direct genctic therapy in model systems have recently
begun (0 suggest conceptually n~w approaches 1o the ticatinent oi several kinds of humai genctic disease, especially those caused
by single gene enzyme deficiencies. We suggest that 4 combinntion of these two approaches, namely the graftment into the CNS of
genctically modified cells, inay provide a new approach toward the testoration of some funciions in the damaged or diseased CNS.
We present evidence for the feasibitity of this approach, inclucing a description of some current techniques for mammalian cell gene
transfer and CNS grafting, and several possible approachies to clinical applicaiions, Specifically, we report that fibroblasts, geneticals
ly modified to secrete NGF by infection with a retroviral vector and implanted into the brains of 113 with a surgical lesion of the
fimbila-fornix, prevented the degeneration of cholinergic neurons that would die without treatment.

Introduction

During the past decade techniques aimed at a con-
ceptually new view of disease therapy based on the
direct correction of a genetic deficit have begun to
be developed. The extension of this approach to
whole animals, that is, the correction of a disease
phenotype in vivo through the use of the func-
tional genes as a pharmacological agent, has come
to be called gene therapy (Friedmann, 1983). Such
a therapy is based on the assumption that the cor-
section of a disease phenotype can be accomplish-

ch cither by modification of the expression of a

resident mutant gene or by the introduction of new
genetic information into defective cells or organs
in vivo.

At present, techniques for the ideal type of gene
therapy, that is through site-specific gene sequence
correction or replacement, are just beginning to be
conceived, but are not well developed. Thetefore,
bnost current models of gene therapy are really

genetic augmentation rather than replacement
models, and rely on the development of efficient
gene transfer systems to introduce functional wild-
type genstic information into genetically defective
cell in viiro and in vivo,

Ve have recently proposed that a combination
of gene transfler into cultured celis followed by in-
tiacerebral grafting of the genetically modified
cells may constitute an effective approach to some
disorders of CNS function (Gage et al., 1987; Fig,
1). This approach relies on the development of
methods to introduce the forcign genes (trans-
genes) into appropriate neuronal and other target
cells efficiently and functionally in vitro, as well as
on the long-tertn sucvival of these cells and con-
tinued stable zene expression following in.
tracerebral grafting. The conceptual and‘methodo-
logicul development of these general objectives
depends on the solutions to a variety of questions
and problems including:

(1) Wha is the susceptibility of the variety of
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Fig. 1. Grafiing of geneticully modified celis to the CNS.
Established cell lines or piimary cell culiutes are infected in
vitro with selroviral veciors comaining *reportes”® genes en-
coding proteins whose actlvity can be easily assayed and/or
sclected for, I he cells are then grown 1n selective media so thai
only infecied cells survive. Expression of the genes in the reci-
plent cells In vito is charactetized. The cells ate injected in-
tracercbrally, and uninfecied control cells are injected con-
tealatecally, Subsequently, the braius are examined histological-
§y t0 evaluare cell survival, Aliernatively, the grafied regions are
dissected angd expression of the repoiter genes in vivo is
measured. In addition, portions of the grafy can be secultured
and the continued presence and expression of the transgenes can
be detesmined.
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appropriate farget CNS cells to the introduction of
transgenes? What vectors are most suitable?

(2) Does the introduction of foreign sequences
cause metabolic or genetic damage to recipiem
cells, or to the organism as a whole?

(3) Are the transgenes structurally and func-
tionally stable? Are they efficiently expressed?

(4) What is the immunological response of the
animal to the presence in the brain of genctically

modified autologous or heterologous cells, or to
the expressed gene product?

(5) Docs a foreign gene product provide a need-
=d and physiologically useful new function that
can lead to correction of a particular disease
phenotypa? '

We have addressed some of these questions and
present data o test the potential applications of
this approach (Gage et al., 1987), We have iden-
tified sonie of the technical and conceptual pro-
blems inherent in the techniques, and have sug-
gested some of the human disease models for
which this approach may be applicable and the
issues that must be addressed before this approach
can be considered for clinical use. We have also
presented data based on the use of several pro-
totype marker vectors expressing: (1) the human
hypoxanthine-guanine phosphoribosyltransferase
(HPRT) cDNA; (2) the transposon TnS neomycin-
resistance gene (neok); and (3) the firefly luci-
ferase ¢cDNA. These reporter genes were chosen
for their availability and the availability of sen-
sitive assays 1o measure the gene products,

Choice of vector

While several procedures exist for inserting DNA
into cells, (see Table 1) murine retroviral vectors
offer at present the most efficient, useful, and best
characterized means of introducing and expressing
foreign genes in mammalian cells, Briefly, these
vectors have very broad host and cell type ranges,
iutegrate by reasouably well understood mecha-
nisins into random sites in the host genome, ex-

TABLE |

Methods of gene insertion

(A)  Micioinject DNA in nucleus

M) Elecrric fiek)f electroporation ) %
{C)  Calcium phosphate transiection

(D) [liposowal transfection (lipofection)

{E)  Retroviral infection

(F)  Visal infection




press genes stubly and efficiently, and under most
conditions do not kill or obviously damage their
host cells, Because retroviral vectors integrate at
predominantly random sites in the cellular
genome, Insertional mutagenesis is a theoretical,
and in fact a well documnented, occasional conse-
quence of viral infection (Hayward et al., 1981;
Lohler et al., 1984), and can occur either by inter-
ruption of an essential cellular gene or by insertion
of regulutory sequences such as promoters and
enhancers ncar cellular genes with resulting inap-
propriate regulation of expression of such genes.
The methods of preparation of retroviral vectors
have been reviewed extensively elsewhere (Mann et
al,, 1983; Anderson, 1984; Miller et al., 1985; Con-
stantini et al., 1986; Gilboa et al., 1986; Mason et
al., 1986; Readhead et al., 1987) and are now in
common use in many laboratories. In principle,
the aim is to design a vector in which the transgene
is brought under the control of either the viral long
teeminat repeat (LTR) promoter-enhancer signals,
or of a powerful internal promoter, and further, in
which retained signals within the retroviral LTR
can still biing about efficient integration of the
vector into the host cell genome. To prepire
transmissible virus, recombinant DNA molecules
of such defective vectors are transfected into **pro-
ducer” cell lines that contain a provirus expressing
all of the retroviral functions required for packag-
ing of viral transcripts into transimissible virus par-
ticles, but lacking the crucial packaging signal.
Because of this deletion, transcripts from the
helper canunot be packaged into viral particles.
However, an integrated defective vector introduc-
ed into the same cell by means of calcium-
phosphate-mediated transfection produces tran-
scripts that can be packaged in trans since they do
contain the packaging sequence, ldeally, the result
is the production of infectious particles carrying
the transgene completely free of replication-
competent wild-type helper virus. In tnost models
of geae therapy, the production of helper virus is
probably undesirable since it may Iead to spreading
infection and possibty proliferative disease in lym-
phoid or other tissue in the host animal. An exam-
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ple of the prototype retrovirus and the recon-
structed retroviral vector is shown in Fig. 2,

Choice of donor cells

The choice of donor cells for implantation depends
heavily ou the nature of the expressed gene,
characteristics of the vector, and the desired
pheiotypic result. Because retroviral vectors are
thiought 1o require cell division and DNA synthesis
for efficient infection, integration and gene expres-
sion (Varmus and Swanstrom, 1982) Gage-and
Bjeridund;—1986) our present model may be
restricred to actively growing cells such as primary
fibroblast cultures or established cell lines,
replicating embryonic neuronal cells or replicating
adult neuronal cells in selected areas such as the
olfactory mucosa and possibly developing or reac-
tive glia. The eventual use of other viral vectors, or
of methods to induce a state of susceptibility in sta-
tionary, non-replicating target cells may make
many other cell types suitable targets for viral
transduction. For instance, we have recently
developad methods that have permitted the suc-
cessful setroviral vector infection of primary
cwitures of adult rat hepatocytes, ordinarily refrac-

SLIR 09 pol v FLIR
(P - |

WILD-1YPE RETROVIRUS

s'tmv Marker Gene po Selectsbie Gene  JLIR

AETROVIRAL VECTOR

Fig. 2. Suucture of Integrated vectors, LTR, long terminal
tepeat, telper functions required for (he production of
transmissible virus particles include the GAG and ENV genes
which encode the capsid proteins as well as the reverse
ranscriptase (POL), The wild type virus also contains the
packaging (ps1) sequence essential for the encapsidation of
RNA transeripts of the provirus into the mature virus particles.
The proioty pe teansinissible retrovirus is prepared by construc-
ting a plasmid in which the GAG, POL. and ENV genes have
been seplaced by the teporter gene (matker gene), and selector
gene which is controlled by an interntal promotor separate from
the intart seteovital LTR which controls the marker gene,
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tory to infection with such vectors, and similar
methods may be helpful for a numnber of other cells
(Wolff et al., 1987). The development of other
kinds of vectors derived from herpes, vaceinia, or
other viruses, as well as the use of efficient, non-
viral methods for introducing DNA into donor
cells such as the recently developed electroporation
technique (Toneguzzo et al., 1986), may allow suc-
cessful gene transfer into many other cells present-
ly not susceptible to retroviral vector infection,
QOne can envision several mechanisms by which
one can §ntroduce a new function into target cells
in a phenotypically uscful way (see Fig. 3). The
most direct approach, which would bypass the
need for cellular grafting entirely, would be the in-
troduction of a transgene directly into the cells in
which that function is aberrant as a consequence of
a genetic defect; 7 ) neuronal cells in the case of
Tay Sachs discase, possibly Lesch-Nyhan disease,

DONOR CELL

TARGET CNS CELL

Fig. 3. Introduction of new function into target cells. n the
most straightforward approach, transgences would be introdus-
ed into the target cells direcily (1). Alternatively, donor cells
may be used to introduce the new function into the target cells
thicough tight Junctious (2), or through secretion and uptake of
the gene products (3), The donor cells may express the new
function naturally or inay be genctically moditied to expiess the
function (4), cither“in vitro or in vivo. Finally, donor ceils
genetically enginecred (o produce teansmissible retrovirus (see
Fig. 1) could be used to produce virus that can, in turn, infect
target cells (5).

and probably Parkinson's discase, Alternatively,
one covld express a new function in such defective
target cells by introducing a genetically modified
donor cell that could establish tight juction or
other contacts with the target cell. Some such con-
tacts are known Lo permit the efficient diffusion of
metabolically important small molecules from one
cell to another, feading to phenotypic changes in
the recipient cell (L.oewenstein, 1979). This process
has been .alled “*metabolic cooperation' and is
kuown to accur between fibroblasts and glial cells
(Gruber et al., 1985), although it has not yet been
demonstrated conclusively in neurons. Still other
donor cells could express and secrete a diffusible
gene product that can be taken up and used by
nearby defective target cells. The donor cells may
be gencticaliy modified in vitro or, alternatively
they mnay be directly infected in vivo. Finally, an
introduced donor cell infected with not only
replication-delective vector but also replication-
competent helper virus, could produce locally high
titers of progeny virus that might in turn infect
nearby target cells to provide a functional new
transgene.

