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Intraventricular Administration of Antibodies to Nerve Growth
Factor Retards Kindling and Blocks Mossy Fiber Sprouting in Adult

Rats
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Repeated subconvulsive electrical stimulation of certain
areas of the forebrain leads to kindling, a progressive and
permanent amplification of evoked epileptiform activity,
which is a model for human temporal lobe epilepsy. Recent
studies have shown that kindling induces synthesis of
nerve growth factor (NGF) and brain-derived neurotrophic
factor (BDNF) but not neurotrophin-3 (NT-3) in the hippo-
campus and cortex. Kindling also elicits mossy fiber
sprouting and functional synaptogenesis in the supragran-
ular layer, the hilus, and the CA3 region of the hippocam-
pus. Intraventricular administration of antibodies to NGF
has been shown to effectively block septohippocampal
sprouting in the adult rat, and has been reported to retard
amygdaloid kindling. In the present study, we have inves-
tigated the possible role of NGF in both kindling and kin-
dling-associated sprouting. We have confirmed a kindling-
induced sprouting of the mossy fibers into the stratum or-
iens of the CA3 region of the hippocampus, utilizing a new
semiquantitative method of analysis based on Timm stain-
ing. Previous studies found no overt signs of hippocampal
damage with this kindling paradigm, indicating that the in-
creased Timm staining likely reflects a purely activity-in-
duced sprouting. Intraventricular infusion of affinity-puri-
fied anti-NGF 1gGs (which cross-react with NT-3 but not
BDNF) resulted in both significant retardation of kindling
and inhibition of the kindling-induced mossy fiber sprout-
ing. The findings suggest a role for NGF in both these phe-
nomena.

[Key words: anti-NGF, mossy fibers, sprouting, kindling,
intraventricular administration, adult rat, neurotrophin]

Kindling is a phenomenon in which repeated low-intensity (sub-
convulsive) electrical stimulation of forebrain areas leads to a
progressive and permanent amplification of the evoked epilep-
tiform discharge and the eventual development of convulsive
activity (Racine, 1972; Racine and Burnham, 1984). It has been
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widely accepted as a model for human temporal lobe epilepsy,
particularly the secondary generalization of complex partial sei-
zures. During the development of kindling, sprouting of the hip-
pocampal mossy fibers (i.e., axons of the dentate gyrus granule
cells) has been observed in the supragranular layer (Sutula et
al., 1988; Cavazos et al., 1991), the hilus (Represa et al., 1993),
and in the CA3 region (Represa and Ben-Ari, 1992) of the hip-
pocampus. These new neurites appear to establish synaptic con-
nections (Represa and Ben-Ari, 1992; Represa et al.,, 1993).
Mossy fiber synaptic reorganization has also been described in
the epileptic human temporal lobe (Sutula et al., 1989; Houser
et al., 1990; Houser, 1992; Masukawa et al., 1992).

The mechanism of the progressive development of seizure
activity and of kindling-induced sprouting is unknown. In the
case of perforant path kindling, there is some loss of neurons in
the hilus of the dentate gyrus (Sloviter, 1987; Cavazos et al.,
1994; Spiller and Racine, 1994) and in CAl (Cavazos et al.,
1994). This cell loss increases with repeated seizures. Loss of
neurons with a concomitant disappearance of axons in the mo-
lecular layer and CA3-CA4 areas could act as a trigger for
sprouting (see Diamond et al., 1992). Thus far, it is not clear
whether amygdala kindling produces cell loss in conjunction
with mossy fiber sprouting. Cavazos et al. (1994) reported loss
of neurons in animals in which large numbers of amygdala kin-
dled seizures had been triggered. However, Represa et al. (1989)
and Represa and Ben-Ari (1992) reported sprouting in amygdala
kindled animals with no accompanying cell loss. No signs of
degenerating cells were found following amygdala kindling, us-
ing a sensitive cupric/silver stain (M. Khurgel, R. C. Switzer, G.
C. Teskey, A. E. Spiller, R. J. Racine, and G. O. Ivy, unpublished
observations). It remains to be seen, then, whether kindling-in-
duced sprouting represents a purely activation-induced phenom-
enon.

Neurotrophins such as nerve growth factor (NGF) and brain-
derived neurotrophic factor (BDNF) also seem likely to play an
important role in kindling and in kindling-associated synaptic
reorganization. Kindling-induced seizures lead to a rapid, tran-
sient increase of NGF and BDNF mRNAs and NGF protein in
the dentate gyrus and parietal and piriform cortices (Ernfors et
al., 1991; Bengzon et al., 1992, 1993; Dugich-Djordjevic et al.,
1992), whereas neurotrophin-3 (NT-3) mRNA remains unchan-
ged (Ernfors et al., 1991) or is reduced (Bengzon et al., 1993).
TrkB (BDNF receptor) mRNA and protein are also induced in
the hippocampus after kindling (Merlio et al., 1993). Lowenstein
et al. (1993) reported an increase in neurotrophic activity, using



a chick dorsal root ganglia (DRG) bioassay, in rat hippocampal
extracts after kainic acid (KA) induced seizures. Changes in neu-
rotrophin expression (Ernfors et al., 1991) have also been cor-
related with changes in the excitatory glutamate and inhibitory
gamma-aminobutyric (GABA) transmitter systems (Zafra et al.,
1991; Lauterborn et al., 1993), which have both been proposed
to be involved in kindling (Sato et al., 1990). In addition, cho-
linergic systems, which are known to be regulated by NGF
(Barde, 1989), can influence kindling epileptogenesis (Arnold et
al., 1973; Cain, 1983; Westerberg and Corcoran, 1987; Cain et
al., 1988). The possibility that neurotrophins might be causally
involved in kindling was demonstrated by Funabashi et al.
(1988), who reported that anti-NGF administration delays the
development of amygdaloid kindling.

The role of NGF in CNS sprouting is well established. Ex-
ogenous NGF evokes axonal outgrowth in the lesioned septo-
hippocampal pathway (Hagg et al., 1990), while intraventricular
anti-NGF administration blocks collateral sprouting of septohip-
pocampal fibers following entorhinal cortex lesions (Van der Zee
et al., 1992). Thus, it seems possible that induction of NGE and
possibly other neurotrophins, is required for kindling-induced
sprouting, and that this sprouting actually contributes to the de-
velopment or persistence of the kindled state. In this study, we
examined whether treatment by a well-characterized antibody to
NGF would result in inhibition of both mossy fiber sprouting
and kindling.

Materials and Methods

Animals

Male Long-Evans hooded rats, 300400 gm, were housed individually,
maintained on an ad libitum feeding schedule, and kept on a 12 hr
on/12 hr off light cycle.

Surgery: electrode implants and intraventricular cannulation

The rats were anesthetized with ketamine hydrochloride (100 mg/kg)
and xylocaine hydrochloride (10 mg/kg) and placed in a stereotaxic
holder. Bipolar electrodes, made from teflon-coated, stainless steel wires
(diameter 190 pwm), were implanted into the right amygdala. The ste-
reotaxic coordinates, selected from Paxinos and Watson (1982), were
2.8 mm posterior and 4.8 mm lateral to bregma, and 8.6 mm ventral to
brain surface. Immediately after the electrode implantation, a cannula
was implanted into the lateral ventricle, 5 mm below the skull surface,
at 0.6 mm caudal to bregma and 1.3 mm lateral to the midline. It was
firmly attached to the skull with dental cement, and anchored with three
stainless steel screws. An osmotic pump (Alzet model 2002, flow speed
0.5 pl/hr, effective maximally 14 d), connected to the cannula via poly-
ethylene tubing and placed subcutaneously in the neck area, delivered
100 pg/d affinity-purified anti-NGF or control serum IgGs. Histological
examination of coronal sections containing lateral ventricle or amygdala
was done at the end of one experiment (n = 3) to confirm correct
placement of the cannula and the electrode, respectively. The animals
were given 3 d recovery after surgery, before the kindling paradigm
was started.

Kindling paradigm

Stimulation-evoked afterdischarges. All animals received a.1 sec train
of 1 msec pulses at a frequency of 60 Hz and a pulse intensity of 200—
400 pA. This low-intensity stimulation was sufficient to trigger an epi-
leptiform afterdischarge (AD) after each such stimulation. Rats were
stimulated twice per day over a period of 11 d, and the duration and
magnitude of the afterdischarges were recorded electrophysiologically.