Marker genes

Initial studies have provided support for the
concept that a combination of gene transfer and
neural grafting can be used as a new approach
toward the restoration of some functions in the
damaged or discased brain (Gage et al. 1987), An
essential requirement for the development of this
anproach is the availability of a reporter gene
which can be casily and accurately detected by
histochemical and/or biochemical methods.

Retrovirus-mediated transfer of the Escherichia
coli (E. coli) 3-galactosidase gene (lacZ), combined
with histochemical staining for B-galactosidase ac-
tivity (Sanes #! al., 1986; Price et al., 1987; Turner
et al., 1987), has recently been used to mark cell
lincages in the CNS. These studies are based on the
assumption that exogenous E, coli f-galactosidase
can be distinguished from the' endogenous
lysosomal f-galactosidase that is widely distributed
in mammalian cells (Furth and Robinson, 1965;




Dannenberyg and Suga, 1981 Mann et al., 1983),
taking advantage of the widely ditferent pli op-
tima for the two engymes. The pH optimum for £,
coli B-galactosiduse is approximately 7.3 and thi
or rat biain is approximately 3.5,

Based oun these important features, we chose
lucZ as a reporter gene for the pralting of
setrovitus-infected cultured cells to the sat brain.
We have observed £, culi g-galactosidase-positive
fibroblasts, stained at pt 2.5, in the brains of rats
several weeks alter grafting, However, some £-
galactosidase-positive cells were also observed in
control gratts of cells which had not been infected
with the lacZ gene. Subsequent studies revealed
that this “lalse’” staining was due 10 endogenous
lysosomal activity associated with macrophage in-
filuation induced by the damage associated with
grafting. By using an antibody specitic for £, coli
B-galactosidase we have been able (o distinguish
between the &, coli eneymie and the endogenous
mammatian B-galactosidase. We conclude here
that laeZ is a uselul reporter gene for intreverebral
grafting studics if appropiiate caution is tuken for
false positives. Our next objective was (0 test this
approach with a gene which we could use to
evaluate the consequences of the thetapeutic in-
tecvention.

The functional gene product (NGF)

NGF is currently the best characterized neuro-
trophic factor (NTF) (Cohien and Levi-Montalcini,
1957; Greene and Shooter, 1980; Thoenen and
Barde, 1980; Binde et al., 1983; Ullrich ¢t al,,
1983; Berg, 1984). NGF supports the survival and
axonal growth in vitro and in vivo of sensory and
sympathetic neurons from the peripheral nervous
systein (PNS) (Gundersen and  Barreut, 1980;
Campenot, 1982). Furthermore, NGF can attract
and guide regenerating axons, whether provided to
the neuron in & soluble or immobiliced fosm
(Guindersen and Barrett, 1980; Levi-Montaleini,
1982), and may stimulate the growth sate even of
axons whose neurons do not require NGF for sur-
vival {Collins and Dawson, 1983). A number of
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studies hiave shown that NGF occurs in, an is pro-
duced by, the central nervous system (CNS). For
eanmiple, mammalian CNS tissues have been
shown to comtain NGF messenger RNA by in situ
hybridization (Korshing ¢t al., 1985; Sheldon and
Reichardt, 1986), NGF antigen by im-
munohistockemical  and radioimmune assays
(Greene and Shooter, 1980; Ayer LeLicvre et al.,
1983), HNGF receptors by autoradiography
{Richardson ¢t al., 1986) and NGF Ly biological
assays (Scott et al., 1981; Manthorpe et al., [983;
Nicto-Sampedre et al,, 1983; Collins and Crut-
cher, 1985). The greatest NGF levels in CNS tissues
appear within the target arcas of the cholinoceptive
basal forebrain systems (Scott et al., 1981), and
NGFEF administered into rat brain raises choline
acetyltransietase (ChAT) levels in the hippocam-
pus and stiiatum (Hefti et al., 1984; Mobley et al.,
1985). Radiolabeled NGF injected into target
reginns is taken up and retrogradely accumulated
by the cholinergic nevrons innervating them, such
as the septal/diagonal band neurons for the hip-
pocampus amd nuclzus basalis neurons for the
neocortex (Schiwab et al,, 1979; Gnaha et al., 1983;
Seiler and Schwab, 1984). NGF is also produced by
purifted cultures of cerebral astroglial cells (Rudge
et al., 1985) und accwmmulates in fluids surrounding
rat brain lesions (Manthorpe et al., 1983; Nieto-
Sampedro et al,, 1983; Assouline et al., 1985).
More recently NGE has been shown to increase
ChAT activity in CNS neuronal cultures (Honeg-
ger and Lenoir, 1982; Hefti et al., 1985; Martinez
et al,, 1985; Mobley et al., 1985).

The concept that neuronal survival in vivo may
depend on the continued presence of an adequate
supply of NTFs in general, and NGF in particular,
is supported by the existence of such phenomena
as: £1) “*developmental neuronal death,’” in which
the excessive nunber of neurons produced during
developient is decreased to accommodate the
Jimited target cell aumber (Landmeser and Pilar,
1978; Cunningham, 1982; Hamburger and Op-
penheim, 1982; Cowan et al., 1984; Fawcett et al.,
1984); (2) “'retrograde nenronal degencration,”” in
which axotomiced nevwrons cut off from their in-
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nervation target and surrounding glial cells
undergo degeneration or even death (Grafstein,
1922; Feringa ¢t al., 1983; Pearson et al., 1983;
Grady et al., 1984); and (3) **pathological neuronat
death,” in which specific populations of ncurons
degenerate and die (Terry and Davies, 1980; Ap-
pel, 1981; Bartus et al., 1982; Bondareff et al.,
1982; Whitchouse et al., 1982), One explanation
commonly put forth for such neuronal death-
inducing situations is that neurons normally de-
pend for their continued health upon NTFs sup-
plied by their target and associated glial cells, and
that disruption in this trophic supply causes their
death.

Model system: ‘‘retrograde neuwronal degenerc-
tion*’

The cholinergic projection from the adult rat sep-
tum and diagonal baad to the ipsilateral hip-
pocampus has been a useful model for examining
CNS plasticity (Chun and Patterson, 1977; Gnahn
et al., 1983; Amaral and Kurz, 1985; Armstrong ¢t
al., 1987; Springer et al., 1987). Neurons of the
medial septum and the vertical limb of the
diagonal band project dorsally to the hippacampus
mainly through the fimbiia-fornix (t.ewis et al.,
1967; Armstrong et al., 1983; Gage et al., 1983).
Aboul 50% of the septal/diagonal band neurons
sending fibers through the fimbria-fornix are
cholineigic (Amaral and Kurz, 1985; Wainer et al.,
1985) and provide the hippocampus with about
90% of its total cholinergic innervation (Storm-
Mathisen, 1974). The cholinergic neurons, axons

and terminals can  be  visualizced by
acetylcholinesterase  (AChE)  (Butcher, 1983;
Hedreen et al, 1985) and ChAT im-

munocytochemical analysis (Armstrong ¢t al.,
1983; Wainer et al., 1985), and the terminai ficlds
within the hippocampal formation can be quan-
tified biochemically by measuring extracted ChAT
activity (Fonnum, 1969, 1984).

Complete transection of the fimuria-fornix
pathway in adult rats results in a rapid and consis-
tent retrograde degeneration and death of many of
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the septum/diagonal band neurons (including the
chiolinergic ones) that originally contributed axons
t..rough this pathway (Cunningham, 1982; Grady
ot al., 1984; Kromer and Cornbrooks, 1984;
Wainer et al., 1985; Hefti, 1986). One explanation
for this axntomy-induced cell death is that the sep-
tal neurons become deprived of a critical supply of
NTF provided possibly by the post-synaptic
neuroas or glial cells in the axonal and/or synaptic
vicinity within the hippocampal innervation ter-
ritory (Gnahn et al., 1983; Nicto-Sampedro et al.,
1983; Heaceck et al., 1984; Collins and Crutcher,
1985; Gage and Bjorklund, 1986). That this hip-
pocampal NTF might be NGF or NGF-like is sup-
ported by the previously listed studies from several
laboratories reporting an NGF presence within the
septo-hippocampal system,

These studies raise the question whether ex-
ogenous administration of NGF to axotomized
septal neurcns might rescue them from the ensuing
retrograde degeneration and death and thus allow
them o regenerate their already cut axons, or even
grow new ones, back to the hippocampal forma-
tion. Recently Hefti (1986) and Williams et al,
(1980) have independently reported that the in-
naventricular administration of purified NGF into
adult rats from the timme of fimbria-fornix transec-
tion onward prevents the death of most of the ax-
otonized cholinergic septum/diagonal band neu-
rons. Farthermore, it appears that, as a result of
ihe transection even non-cholinergic septal
neurons (Panula et al., 1984) are destined to die
(Gage et al., 1986) and may be saved by NGF ad-
ministration (Williams et al., 1986). NGF ad-
ministration also seems to prevent the degenera-
tion of the cut septal cholinergic axons and/or
stimulate their regrowth, since a large number of
AChE-posiuve fibers appear to form a neuroma-
like structure proximal to the transection site
{Gage ¢! al., 1986).