Behavioral seizures. Progression of kindling was also monitored be-
haviorally, twice per day for 11 d, by recording the behavioral seizure
stage after each stimulation. Behavior was rated on a scale of 1 0 5
according to Racine (1972): (1) mouth and facial twitches, (2) clonic
head movements, (3) forelimb clonus, (4) clonic rearing, (5) loss of
postural control (falling). Animals were regarded as fully kindled when
they exhibited three consecutive stage-5 seizures. Animals that failed to
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Table 1. Ability of anti-NGF IgG to block neurotrophin-induced
neurite outgrowth

Average number

of neurites % Inhi-
(range) bition
Superior cervical ganglia
NGF 64 (62-65)
NGF + anti-NGF IgG 0 100
Dorsal root ganglia
NGF 132 (120-143)
NGF + anti-NGF IgG 0 100
BDNF 58 (54-61)
BDNF + anti-NGF IgG 48 (44-52) 17
NT-3 52 (47-57)
NT-3 + anti-NGF IgG 1(0-2) 98

Nodose ganglia
BDNF
BDNF + anti-NGF IgG

136 (109-163)
135 (133-136) <1

Recombinant NGF, BDNE, or NT-3, affinity-purified from baculovirus-infected
insect cell cultures, was used in a bioassay at a concentration evoking maximal
neurite outgrowth. Neurotrophic factors, with or without affinity-purified sheep
anti-NGF IgG (10 pg/ml), were added to dissociated mouse superior cervical,
dorsal root, or nodose ganglion neurons. After 48 hr, the number of neurons
exhibiting neurites with lengths greater than twice the cell body diameter were
counted in each dish. The numbers represent the average of two dishes and
their range. The percentage inhibition exerted by anti-NGF IgG is one minus
the average number of neurites in the presence of anti-NGF IgG divided by
the number of neurites in the absence of the antibody.

reach stage 5 after 22 stimulations were assigned a value of 22 for the
purpose of calculating kindling rate.

Anti-NGF antibody preparation, 1gG purification, and
characterization

NGF (2.5S) was prepared from male mouse salivary glands according
to the method of Mobley et al. (1976), and further purified by HPLC
according to Petrides and Shooter (1986). The ability of purified NGF
to promote neurite outgrowth was determined using cultures of disso-
ciated mouse superior cervical ganglion neurons (Coughlin and Collins,
1985). To obtain antibodies, sheep were immunized with 0.5 mg of 2.5S
NGF intradermally (5-10 sites) in complete Freund’s adjuvant initially,
and in incomplete adjuvant every 4 weeks thereafter.

Blood (150 ml/animal) was collected 10 d after each booster injec-
tion. Serum was prepared by clotting the blood at room temperature
followed by centrifugation at 1,500 X g for 30 min, heat inactivation
at 56°C for 30 min, and sterilization using 0.22 pm filters (Nalge Com-
pany, Rochester, NY). To determine serum titers of anti-NGF prepara-
tions, serial dilutions of the antiserum in culture medium were combined
with equal volumes of medium containing 20 ng/ml 7S NGF and in-
cubated at 37°C for | hr. Sheep preimmune serum was used as control
serum. IgG was purified from serum by differential precipitation, using
caprilic acid followed by ammonium sulfate (McKinney and Parkinson,
1987). NGF-specific antibody was further purified using affinity chro-
matography on 2.5S NGF coupled to CN-Br Sepharose 4B (Pharmacia).

Specificity of biological activity of anti-NGF IgG was determined by
studying its ability to block neurotrophin-induced neurite outgrowth in
a neurite outgrowth bioassay (Coughlin and Collins, 1985; Yamamori,
1992). The anti-NGF IgG neutralizes the activity of purified mouse 7S
NGF half-maximally at a concentration of 0.1 pg/ml and completely at
a concentration of 0.5 pg/ml. Recombinant NGE BDNE or NT-3 from
baculovirus-infected insect cell cultures was used to test the inhibitory
effects of the anti-NGF IgG on dissociated superior cervical ganglion,
dorsal root ganglion, or nodose ganglion neurons from newborn (day
1) mice (see also legend Table 1).

Timm histochemistry

The Timm staining procedure was used to stain the Zn?*-containing
mossy fibers. At day 15 postsurgery, rats were anesthetized with sodium
pentobarbital (65 mg/kg) and perfused transcardially (the descending
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aorta was clamped off) with 50 ml sodium sulfide perfusion medium
(8.9 gm Na,S-9H,0, 10.9 g sucrose, 1.19 g Na,PO,-H,0 per 100 ml).
The brains were removed, covered with Tissue-Tek® (Miles Inc. Diag-
nostics Division, Elkhart, IN) and immediately frozen on dry ice. Hor-
izontal 36 pm sections of the hippocampal area at 4.1-4.6 mm ventral
to bregma were cut on a cryostat and mounted on chromium potassium
sulfate (chrom alum)-coated slides. The sections were developed in the
dark for 60-80 min in a 60:30:10 ml mixture of gum arabic (50 gm/100
ml), hydroquinone (5.67 gm/100 ml), and citric acid (6.375 gm/25 ml)—
sodium citrate (5.875 gm/25 ml) buffer; 0.5 ml of a silver nitrate so-
lution (1.7 gm AgNO,/10 ml) was added per 100 ml developing mixture
(Danscher, 1981; Sutula et al., 1988).

Quantification of distribution of Timm granules in the stratum
oriens

Mossy fiber sprouting was evaluated by comparing the density of Timm
granules in the stratum oriens of kindled rats receiving control serum
or anti-NGF IgGs with the density values of the stratum oriens of con-
trol animals. The group of control animals consisted of seven nonkin-
dled rats without an implanted electrode and three unstimulated rats
with an implanted electrode. Neither control group had an implanted
cannula. Density measurements of electrode-implanted nonkindled con-
trol rats did not differ from the nonimplanted, nonkindled control rats.
The horizontal sections from the dorsal hippocampus were examined at
100X magnification by creating a digitized image (monitor screen 19
X 25 cm), utilizing an image analysis system (Micro Computer Imaging
Device, Brock Univ., St. Catharines, Ont., Canada). The maximum den-
sity value range in this system was 0-256. The density of Timm gran-
ules was measured at 20 adjacent positions along the extent of the
stratum oriens (see Fig. 2D). Background values were provided by read-
ings at 10 cursor placements in the stratum radiatum of the CA3. All
density readings of the strata oriens and radiata were within the linear
range of 110-200. The initial statistical analyses were done on the raw
density values (see Fig. 3).

In order to account for variations in background Timm staining den-
sity from section to section, and still be 'able to compare the density of
the strata oriens Timm staining in the different sections, we constructed
a standard curve. We measured the density of Timm granules in the
stratum oriens and the background density in the stratum radiatum of
seven nonkindled control rats. A total of 80 correlated values (seven
rats; 1012 hippocampal sections/rat) was plotted and a regression line
curve fit was calculated to provide a standard curve of density in the
stratum oriens versus background density in the stratum radiatum (see
Fig. 4). Next, the density of Timm granules in the stratum oriens and
the background density of the stratum radiatum of both the control
serum IgG (n = 5) and the anti-NGF IgG (n = 6) treated kindled rats
(9-14 hippocampal sections/rat) were measured. A group of anti-NGF
IgG infused, electrode-implanted but nonkindled rats (n = 5) was stud-
ied as well. The density of the stratum oriens of the kindled brain
sections was compared with the stratum oriens density values of non-
kindled control brain sections with the same background density value,
using the standard curve in Figure 4. The stratum oriens Timm granules
density in kindled rats was expressed as percentage increase (in density)
compared to control nonkindled rats (see Fig. 5)

percentage increase

_ experimental density value — control density value

: X 100
control density value

ChAT immunocytochemistry, optical density measurement

The buffers used for perfusion and immunocytochemical staining were
phosphate-buffered saline (PBS, pH 7.2) and 0.1 M phosphate buffer
(PB, pH 7.3).

For ChAT immunocytochemistry, rats received a 2 week intraven-
tricular infusion of control serum IgG (n = 4), anti-NGF IgG (n = 4)
or no treatment (n = 3), and were subjected to the same amygdala
kindling paradigm as described above. Another control group consisted
of three nonkindled, noninfused animals. After 2 weeks, the rats were
perfused with 4% paraformaldehyde, 4% picric acid in PB. The brains
were removed, postfixed for 3 hr, washed in PB (three changes), and
stored overnight. Coronal 50 pm vibratome sections of the entire basal
forebrain were cut. The free-floating sections were incubated for 1 hr
in a blocking solution containing 5% heat-inactivated normal horse se-

rum and 0.3% Triton X-100 in PB at room temperature, then incubated
overnight in a 1:600 dilution of the anti-ChAT primary antibody (Chem-
icon Int. Inc., Temecula, CA) in blocking solution. The following day,
the sections were washed in PBS for 2 hr (six changes), then incubated
for 2-3 hr in a 1:200 dilution of secondary antibody (biotinylated goat-
anti-rabbit, Dimension Laboratories Inc., Mississauga, Ont., Canada) in
1.5% heat-inactivated normal horse serum in PB. The sections were
washed for 1 hr in PBS (three changes), then incubated for 1 hr in a
1:100 dilution of avidin-biotin horseradish peroxidase (Dimension Lab-
oratories Inc.) in PB, followed by a 1 hr wash in PBS (three changes).
Finally, each set of sections was immersed for 5 min in 0.05% DAB,
0.02% hydrogen peroxide in PB and rinsed in PBS.