Using the above described model system we have
recently tested the possible functional effects of the
~approveh-suggostad-inthe-prepesat. Specifically,
we demoustiated that cultured rat fibroblasts,
genetically modified to produce and secrete NGF,
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and then grafted to the cavity formed in creating a
fimbrla-fornix lesion, prevented setrogride chol-
inergic degeneration and induced axonal sprowut-

ing, thereby demonstrating a functional response )

(Ma—u—ak,—l-m@om\,ua A« a3

A prototypical retroviral vector was constructed
that comtains NGF c¢cDNA corresponding to the
shorter transcript that predominates in mouse
tissue receiving gympathetic innervation (Edwards
ct al., 1986; Fig. 4). This transcript is believed to
encode the precursor to NGF that is constitutively
secreted. The vecto also includes a dominant
sclectable marker, the transposon Tn$ neomycin-
resistance gene. Transmissible .mrovims was
gencrated and used to infect the established rat
fibroblast cell line 208F. Individual neomycin-
gesistant colonies, selected in medium containing
the neomycin analog G418, were expanded and
tested for NGF production and secretion using a
two-sile enzyme immunoassay (Korsching and
Thoenen, 1983). The clone picducing the greatest
levels of NGF had 1.7 ng NGF/mg total cellular
protein and secreted NGF into the medivm at a
rate of SO pg/h/10% cells. The NGF secreted by
this clone was biologically active, as determined by
its ability to induce neurite outgrowth from PC12
rat pheochromocytoma cells. Uninfected 208F
cells, in contrast, did not produce detectable levels
of NGF in cither assay.

Fimbria-fornix (FF) lesions were made in 16
rats; 8 rats received grafts of infecied cells while
the remaining eight received uninfected control
cells. After 2 weeks, all animals were sacrificed and

—— —
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Fig. 4. NGF reisoviral vecior. Comtructed from the Moloney
murine lenhemia virus, containing the 777-bp Hgal-Pst | (rag-
ment of the NGF cDNA under the contiol of 1he vital $° LTR.
The vector also includes the dominant selector marker encoding
the neomycin resistance function of transposon Tn$ under the
control of an internal Rous sarcoma virus promotor,
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processed for immunahistochemistry. Staining for
fibronectin, a fibroblast-specific marker, revealed
sobust graft susvival, which was comparable in
both the NGF-secreting cells and the control cells.
Sections stained for choline acetyliransferase
(ChAT) 10 cvaluate the survival of cholinergic cell
Lodies indicated a greater number of remaining
neurons on the lesioned side of the medial septum
in animals that had received gralts of infected cells
than in animals that had received control grafts.
Neuronal survival was quantitated and, when ex-
pressed as a percentage of the remaining
cholinergic cells in the septum ipsilateral to the le-
sion relative to the intact contralateral septun, was
showa to be 92% in animals grafted with NGF-
secreting cells, but only 49% in animals grafted
with control cells (Rosenberg ¢t al., 1988). The lat-
ter results from the control group are comparable
to our previous observations in lesioned animals
that had received no grafts (Williams et al., 1986).

The 208F fibroblasis used in the above described
study were chosen because they were immmortaliz.
cd, and ware deficient in the HPRT gene, a feature
that is useful as an in vitro model of Lesch-Nyhan
disease, However, upon careful examination we
found tiat these cells do not survive as well in vivo
asThe parental line, Ratl, and thus the NGF
retroviral vector was used to infect the established
rat fibroblast cell line Ratl cells. As before, in-
dividual neomycin-resistant colonies, selected in
medinm containing the neomycin analog G418,
were expanded and tested for NGF production and
secretion by two-site enzyme immunoassay. This
time the highest producing clone, Rat}-N.8-8, con-
tained 66 pg NGF/103 cells and secreted NGF into
the medium at a rate of 77 pg/h/10% cells. The
secreted NGF was biologically active, as determin-

cd by iis ability to induce neurite outgrowth from '

PCI2 rat pheochromoacytoma cells. Uninfected
Ratl cells, in contrast, did not produce detectable
levels of NGF.

Again unilateral aspirative cavities were made
through the cingulate cortex of Sprague-Dawley
rats, completely transecting the fimbria-fornix.
Retrovirus-infecied (NGF-secreting) and control
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uninfected fibroblasts wese suspended in PBS at
8. 109 cells/pl, and 4 pl aliquots were injected
{ree-hand into the lesion cavity and lateral ventyi-
cle ipsilateral to the cavity. In this experiment,
animals were sacrifliced after 2 or 8 weeks und pre-
cessed for immunchistochemistry and for in situ
hybridization of mRNA for NGF. Staining for
fibronectin, a fibroblast-specific marker, revealed
robust graft survival that was comparable in both
infected and control groups. Staining for choline
acetyltrausferase, to evaluate the survival of

e .
-

ety -_-:h'-r.- T
i

.l [} =,
R . . »
. o L

S S N
] [ ] x;
4 v 1
o1
’ .
s t o, K R
. ht e
RS

oy LT SO

o/ ‘ .j

IR A V4 IR AN
- oon g 4 ffg} \'f_ £
D s SRS

cholinergic neurons, indicated a significantly
greater number of remaining neurons on the le-
sioned side of the medial septum in animals that
had reccived grafts on infected cells than in
animals that had received uninfected control grafts
(sce Fig. 5/, B). We have further examined these
animals for their immunoreactivity to NGR recep-
tor (1Gg 192). With this antibody we observed that
in the animals with control grafls there was a
dramatic decrease in the number and intensity of
cell staining in the medial septal area ispilateral to

Fig. 5, Photomicrographs of imnunohistochemical staining for choline acetyltransferease (ChAT) and nerve growth factor receptor
. (NGF1). A, B. Coronal section through mediat septum of tissue stained for ChAT, C, D. Coronal section through medial septum

of tissue stained for NGFr. 4, C. Animal with gralt of retravirus-infecied cells. 8, D. Animal with graft of comsol cells,
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Fig 6. Photomicrographs of sections prepated for in situ
hybiidization for NGE inRNA They are coronal sections taken
theough the middle of the grafts m the funbia formx cavity,
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the fimbria fornix lesion. In stack contrast, the im-
munoreactivity for this same antibody was intense
in the ipsilateral septum for those animals that
received grafts of NGE secreting fibroblasts (see
¥ig. SC, D). Staining for parvalbumin, to evaluate
the survival of GABAcrgic neurons, which also
degencrate following transection of the fimbria-
fornix by 8 weeks (Peterson et al., 1987), indicated
no increased survival in response to NGF-secreting
fibroblasts, indicating the specificity of these
grafts for cholinergic neurons. It is interesting to
note that uninfected control grafts resulted in 50%
sutvival of cholinergic neurons, whereas previous
studies have shiown 10 - 50% survival in untreated
control animals (Hefti, 1986; Williams et al.,
1986). Tais suggests the possibility that the
fibroblasts produce other as yet unknown factors
that can affect cholinergic survival, Alternatively,
this could reftect the variablity in the location of
the lesion with respect to the cholinergic cell
bodies. In our previous study with 208F fibroblasts
as well as the study described here, we observed
that the animals that received NGF-secreting
fibroblasts showed an increase in acetylcholine-
sterase-positive fiber and cell staining, with a
robust sprouting tesponse in the dorsal lateral
quadrant of the septum, and the most intense
staining abutting the cavity containing the graft.
We had previously observed this sprouting in
response to chionic NGF infusion (Gage et al.,
1988), but not to the extent seen in the 208F study,
cven though the fibroblasts secrete NGF at a rate
significantly lower than administered in the infu-
sion studies. This observation may reflect the fact
that the biological activity of the NGF in the pump
decreases with time, while the NGF constantly be-
ing symhesized in the cells remains more or less
constant. Still other alternatives are concejvable,
Recently we have examined the grafts for their
ability to express detectable fevels of NGF mRNA
in parallel sectiops of brains which had been taken
for histochemical evaluation. Individual sections
were processed for in situ hybridization, At 2
weeks following implantation, retioviral-infected
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fibroblast grafts expressed high levels of NGF
MRNA in the graft relative 10 the endogenous
levels in the brain, though message was detected in
the expected arcas of the hippocampus and cortex.
Non-infected grafts showed much less specific
hybridizatlon. There was, however, clear hybridi-
zation around the cdges of the cuvity in which the
airaft was implanted. ‘This may be attributed to the
increased expression of NGF mRNA in the reactive
astrocytes around the wound, but at present we do
not know this to be true. In 3 animals with NGF-
producing grafts processed for in situ hybridiza-
tion at 8 weeks there was continued, though slight-
ly decreased expression of NGF mRNA in the
grall, compared”to those processed at 2 weeks
fullowing grafting (sec Fig. 6).

Discussion -

Our studies have demonstrated that genctically
modified fibroblasts can sugvive intracerebral gral-
ting and continue to express transgenes for at least
2.aponths. Furthermore, the grafts continue to pro-
duce and secrete suflicient NGF to have o biologi-
cal effect duting this period. There are several
prerequisites for a newrological discase to be a can-
didate for this approach:

(1) The pathogenesis of the disease must be suf-
ficiently well understood to allow identification of
the relevant lacking function,

(2) The relevant gene must be available as a well-
characterized cDNA clone,

(3) The affected region of the CNS must be
known and sufficiently localized to permit implan-
tation into the appropriute area(s).

(4) Restoration of normal function must not, at
present, require synaptic contact with target cells,
Instead, the donor cells must produce a factor that
has a mechanism for release by the cells and uptake
by neurons. In the example of NGF, these condi-
tions are satisfied because the NGF precursor pro-
tein includes a signal sequence for secretion, and
the secreted NGF binds to receptors on the target
cholineigic neurons. In other systems the gene pro-
duct may require active transport into storage

vesicles or simply dilfuse through the cell mem-
Lrane. Alternatively, the donor cells can act as a
toxin “'sink'’ by expressing an enzyme that meta-
bolizes a neurotoxin. This, of course,irequires that
the ncurotoxin has a mechanism for leaving tie
neuron and entering the donor cell, - .

(5) ldeally, an animal model should be avail-
uble.

We couclude that the intracerebral grafting of
genetically modified cells could eventually provide
a means for CNS therapy. Together with tradi-
tional neuconal grafting and the upcoming vectors
for Jirect genetic modification of neurons in vivo,
this approach should permit the treatment of
ranerons CNS disorders that cannot be treated by
standard diug therapies.
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ABSTRACT  'The 8/A4 protein is a constituent of plague
and vascular amyloid deposits in Aleheimer disease, Previous
studies huve shown increased levels of amyloid protein precur-
sor (APP) mRNA In basal forebrain ncurons in the disease,
Morphological and ncurochemical changes occur within the
forehrain in Alzheimer diseuse und are abso correluted with
behuvioral Impairments in aged rats. Recent studies suggest
that decreased nerve growth fuctor responsiveness of busal
forebrain neurons is a feature of normal aging und of Alehel-
mer discase. We have used in situ hybridization to show that the
abundance of specitic forms of APP mRNA, which contuin un
inserted Kunite-type scvine proteuse inhibitor motif (APP-751,
APP-770, and APP-related 563), are fncreased relative to the
noninserted form (APP-695) of APP wmRNA n the basul
forebrain of aged rats. ‘This increase appears to be specitic o
animals who exhibit sputinl memory deficits but not aged rats
without behavioral impairments,

The umyloid B/A4 protein is a major constituent of neuritic
(senile) plague and cerebro . ascular amyloid deposits in Alz
heimer diseuse (AD) (1, 2). Although a dircet causal link
between abeirunt 8/ A4 protein accumlation and AD has not
yet been proven, one possible mechanism of plaque forma-
tion may be increased amyloid expression in the discase.
Increased expression of mRNA thiat encodes the amyloid
protein precursor (APP) has been obseived in the basal
forebrain und hippocampal formation in AD (3, 4), suggesting
a nechenism by which pathological deposits of the g/A4
protein could accumulate in the disease. A **brain-specitic®’
form of APP, which encodes a 695-residue molecule (APP-
695), was vriginally cloned by several different laboratories
(5-8). Three alternate forms of APP mRNA, including APP-
751, APP-770, and APP-related 563, have been shown to
contain an **in-frame’’ insertion that ¢ncodes 57 amino acids
homologous to the Kunitz domain of setine protease inhib-
itors (KPI) (9-12). Other serine protease inhibitors, such as
the glia-derived neurite-promoting factor (13), have been
shown to promote neurite extension and to inhibit neuronal
migration. A recent study shows that a secieted form of
APP-751 is idenucal with protease nexin 1 (14), a protein that
has been shown to bind with growth-fuctor-associated pro-
teases, such as the y subunit of nerve growth tuctor (NGE).
Secreted forms of APP have been shown to be involved in
growth regulation (15), whereas the membiane-bound car-
boxyl-terminal portion of the APP molecule appears to be
neurotoxic 1o dillerentinted neuronal cells in culture (16).
Recent studies have shown that NGF increases APP mRNA
expression in the developing and adult rodent basal forebrain
(17, 18). 'Thus, it is possible that APP may be involved in the

The publivation costs of thes asticle were defrayed in part by page charge
payment. This atticle imust therefore be hereby marked “advertisement™
in accordance with 18 U.S.C. $1734 sulely to indicate this fact,

regulation of nenronal growth and atrophy in the aging central
nervous system (CNS).

An experimentisl animal model of aberrant APP expression
would be valuable for elucidation of the potential role of this
moleenle in the age-related neurodegenerative process of
AD. Some aged rodents show learning and memory deficits
correlated with degenerative changes in the basal forebrain
that may resemble certain pathological and behavioral fea-
tuies of AD in humans (19, 20), and thus the behaviorally
impaited sged tat has become a model system in which to
study spatial feaning deficits associated with an age-related
decline in cholinergic integrity in the basal forebrain (21).
Cholinergic neuronal atrophy and/or cell loss in rodents have
been observed not only with basal forebrain nuclei such as
the nucleus basalis, dingonal band, and medial septum, which
send fong projections to the cortex and hippocampal forma-
tiors, but also within cholinergic interneurons of the striatum
(22-26). NGF, which is important for the survival and main-
tenance of cholinergic neurons in the periphery, can reverse
cholinergic ncuronal atrophy in the basal forebrain of behav-
jorally impaired aged rats, emphasizing the importance of
NGE in the nosmal maintenance of cholinergic neuronal
integrity in the adult brain (27).

We examined APP gene expression in the aged rat brain.
Llevated ievels of total APP mRNA within presumptive
cholinergic neurons of the nucleus basalis have been reported
in AD (3), raising the possibility that APP expression may be
correlated with neuronal atrophy in the basal forebrain. In
this study, we have attempted to determine whether similar
pheaomeni may also occur in the aged rodent brain by asking
the following: (i) Is expression of any specific form of APP
mRNA Jifferentially increased in aged rat brain? (ii) Are
cinanges in APP gene expression observed in all aged rats, or
are they related to cognitive impairments in aged animals? In
sitie hybridization has been used to discriminate between the
noninserted (APP-695) and KPl-inserted (APP-751/770/563)
forms of APP mRNA in young aduit, nonimpaired aged, and
behaviorally impaired aged rats. Our data suggest that KPI-
containing APP mRNAs, which contain an inserted serine
protease inhibitor sequence, are selectively elevated relative
to APP-695 mRNA within forebrain neurons in a subpopula-
tion of aged rats that exhibit spatial memory deficits.

MATERIALS AND METHODS

A 1otal of 8 young adult female (age: 7 months) and 11 aged
female (agz: 25 months) Sprague-Dawley rats were used in
this study. Four aged and 4 young control animals were sent
from Sun Diego to Rochester for in sitn hybridization (batch

Abbreviations: APP, amyloid protein precursor; NGF, nerve growth
faclor, AD, Alzhemmer disease; CNS, central nervous system; KPI,
Kunitz-type serine protease inhibitor.
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1). Following these initial studies, an additional group of 4
young and 7 aged animals, which had been tested and
behaviorally characterized, were processed for in situ hy-
bridization (batch 2). In siti hybridization and data analysis
were performed without prior knowledge of the experimenter
as to the behavioral status of the unimals.

Behavioral Studies. Spatial lcarning and memory were
tested in the circular water maze (28). Rats were tested on the
water maze for 5 consecutive days using a visibie plutform,
followed by 5 conseculive days using an invisible platform,
with 2 intervening days between the S-day blocks. Each rat
was given one block of four trials every test day. On the fifth
day of invisible platform .esting, the platform was removed
from the water maze for a fifth trial (*'spatial probe trial'").
The water maze consisted of a tank 152 cm in diameter that
was painted black and filled with room temperature water to
adepth of 34 cm. The invisible platform was a 5§ X § cm black
Plexiglas square supported by a clear Plexiglas base placed 3
cm below the surface of the waler. The visible platform
consisted of an elevated platform with a 6-cm-high base and
20-cm-high wooden rods placed at the corners on top of the
hidden platform. The water maze was located in the corner
of the room containing numerous extramaze cues (e.g.,
posters, the computer, tables). The escape platform was kept
in a constant position in the water maze for all trials. Start
locations were semirandomized such that the first triai each
day began from the same location as the last teinl from the
previous day, and the first trial began from one of the
locations farthest from the escape platform. f a rat was
unable to locate the platform in 90 sec, it was iemoved from
the water and placed on the platform for 20 sec. If a rat was
able to locate the platform, it was allowed to remain on the
platform for 20 sec before beginning the next trial. The swim
path, path distance, and escape latency were monitored using
a video camera, and videotrack images were digitized and
analyzed by a computer programed for water maze data
analysis (San Dicgo Instruments, San Diego, CA).