The ChAT-positive cell bodies in the medial septum and vertical di-
agonal band of Broca from 10-13 sections of each rat brain were iden-
tified at a magnification of 100X. The number and optical density of
all ChAT-positive cells visible on the screen image in each of these
sections were measured, using an image-analysis system (MCID: Micro
Computer Imaging Device, Brock Univ., St. Catharines, Ont., Canada).

Statistical analysis

An ANOVA with repeated measures and a supplemental ¢ test was
performed to compare the number of stimulations needed to reach stage
5 seizures, and the Student’s r test was used for comparison of the
average number of stimulations required for control serum and anti-
NGF-treated kindled rats. A one-way ANOVA with a supplemental ¢
test was applied for the comparison of the average optical densities of
ChAT immunocytochemically stained basal forebrain cell bodies and
for comparison of the stratum oriens Timm staining density data; the
Student’s ¢ test was applied to compare the average percentage increase
in density values of the two groups of kindled rats.

Results

Anti-NGF IgG blocks NGF-induced, but not BDNF-induced,
neurite outgrowth

The ability of anti-NGF IgG to completely block NGF-induced
neurite outgrowth in an in vitro bioassay of mouse superior cer-
vical and dorsal root ganglia is shown in Table 1. Anti-NGF IgG
did not block BDNF-induced neurite outgrowth from mouse no-
dose ganglion neurons, and only slightly blocked outgrowth
from dorsal root ganglion neurons. The anti-NGF IgG also
blocked NT-3-induced neurite outgrowth in dorsal root ganglion
neurons (Table 1).

Anti-NGF treatment delays kindling-induced seizures

Intraventricular infusion of anti-NGF for 2 weeks resulted in
significant retardation of kindling. Rats were stimulated twice a
day over an 11 d period, beginning 3 d after electrode and can-
nula implantation. In animals that received intraventricular an-
tibodies to NGE the number of stimulations needed to reach
stage 5 seizures was significantly greater than for rats receiving
control serum IgGs. Three of the 12 anti-NGF—treated rats failed
to reach stage 5 during the kindling phase and were assigned a
value of 22 stimulations. The average number of stimulations
required to reach stage 5 seizures (or 22 stimulations) was 16.4
+ 1.1 for 12 anti-NGF—treated rats, as compared to 10.4 = 1.0
for 9 control animals (p < 0.001; Fig. 1A), confirming the pre-
vious results of Funabashi et al. (1988). This retardation of kin-
dling was seen at all five stages [Fig. 1B; F(1,19) = 2827, p <
0.001].

Mossy fiber sprouting in hippocampal area CA3 of kindled
rats

Figure 2 shows representative examples of horizontal Timm-
stained sections of area CA3 of a nonkindled control rat (4), a
control serum IgG treated kindled rat (B), and an anti-NGF IgG-
treated kindled rat (C). Timm granules are clearly increased in
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Figure 1. Intraventricular anti-NGF IgG treatment delays kindling-

induced seizures. A, Anti-NGF IgG-treated rats (n = 12) require a sig-
nificantly higher number of stimulations to reach seizure stage 5 (or 22
stimulations) compared to rats receiving control serum IgGs (r = 9).
B, Anti-NGF IgG-treated rats show a retardation of amygdaloid kindling
at all five stages. ***, statistical significance (p < 0.001).

the stratum oriens of the control serum IgG-treated kindled rat,
when compared with the nonkindled rat.

The average Timm stain density values of the stratum oriens
of nonkindled control (n = 7), anti-NGF IgG-treated nonkindled
(n = 5), control serum IgG—treated kindled (n = 5), and anti-
NGF IgG-treated kindled (n = 6) rats are significantly different,
as shown in Fig. 3 [ANOVA, F(3,22) = 39.72, p < 0.0001].
The control serum IgG-treated kindled rats showed a signifi-
cantly higher density of Timm granules in the stratum oriens
compared to control nonkindled rats (Fig. 3, p < 0.001). Density
measurements of electrode-implanted nonkindled control rats (n
= 3) did not differ from the nonimplanted, nonkindled control
rats (n = 7; data not shown).