In Situ Hybridization and Densitometry. In situ hybridization
was performed on paraformaldehyde-fixed coronal tissue sec-
tions using oligonucleotide probes end-labeled with [*3P]JATP or
tailed with dCTP[*5S] using r *hods described previously (4).
For initial in siti hybridizatior . alysis, a 39-mer specific for the
KPI motif present in human APP-751/770/563 mRNA (§'-
CTTCCCTICAGTCACATCAAAGTACCAGCGGGAGAT-
CAT-3Y') ws used for in situ hybridization (29). To increase the
specificity of the hybridization experiments, 33S-labelcd 40-mer
oligonucleotide probes based on recently published rat se-
quences (30, 31) corresponding to the KPI motif shared by
APP-751/770/563 mRNA sequences, as well as a “splice-
junction’’ probe corresponding to rat APP-695 mRNA (Fig. 1),
were hybridized o adjacent tissuc scctions that had becn
collected from all of the animals used in this study. Aged and
young rat brain tissue sections were hybridized on the same
slides. The slides were hybridized overnight at 37°C, and the
posthybridization rinses were taken to a final stringency of 0.5 x
SSC (0.075 M Na(./7.0 mM sodium citrate) at 56°C for the
APP-695 probe and 1x SSC (0.15 M NaCl/15 mM sodium
citrate) at 42°C for the KPI-APP probe, The hybridization and
rinsing conditions allow the discrimination of the 40-mer probe
for APP-695 mRNA from its component 20-mers. The slides
were exposed to x-ray film (DuPont Cronex-4) and subse-
quently processed for emulsion autoradiography using Kodak
NTB-2 emulsion. Manual grain counting was used te determine
relative APP mRNA levels following hybridization with tran-
script-specific probes within the nucleus basalis as described
(32). “Grain clusters' were taken to represent isotopic emission
from single cells (4). ** Within-section® ratios were then used to
normalize to celf groups that did not show variation corrclated
with aging or behavioral impairment, such as the lateral aucleus
of the amygdala. These normalized values were then used to
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KPI - containing APP transcripts:

Protease Inhibitor Motl

R

w1

APP 751 50

App 770 5 |
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Fic. 1. Schematic depiction of the oliganucleotide probes used
for in sitn hybridization and their corresponding APP-695 and
KPl-containing (. °P-751/770) mRNAs. Forty-base oligonucleotide
probes specific for APP-695 and KPl-containing forms of APP
miessage were synthesized based on published rat sequences (30, 31).
In addition to APP-751 and APP-770 mRNAs, another APP-related
mRNA {APP-563) contains the same KPI motif (12) but is not
depicted, The black region at the 3’ end of the APP mRNAs
represents the B/A4 protein motif, whereas the shaded region
represents the protease inhibitor motif that is inserted into the splice
junction shown in APP-695 mRNA,

construct ratios of the relative levels of KPl-containing APP
transeripts to APP-695 for comparisons between impaired and
nonimpaired aged rats,

RESULTS

Three of four aged rats in the initial group of experimental
animals (batch 1) showed dramatic increases in KPI forms of
APP mRNA in basal forebrain regions relative to young adult
rats that were processed for in sitn hybridization at the same
time Because of the variable results in the aged rats of batch
1, a second group (hatch 2) of experimental animals was
examined, which consisted of three aged rats with clear
cognivive deficits (itmpaired), four aged rats with no detect-
able cognitive deficit (nonimpaired), and four matched young
adult vats. Fig. 2 shows x-ray film images of in sitn hybrid-
ization using a *2P-labeled oligonucleotide for human KPI-
containing APP mRNA to coronal tissue sections (Lef?) and
behavioral profiles (Right) of an aged rat with spatial memory
deficits (A), a nonimpaired aged rat (B), and a young adult rat
(C'). At this level of the decussation of the anterior commis-
suire, large increases in this inserted form of APP mRNA can
be seen within the diagonal band/ventral pallidal complex
and within the striatum of behaviorally impaired rats com-
pared with either a nonimpaired aged rat or young adult rat
(Fig. 2). Retrospective analysis of resuits obtained with batch
1 animals showed a pattern consistent with a correlation of
incieased KPl-containing APP message levels with behav-
joral impairment.

To examine cellular changes in APP gene expression that
occur in forebrain neurons during aging, in situ hybridization
with ¥'S-tailed oligonucleotides, based on the published rat
sequences (30, 31), were used for discrimination of KPI-
containing and APP-695 mRNAs on tissue sections processed
for emulsion autoradiography. Relative increases in KPI-
containing mRNA levels were observed in the medial sep-
tum, ventral pallidum/diagonal band complex, and nucleus
basalis megnocellularis in behaviorally impaired aged rats
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FiG. 2, Elevated expression of KPI-comtaining (APP-751/
776/563) mRNA tsanscripts in the telencephalon of an aged vat with
spistin] memory deficits. (Left) X-ray film images of in site hybrid-
izition of KPl-containing APP mRNA transcripts on coronal tissue
sections of rat forebiain at the level of the decussation of the anterior
commissure, Tissue sections in A und C were hybridized on the sime
slide, and the section in 8 was hybridized in the same run, Tissue
sections in 8 und C have tears, and all wie potched for identuficidon
purposes. Nuote the clevated abundance ol KPl-containing APP
MRNA in the ventrid paltidum/diagonal band and stristum of a
behuviorally impaired aged tat (A) versus a nonimpatsed aged rit (8)
and u young adult 1at (C). (Right) Behavioal data from the same
animals obtained in water maze tials. The ratin A shows no apparent
deficitin locating un observable platform in days 1-5, as indicated by
shoit latencies 0 find the visible platform duing the trinning period.
i contrast, this animal shows i severe spatial leaning deficit when
trained to find the hidden plutform located in days 6-10, as indicated
by tong lutencies to find the hidden platform maintained over the
tsials. The nonimpaived sat (8) shows similur decreases in swim
lutencies dusing the visible plutform trials as in the hiduen pintform
triuls. ‘The young tat (A) shows short swim path tutencies over all of
the tiials A human KPI probe (see text) was used in this experiment.

versus nonimpaired rats. Increased levels of KPI-containing
forms of APP mRNA in the nucleus basalis magnocellulatis
and adjacent basal ganglia are shown i Fig. 3. The cellular
speciticity of KPI-containing APP mRNA changes was con-
firmed by examination of other cell types, such as those in the
cerebral cortex and literal nucleus of the amygdala, which
showed similar levels of these forms of APP mRNA in the
sume tissue sections in aged impaired rats as were observed
in aged nonimpaired rats (Fig. 3). Examples of increases in
KPi-containing APP mRNA levels combined with decreases
in APP-695 message levels are shown for the medial septum
of a bebaviovally impaired aged rat versus a ponimpaired
aged rat in Fig. 4. Moie variable increases in KPl-containing
APP imRNA expression were observed in the strintum in half
of the behaviorally impaired aged rats (data not shown).
To provide a relative estimate of the increase in the ratio
of KPl-containing APP transcripts to APP-695 mRNA ubun-
dunce associated with behavioral impairment in the basal
forebrain of the aged rut, we measured the intensity of
38-lubeled probe hybridization from tissue sections proc-
essed for emulsion autoradiography. Grain counts were made

Proc. Natl, Acad. Sci, USA 87 (1990)

from cells of the nucleus basalis in three behaviorally im-
paired aged rats versus three nonimpaired aged animals (n =
100 cells per animal). 1n impaired aged rats, the ratio of grain
counts on KPl-containing to APP-695 mRNA levels was
significantly higher than that in nonimpaired aged rats (Fig.
3). In contrast, cells of the lateral nucleus of the amygdala
measured on the sume tissue sections had similar ratios of
APP mRNA hybridization in impaired and nonimpaired aged
animals (Fig. 5). Thus, it appears that relative increases in the
ratio of KEl-containing to APP-695 mRNA hybridization are
anatomically restricted to certain cell populations in behav-
jorally impaired aged rats,

DISCUSSION

‘The discovery of human APP mRNA transcripts containing
inserted sequences encoding serine protease inhibitor do-
miains (9-11) has prompled new efforts to understand how
diflerentin! APP expression may contribute to amyloid pa-
thology in AD. The originally described APP ¢cDNA sequence
predicts a protein of 695 umino acids (APP-695) (6), whereas
two ferms of B/ A4 protein-containing APP mRNA have been
described that also encode a shared protease inhibitor domain
(APP-751 and APP-T70) (9-11), and this same motif has
recently been described in a form of APP mRNA that does
not encode the /A4 protein (APP-related 563) (12). A simple
hypothesis suggests that overexpression of one form of APP
mRNA may be nreferentially associated with neuritic plaque
formation and cercbrovascular amyloidoses. However, re-
cem studies show that APP-695 and APP-751/770 mRNAs
are expressed widely in neurons of the human brain, and their
anatomical disiribution does not simply correlate with neu-
ronal vulnerability to amyloid pathology (29). Expression of
the noninserted APP-695 mRNA is largely restricted to the
brain (10), and its abundunce varies between different cortical
regions of human CNS (11, 29). Northern blotting studies
show that APP-751/770 mRNA is expressed in a variety of
peripheral tissues (9-11) and js expressed at relatively equal
levels in Jifferent human brain regions (11), except for the
hippocampal formation, where elevated levels of KPI-
comtaining APP mRNA have been described (29). In the
rodent brain, KPl-containing forms of APP mRNA have been
suggested to represent i more minor component of total APP
MRNA than in the human CNS (33),

Previously demonstrated increases in total APP mRNA
expression within certain nevronal subpopulations in AD
nuty result from differential APP gene expression. For ex-
ample, in sitn hybiidization has been used to suggest that
elevated expression of total APP mRNA within nucleus
basalis reurons in AD is due to a selective increase in
APP-6Y5 (noninserted) mRNA levels (34). In contrast,
Johnson et al. (35, 36) used Northern blotting to show
decreased levels of APP-695 message in the cortex and
hippocampa! formation in AD, which they suggest is not a
simple result of the preferential loss of APP-695-containing
ncurons in the disease (37). In addition, increased levels of
KPL-containing (APP-770) mRNA have been observed in the
biains of ALY patients versus age-matched controls (38). Our
results show that levels of KPI forms of APP mRNA are
incieased relutive to APP-695 mRNA in the telencephalon of
aged rats whose spatial memory deficits and cholinergic
neuronal atrophy are annlogous to some features of AD
pathology 1n the humin. A possible explanation for these
findings is that aged rodents, who apparently never develop
mature amyloid pathology (39), overexpress a form of APP
that is not processed to yield the pathological fragment of
B/ A4 protein. However, recent immunocytochemical studies
using anti-B/A4 protein antibodies have revealed a more
ext-wsive distribution of “'diffuse,” immature amyloid de-
posils in AD brain (40), suggesting the possibility that a wide
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Fic. 3. KPl-contuaining
mRNA levels wre increased in the
nucleus basalis magnocelularis
(N13) in aged rals with spatial
memory impaitments, Dark-field
photomecrogiaphs show in site hy-
bridization using a rat ¥*S-labeled
ohgonucleotide probe. (A and C)
Non-impiised aged rat. (8 and D)
Behaviorally impaired aged rat. (C
and D) High power views of A and
B. Large arrows indicate the late
cral nuclens of the amygdala,
which appeirs to contain sunifar
levels of APE mRNA in both ani-
mals. The cerebial cortex also has
sinular levels of KPI forms of APP
mRNA in nonimpaited (£) and
impaited () animals., (A and 8 bar
= 500 pm; C-8 bar = 200 um.)

Fio. 4. Differential expression
of APP mRNAs in the medial sep-
tum i behaviotally impatred aged
tats  KPl-containmg APP mRNA
levels appeir to be increased in
the mediad septum of an impared
aged rat (8, arrows) versus a non-
impatred aged rat (A), whereas a
mote global decreuse in APP-695
mRNA hybridization iy apparent
in this segion in these same ani-
mals (C, nonimpaired aged rat; D,
impatred aged rat). (Bar = 200
pm.}
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$£1G6. 5. Quantification of giain density measurements from in site
hybiidization duta shows that the rutio of KPI-containing to APP-6Y5
MRNA hybiidizution is increased in the nucleus basalis of sged rats
with behaviora) impairments (P < 0.05; nonimpaired; 0.37 = 0.09;
impaired: 1.29 = 0.33; # = three animals). Similar ratios of APP
transcripts are found in the fateral nuclens of the amygdala in
impaired versus nonimpaired aged rats (* > 0.25; nonimpaired: 0.64
z 0.11; impaired; 0.50 £ 0.04; n = thiee animals).

spectrum of aged mammals may accumulate amyloid depos-
its reminiscent ol the human but not previously visualized
using traditional staining methods, ‘Thas, although it appears
that an increase in the neuronal ratio-of KPl-containing to
noninserted APP mRNAs is emerging as @ common theme in
AD and in aged rats, it is also possible that other cell types
such as microglia or astrocytes may be a source of the g/A4
protein. In this context, B/A4 protein immunoreactivity has
recently been found within reactive astrocytes in lesioned rat
brain (41) and within skin cells in AD patients (42), suggesting
the possibility that shifts in APP gene expression or pro-
cessing mity be a common feature of many cell types follow-
ing damage and/or in association with neurodegenerative
discase.

Previous studies have demonstrated the presence of NGF-
responsive cholinergic neurons within some of the same
regions of the basal telencephaton that showed increased
expression of KPl-containing APP mRNAs in this study.
Magnoceltular cholinergic neurons, which comprise the Chl~
Ch4 cell groups and innervate the cerebial cortex and the
hippocumpal formation, are affected by AD pathology (19,
20), and decreased NGF responsiveness of these basal fore-
brain neuronal population appears to be a primary feature of
the disease (43). Neuronal atrophy has been described in
homologous regions of rat forebrain during aging and is
correlated with behavioral deficits in learning and memory
tusks reminiscent of those seen in AD patients (21). Our
results suggest the possibility that alterations in the ratio of
APP mRNAs may be associated with neuronal atrophy in a
subpopulation of aged rats that exhibit behavioral impair-
ments. Studies aimed at a systematic evaluation of the time
course of APP expression in relationship to development of
the cognitive disorder should provide further insight into the
mechanism of behavioral deterioration in the aging nervous
system.
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Fibroblast growth factors stimulate nerve growth factor synthesis and
secretion by astrocytes
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Nerve growth factor (NGF) is produced and secreted by astrocytes and fibroblasts, but not by microglia, in a primary non-neuronal cell
culture derived from newborn rat brains under a standard culture condition. NGF secretion by astrocytes was highest just after passage and
then gradually decreased. There is no significant difference in NGF secretion by astrocytes from five sites of origin tested: cerebral cortex,
striatum, hippocampus, septum, and cerebellum. Acidic and basic fibroblast growth factors (aFGF and bFGF) significantly increased NGF
secretion by astrocytes. The effect of aFGF was greater than that of bFGF, and the effect of both FGFs was not additive at the maximum
concentration. The peak of NGF secretion stimulated by aFGF occurred 3-12 h after the addition of aFGF. On the other hand, the dramatic
increase in cell numbers was observed 12-48 h after stimulation, and the morphological change became significant 24 h after aFGF stimulation.
NGF synthesized by astrocytes is rapidly secreted into the culture medium and aFGF enhances NGF secretion from the transcription level,
because cycloheximide and actinomycin-D completely inhibited NGF secretion by astrocytes in the presence or absence of aFGF. Epidermal
growth factor (EGF), interleukin-18 (IL-18), and tumor necrosis factor-a (TNF-a) also increased NGF secretion by astrocytes to a certain
extent, NGF secretion by astrocytes in the presence of a maximum dose of aFGF was enhanced by the addition of IL-18 or TNF-a, but not
EGF. However, platelet-derived growth factor, interleukin-3, and interleukin-6 had no significant effects. FGFs also enhanced NGF secretion

by fibroblasts derived from meninges, but not by microglia.

INTRODUCTION

Astrocytes are the supporting cells for neurons in the
nervous system and have unique neurotrophic effects.
These neurotrophic effects have been investigated mainly
by in vitro experiments. Astrocytes enhance neuronal
survival and neurite elongation, and suppress the prolif-
eration of neuroblasts*35#>%_ Neurotrophic effects of
astrocytes are considered to be mainly mediated by
neurotrophic factors (NTFs)*. Nerve growth factor
(NGF), which was originally found as a neurite-pro-
moting factor for puripheral sensory and sympathetic
neurons®®, has recently been revealed to be produced
and be functioning as a NTF in the central nervous
system (CNS)*'. The most well-characterized NGF-
sensitive neurons in the CNS are cholinergic neurons in
the basal forebrain?*2!?7, Hippocampal neurons, which
are the target cells of cholinergic neurons in medial
septum, have also been shown to produce NGF?*87,
Although there is no direct evidence for NGF production
by astrocytes in vivo, our previous data have shown that
astrocytes play important roles in the sprouting of
NGF-sensitive septal cholinergic neurons after axo-
tomy'. Moreover, NGF production by astrocytes in vitro

has been demonstrated previously’>®%°, In the in-
jured brain, astrocytes might be stimulated to produce
NTFs, including NGF, which can affect the damaged
neurons. The purpose of this study is to discover the
mechanism regulating the production of NGF by astro-
cytes in vitro. We examined the effects on NGF secretion
by astrocytes of several growth factors and lymphokines,
including acidic and basic fibroblast growth factors
(aFGF and bFGF), which are abundant in the brain and
are the most potent proliferation factors for astro-
cytes¥’,

MATERIALS AND METHODS

Growth factors and lymphokines

Acidic and basic FGFs from bovine brain were purchased from
R&D Systems, Inc. Human recombinant platelet-derived growth
factor (PDGF-BB) and human recombinant interleukin-18 (IL-18)
were from Genzyme. Murine recombinant IL-3 was from Gibco.
Human IL-6 was from Endogen. Mouse submaxillary epidermal
growth factor (EGF) and human recombinant tumor necrosis
factor-a (TNF-a) were obtained from Sigma.

Cell culture

Several brain regions were dissected out from newborn rats
(Fischer 311), and the meninges, blood vessels, and choroid plexus
were carefully removed under a dissection microscope. The brain
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fragments made by passing through a stainless-steel mesh (pore size
200 um) were suspended in Dulbecco modified Eagle’s medium
(DMEM) supplemented with 10% fetal calf serum (FCS), 2.5 mg/l
Fungizone, and 40 mg/l gentamicin, and were seeded in poly-
L-lysine-coated culture flasks (25 cm?, Corning). Astrocyte-enriched
culture obtained after two passages with the enzymatic treatment
was used for the present study.

Meninges removed from newborn rat brain were seeded in
poly-L-lysine-coated culture flasks (25 em?). Fibroblast cultures
were obtained after several passages with enzymatic dissociation
from this primary culture in untreated culture flasks.

Microglia were collected from over-confluent astroglial cultures
according to Giulian and Baker's,

All of the cells used in the present study were grown in 10%
FCS-DMEM at 37 °C in 5% CO,-95% room air.

The cells were seeded on 24-well plates (Corning) for the
measurement of NGF secretion, and were incubated with 0.3
mi/well of medium for NGF measurement. The cell numbers were
counted using a Coulter counter.

NGF protein measurement

NGF protein levels were measured by two-site enzyme-immu-
noassay. (1) Polystyrene microtiter plates (PRO-BIND assay plate,
Falcon) were incubated with 100 ul/well of 50 mM sodium
carbonate/sodium bicarbonate buffer, pH 9.6, containing 0.1 ug of
mouse monoclonal anti-mouse SNGF (Boehringer-Mannheim) for 2
h at 37 °C. (2) Each well was incubated for 16 h at 4 °C with 50 ul
of the samples or with a standard solution (5-160 pg of mouse
BNGF/ml of sample buffer: Tris HCl 50 mM, NaCl 200 mM, CaCl,
10 mM, bovine serum albumin (BSA) 1% (w/v), Triton X-1000.1%
(wiv); pH 7.0). An additional 3 blank wells were incubated with
sample buffer but without NGF. (3) f-Galactosidase-conjugated
monoclonal anti-mouse SNGF (Boehringer-Mannheim) was diluted
to 0.4 U/ml with sample buffer. Each well was incubated with this
solution for 4 h at 37 °C. Each step described above was followed
by 3 washes with sample buffer without BSA. (4) S-Galactosidase
activity was determined by incubation with 100 ul of the freshly
prepared substrate solution (0.3 mg/ml of o-nitrophenyl galactopy-
ranoside in the substrate buffer: HEPES 100 mM, NaCl 150 mM,
MgCl, 2 mM, BSA, 1% (w/v); pH 7.0) for 3 h in the dark at 37 °C.
The optical density of the generated colored product was measured
at 405 nm by using ELISA-reader (Titertek Multiskan Plus, Flow
Labs, Inc.). The detection limit of this assay is 5-10 pg/ml.

Immunocytochemistry and cell labelling method

Cells were grown on poly-t-lysine coated (for astrocytes and
fibroblasts) or untreated (for microglia) sterilized round coverslips
(diameter 13 mm) placed in 24-well culture plates for histological
evaluation. Cells were fixed with 3.7% formaldehyde in phosphate-
buffered saline (PBS) for 5 min at room temperature. For glial
fibrillary acidic protein (GFAP) immunocytochemistry, cells were
treated with methanol at -4 °C for 5 min. Subsequently cells were
treated sequentially with the following reagents: (1) 0.3% H,0, in
PBS for 30 min; (2) 0.1 M glycine for 15 min; (3) 5% BSA for 30
min; (4) rabbit anti-cow GFAP (1:2,000, Dakopatts), rabbit
anti-human fibronectin (1:20,000, Cappel), or mouse monoclonal
antibody MAC OX-42 (1:100, Serotec) in 1% BSA-PBS for 16 h at
4 °C; (5) biotinylated anti-mouse or anti-rabbit IgG (Vector; 1:200)
in 1% BSA-PBS for 60 min; (5) horseradish peroxidase-conjugated
biotin-avidin complex (Vector; 1:100) in 1% BSA-PBS for 60 min;
(6) 0.05% solution of diaminobenzidine tetrahydrochloride, 0.01%
H,0,, and 0.04% nickel chloride in 0.1 M Tris-buffered saline.
Immunolabelled cells were dehydrated in graded alcohol and
mounted on slideglass with Permount (Fisher).

Microglia grown on untreated coverslips were incubated with
cufture medium containing 10 ug/ml of acetylated low density
lipoprotein labeled with 1,1°-dioctadecyl-1-3,3,3",3 -tetrathyl-indo-
carbocyanine perchlorate (Dil-Ac-LDL; Biomedical Technologies,
Inc.) for 3 h at 37 °C in 5% CO,~95% room air. Cells were washed
with culture medium 3 times, fixed with 3.7% formaldehyde in PBS
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for 5 min, and mounted on slidegla. with Fluoromount-G :

(Southern Biotechnology Associates, Inc.).

RESULTS

Cell types and NGF secretion
The cultures obtained after two passages with an

Fig. 1. Immunocytochemistry of astrocyte-enriched cultures derived
from hippocampus for GFAP (a), MAC OX-42 (b), and fibronectin
(c). Arrowheads aud arrows indicate typical OX-42-positive micro-
glia and fibronectin-positive fibroblasts, respectively. X112,




Fig. 2. Fibroblasts from meninges staned for fibronectin (a), and purified microgha labeled with Dil-Ac-LDL (b). x120.

enzymatic treatment from newborn rat brains are mainly
composed of GFAP-positive astrocytes (Fig. la), but
other types of cells are also present. The major popula-
tion of contaminated cells are microglia (Fig. 1b). We
tried to keep the contamination of microglia to less than
5% by an earlier passage from a primary culture and by
removing the detached cells at the washing process with
Dulbecco’s PBS during the passage procedure. Fibro-
blasts may also be present in our cultures (Fig. 1c), but
the percentage of fibroblasts is much less than 1%.
Although our astrocyte-enriched cultures are pure
enough to be characterized as astrocytes, we obtained the
pure fibroblast culture from meninges (Fig. 2a) and
microgha-enriched culture from over-confluent astroglial
cultures (Fig. 2b).

We first examined NGF secretion by astrocytes from
newborn rat hippocampus under a standard culture
condition. NGF secretion by astrocytes is highest just
after passage and then gradually decreases (Fig. 3). NGF
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secretion by astrocytes at the overconfluent stage is
sometimes lower than the detection limit (data not
shown).

NGF secretion by astrocytes derived from cerebral
cortex, striatum, hippocampus, septum, and cerebellum
was tested just after passage. NGF contents in the
conditioned media (CM) are well correlated with the
final cell number at the lower cell density, and reach a
platcau at the higher cell density. All of the astrocytes
derived from the 5 different sites of ongin can secrete
NGF in the same manner (Fig. 4). NGF production by
fibroblasts and microglia was also examined under the
same conditions. The NGF level of microglia CM at each
cell density tested (0.2-1.2 x 10° cells/well) was lower
than the detection limit; however, fibroblasts sccreted
significant levels of NGF (Fig. 4). Although NGF
secretion per cell by fibroblasts is higher than that by
astrocytes. the number of fibroblasts contaminating to
our astrocyte-cariched culture is not high enough to
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Fig. 5. The effects of aFGF (a) and bFGF (b) cn astrocytes derived
from cerebral cortex 3 days after passage were examined. Different
doses of aFGF and bFGF were added to the culture media. NGF
levels in the CM and cell numbers after 24 h of incubation were
determined. The values represent the means + S.D. of 3 determi-
nations (**P < 0.01, *P < 0.05; Student’s t-test).

secrete a detectable level of NGF.

Based on these results, we decided to use the astro-
cytes from cerebral cortex three days after passage for
our experiments,

Effects of FGFs on NGF secretion by astrocytes

Fig. 5 shows the effects of aFGF and bFGF on NGF
secretion by astrocytes, Both types of FGFs dramatically
enhanced NGF secretion by astrocytes in a dose-depen-
dent manner, and the effect of bFGF slightly decreased
at the highest concentration. The effects of both types of
FGFs on NGF secretion werc not additive at the
concentraton which elicits the maximum effect, although
they were additive at a lower concentration (Fig. 6).
These results suggest that both FGFs stimulate the same
transduction pathway to NGF synthesis and secretion.

Subsequently the time course of NGF secretion by
astrocytes stimulated by aFGF was examined, because

704 ¢
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Fig. 6. The combined effect of aFGF and bFGF on NGF secretion
by astrocytes three days after passage was examined. NGF levels in
CMs 24 h after incubation were measured. The values represent the
means * 8.D. of 3 determinations (*P < 0.1; compared to aFGF,
bFGF, and none. Student’s t-test).

the previous data had shown that the effects of both
FGFs were similar and that aFGF had a stronger effect
on NGF secretion than bFGF. The enhancement of NGF
secretion by the addition of 25 ng/ml of aFGF was
detected within 3 h, and the peak of NGF secretion
occurred 6-9 h after stimulation (Fig. 7a). NGF secretion
24-48 h after aFGF stimulation was almost the same as
that seen in control cells (Fig. 7a). On the other hand, a
remarkable increase in cell number was observed 12-48
h after the aFGF stimulation (Fig. 7b), and the morpho-
logical changes became significant 24 h after the addition
of aFGF (Fig. 8). As part of this experiment, the effects
of cycloheximide (CH) and actinomycin-D (AC-D),
which are a protein synthesis inhibitor and an RNA

TABLE I

The effects of cycloheximide (CH) and actinomycin-D (AC-D) on
NGF secretion by astrocytes

NGF concentrations in CM determined after 9 h of incubation. Cell
numbers were counted at the end of the experiment. Values
represent means + S.D. of 3 determinations.

Treatment NGF conc. Cell no.

(pg/ml) (%10 cells/well)
None 152 3.46+0.09
aFGF (25 ng/ml) 63+3 3.38+£0.18
aFGF + CH (10 ug/ml) <5 3.30£0.17
aFGF + AC-D (10 ug/m!) <5 3.37+£0.07
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synthesis inhibitor, respectively, were tested. The results
shown in Table I indicate that NGF protein synthesized
by astrocytes is rapidly secreted, and aFGF apparently
stimulates NGF production and secretion from the
transcription level.
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TABLE II

The effects of various growth factors and lymphokines on NGF
production by astrocytes

NGF concentrations in CM determined after 24 h incubation. Cell
numbers were counted at the end of the experiment. NGF secretion
standardized by the cell number determined at the end of the
experiment. Effects of lymphokines were examined by a separate
experiment. Values represent means * S.D. of 3 determinations.

Treatments Conc. of Cell no. NGF secretion
NGFinCM  (x10°Iwell)  (pg/10° cells/
(pg/ml) 24h)
None 30+6 2.19+0.12 42405
aFGF (25 ng/ml) 113+ 14** 2.65+£0.08** 12.9+£2.0*
bFGF (25 ng/ml) 90+ 11** 2.48+0.03* 10.8%+1.4**
PDGF (10 ng/ml) 24+2 2.27+£0.01 31403
EGF (20 ng/ml) 46 + 3** 233+£020 5903
None 183 1.97£006 27205
IL-18 (30 U/ml) 42 + 8* 2062009 6.1+1.0°
IL-3 (100 U/mi) 14+1 1.82+005 23+£03
IL-6 (30 U/ml) 152 1.79+005 2.6x0.2
TNF-a (100 ng/ml) 43+9* 2082003 6.2+12*

**P<0.01, *P <0.05(Student’s -test).

NGF secretion by astrocytes induced by growth factors
and lymphokines

The effects of other growth factors and lymphokines
are summarized in Table II. PDGF, IL-3, and IL.-6 do not
have a significant effect on NGF secretion by astrocytes.
However, EGF, IL-18, and TNF-a also increased NGF
secretion. Among the growth factors and lymphokines
tested in the present study, FGFs were found to be the
most potent stimulators of NGF production by astro-
cytes.

Subsequently the effects of EGF, IL-18, and TNF-a
were examined in the presence of aFGF. IL-18 and
TBF-a increased NGF secretion under this condition,

\*'x;\:“‘; l:}le
my S
v/

X Lo

Fig. 8. GFAP immunocytochemical staining of untreated astrocytes (a) and aFGF-treated astrocytes (b; 24 h after the addition of aFGF (25

ng/ml)). x120.




-—h
8

1001 #

NGF (pg/ml)

c8sss

aFGF: 28 ng/mi
EGF: 20 ng/mi

None oFGF EGF  oFGF+EQF

120 g
100 b
80 4
60 -

NGF (pg/mi)

20 1 aFGF: 25 ng/mi
iL-18: 30 u/mt

None sFGF 1L-18 aFGFe+iL-18

5588
o

40 4

NGF (pg/mi)

20 1 aFGF: 25 ng/ml
TNF-oc : 100 ng/ml

Nene ofGF TNF-a sFGFeTNF-cr

Fig. 9. The effects of EGF (a), IL-18 (b), and TNF-a (c) on NGF
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and the results showed that aFGF and IL-8 or TNF-a
synergically regulate NGF secretion by astrocytes (Fig.

TABLE III
The effects of FGFs on NGF secretion by fibroblasts from meninges

NGF concentrations in CM determined after 24 h incubation from 3
days after passage. Cell numbers were counted at the end of the
experiment. NGF secretion standardized by the cell number
determined at the end of the experiment. Values represent means &
$.D. of 3 determinations.
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Fig. 10. The proposed mechanism of FGF activation of astrocytes
in the damaged brain. In the normal brain, FGFs are mainly
localized in the neurons. (1) In the case of brain damage, FGFs are
released into the extracellular space from neurons, and act on
astrocytes as a paracrine type growth factor. The disrupted
blood-brain barrier may allow the influx of EGF in blood into the
damaged brain. Microglia activated by the injury secrete IL-1,
TNF-a, and NGF. (2) FGFs, EGF, TNF-a and IL-1 stimulate the
secretion of NGF, and possibly other unknown NTFs, by astrocytes
to save the damaged neurons. FGFs also stimulate NGF production
by fibroblasts. (3} Subsequently, the number of astrocytes increases
remarkably. (4) Astrocytes become so-called ‘reactive’ astrocytes at
the end of this activation process. These reactive astrocytes no
longer actively secrete NGF.

9b,c). However, EGF had no significant effect in the
presence of aFGF (Fig. 9a).

TABLE IV
The effects of FGFs and L PS on NGF secretion by microglia

NGF concentrations in CM determined after 24 hincubation from2h
after passage. Cell numbers were counted at the end of the
experiment. NGF secretion standardized by the cell number
determined at the end of the experiment. Values represent means
$.D. of 3 determinations.

Treatments Conc. of Cell no. NGF secretion Treatments Conc. of Cellno. NGF secretion
NGFinCM  (x10°Iwell)  (pgl10° cells/ NGFinCM  (x10°lwell)  (pg/10° cells!
(pg/ml) 24h) (pg/ml) 24h)
None 181 042£0.03 12.8+1.2 None <10 1.17£0.01 -
aFGF (25 ng/ml) 104 +12**  0.61 £0.03* 50.9%+4.0** LPS (10 ug/ml) 23+8 1.28+0.07 54%2.1
bFGF (25 ng/ml) 43 £ 3** 045%£0.03 28.7+0.5** aFGF (25 ng/ml) <10 1.26 £0.05 -
bFGF (25 ng/mi) <10 1.24£0.08 -

**P <0.01, *P < 0.05 (Student’s t-test).
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Effects of FGFs on NGF secretion by fibroblasts and
microglia

Because FGFs were revealed to be potent regulators of
NNF production by astrocytes, the effects of FGFs on
NGEF secretion by fibzoblasts and microglia were tested.
Both of the FGFs also increased NGF secretion by
fibroblasts (Table III); however, the FGFs had no
significant effects on NGF secretion by microglia. Lipo-
poly-saccharide (LPS; Sigma) enhanced NGF production
by microglia (Table IV).

DISCUSSION

FGFs, which were originally .urified from the brain
and the pituitary gland as potent mitogens for fibro-
blasts!®!, are pluripotent growth factors for many kinds
of cells, including astrocytes®. The typical effects of
FGFs on astrocytes are: (1) stimulation of proliferation,
(2) remarkable morphological changes (astrocytes be-
come more fibrous-shaped in the presence of FGFs), and
(3) induction of astrocyte-specific proteins, such as GFAP
and glutamine synthetase”3346, We have demonstrated
here the role of FGFs as potent regulators of NGF
synthesis and secretion by astrocytes and fibroblasts.

The most well-characterized NGF-sensitive cells in the
CNS are the cholinergic neurons in the basal forebrain,
and the NGF-producing cells are their target neurons. In
the normal brain, NGF molecules synthesized in the
target neurons are retrogradely transported to the NGF-
sensitive neurons and act as a maturation and mainte-
nance factor?®!*_ It is well known that astrocytes have
an exclusive neurotrophic effect in vitro, and this effect
is considered to be mediated by NTFs, including NGF.
NGF produced by astrocytes may not be important
during the normal development of the CNS neurons,
because the proliferation and maturation of astrocytes
occur later than the maturation of neurons®. However, in
the pathological condition, NGF produced by astrocytes
may play an important role in repair, sprouting, and
aberrant regeneration. We assume that astrocytes are
stimulated to produce and secrete NTFs, including NGF,
in the damaged brain and support the survival of
damaged neurons. The present results strongly support
our hypothesis. In the case of brain damage, FGFs, which
are mainly localized in the neurons in the normal
brain®>*’, might be released into the extracellular space

and stimulate proliferation of and NGF secretion by
astrocytes. FGFs are also considered to be produced by
astrocytes and to act as an autocrine growth factor!'!?;
thus, exogenous FGF might stimulate FGF production by
astrocytes,

The increase in NGF production and secretion by
astrocytes is an early and transient response to FGF

stimulation, relative to the morphological changes in the
cells. The morphological appearance of astrocytes in-
duced by FGFs is similar to that of reactive astrocytes in
vivo. Our present results suggest that the so-called
‘reactive astrocytes’ do not actively secret¢ NGF. FGFs
may also enhance the production by astrocytes of other
kinds of NTFs, in addition to NGF, as evidenced by the
fact that brain injury increases non-NGF type neurotro-
phic activity at the lesion site®.

Among the growth factors and lymphokines we tested,
EGF, IL-1, and TNF-a enhanced NGF production by
astrocytes. A significant level of EGF exists in the blood
and the cerebrospinal fluid (CSF)”%. The disrupted
blood-brain barrier and blood-CSF barrier in the case of
brain injury may allow the influx of EGF into the brain.
On the other hand, IL-1 and TNF-a are products of the
activated microglia (macrophage)®24, and IL-1 has been
shown to be a proliferation factor for astrocytes'®!’.
EGF and IL-1 have also been shown to exist in the
brain®'", and IL-1-like activity was shown to be increased
by brain injury*’; thus EGF and IL-1 may act on
astrocytes in vivo. Although the effects of EGF, IL-1 and
TNF-a are less than those of FGFs, these 3 biologically
active proteins can significantly increase NGF secretion
by astrocytes. Furthermore, IL-1 and TNF-a act as
regulators of NGF production in concert with FGF. 1L-1,
TNF-a and EGF may also play an important role in NGF
production by astrocytes in the case of brain damage.
Fibroblasts and microglia can also produce NGF. Acti-
vated microglia with LPS were found to produce NGF¢,
and we have reconfirmed that finding in the present
study. On the other hand FGFs do not have significant
effects on NGF secretion by microglia, but stimulate
NGF production by fibroblasts derived from meninges,
Fibroblasts are a major component of a scar which is the
vestige of injury, and thus NGF produced by fibroblasts
and by activated microglia may act as a neutrotrophic
factor in the case of brain injury. This hypothesis is
presented schematically in Fig. 10.

Although there is no direct evidence for NGF produc-
tion by astrocytes in vivo, NGF production by cultured
astrocytes has recently been shown'*2®, More recently,
Spranger et al.®® reported the effects of transforming
growth factor-a, bFGF, EGF, and IL-1 on NGF synthesis
by astrocytes cultured with the medium containing a very
low amount of FCS. The accumulated evidence clearly
demonstrates that astrocytes can produce NGF (or
NGF-like molecules) in vitro. However, NGF production
by astrocytes is extremely variable. Many molecules can
regulate NGF production by astrocytes, and among
these, FGF is the most potent regulator of NGF
production by astrocytes, and the only factor which can
display the mitogenic function by astrocytes in the




presence of FCS. This suggests that FGFs stimulate the
function of ‘healthy’ astrocytes.

FGFs are heparin-binding proteins, and heparin is
known to modulate the activity of aFGF*>. Heparin
enhances the activity of aFGF in a serum-free condition,
but reduces it in the presence of serum’>. All of the
present experiments were done in the presence of fetal
calf serum. Heparin reduced the effect of aFGF on NGF
secretion by astrocytes in our culture condition (data not
shown), which agrees with the findings by Uhlrich et
al.3, The modulation of the effect of aFGF on NGF
secretion by heparin, and the effects of other growth
factors and lymphokines in a serum-free condition are
under investigation.

In the peripheral nervous system, Schwann cells and
fibroblasts produce NGF after injury?>. NGF production
by fibroblasts from the sciatic nerve is mainly regulated
by IL-1, which is a product of the activated macrophages,
and not by FGFs*. PDGF, which can increase NGF
production by the fibroblasts from the sciatic nerve®, has
no effect on NGF production by astrocytes. More
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