The density values of the stratum oriens and the stratum ra-
diatum (background) measured in the seven nonimplanted, non-
kindled control rats were used to create a standard curve for
stratum oriens Timm granule density comparisons (Fig. 4; see
also Materials and Methods). The comparisons in Figure 5 were
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referenced to this standard curve. In Figure 5, the increase in
the Timm granule density for the two kindled groups (control
serum and anti-NGF) is expressed as a percentage of the control
density. ‘

Anti-NGF reduces kindling-induced mossy fiber sprouting

The anti-NGF IgG-treated kindled rats showed a significantly
higher stratum oriens density compared to nonkindied control
rats (p < 0.05), but a significantly lower density when compared
to the control serum IgG-treated kindled rats (p < 0.001; Fig.
3; see also Fig. 2A—C). The stratum oriens Timm staining den-
sity of the anti-NGF IgG infused, electrode-implanted but non-
kindled group was not different from the control nonkindled
animals (Fig. 3), indicating that anti-NGF did not alter the
amount of Timm granules present in nonkindled rats. A 20%
increase in Timm granule density in the control serum IgG-treat-
ed kindled rats (p < 0.01, Fig. 5), as compared to control non-
kindled rats, indicates mossy fiber sprouting evoked by kindling.
However, the Timm granule density in anti-NGF IgG-treated
kindled rats (n = 6) was reduced by half compared to the control
serum IgG-treated kindled rats (p < 0.01; Fig. 5), and showed
only a 10% increase in density over nonkindled rats (p < 0.05;
Fig. 5).

ChAT immunostaining density

Table 2 demonstrates that, in amygdala kindled rats that received
2 weeks of intraventricular anti-NGF IgG infusion (n = 4),
ChAT immunostaining density of cholinergic neurons in the me-
dial septum and vertical diagonal band of Broca was decreased
33.3% when compared to the control serum IgG infused, kindled
rats (n = 4), the noninfused kindled control group (n = 3), or
the nonkindled control group (n = 3); this result was statistically
significant (p < 0.01, one-way ANOVA with supplemental ¢
test). Kindling alone did not alter the ChAT immunostaining
density of cholinergic neurons. Furthermore, no significant
change (p > 0.05, Student’s 7 test) was found in the total number
of ChAT-positive cell bodies in anti-NGF IgG-treated kindled
rats (941 = 177) compared to control serum IgG-treated kindled
animals (916 = 94). Figure 6 shows representative samples of
ChAT immunostained sections of control serum IgG-infused,
kindled rats (4); anti-NGF IgG-infused, kindled rats (B); non-
infused, kindled rats (C); and noninfused, nonkindled rats (D).
Note the decrease in ChAT immunostaining in Figure 6B.

Discussion

We show in this study that intraventricular infusion of affinity-
purified anti-NGF IgGs resulted in both a significant retardation
of kindling and a significant inhibition of kindling-induced
mossy fiber sprouting. This study provides the first evidence for
neurotrophin involvement in kindling and in an associated
sprouting process in the same brains.

We measured kindling-induced mossy fiber sprouting in area
CA3 of the hippocampus using a new semiquantitative method
of analysis based on Timm staining. The demonstration of mossy
fiber sprouting after kindling is in agreement with earlier reports
(Sutula et al., 1988; Represa et al., 1989; Cavazos et al., 1991,
Represa and Ben-Ari, 1992; Represa et al., 1993), and specifi-
cally with the studies of Represa and colleagues in which they
demonstrated mossy fiber sprouting in the same area (CA3), and
an apparent formation of new synapses on the basilar dendrites
of the CA3 pyramidal neurons.

Our findings are compatible with reports that neurotrophins
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Figure 2. Mossy fiber sprouting in hippocampal area CA3. Timm’s sulfide silver-stained horizontal brain sections from the medial-temporal
hippocampus of an adult nonkindled control (A), a control serum IgG-treated kindled (8), and an anti-NGF IgG-treated kindled (C) rat. An increased
concentration of Timm granules, indicating mossy fiber sprouting, is visible in the stratum oriens of the kindled rat (B), whereas this kindling-
induced mossy fiber sprouting is reduced following intraventricular anti-NGF IgG infusion (C). D, A schematic drawing of the digitized image of
the hippocampal area CA3 indicates a dark band of Zn?*-positive mossy fibers in the stratum lucidum (LUC); these fibers cross the pyramidal cell
layer (PYR) and sprout into the stratum oriens (ORIENS), forming a band of Timm granules. The density measurements of the Timm granules were
performed by placing an open circle cursor (1.3 cm?) at 20 adjacent positions along the stratum oriens (ORIENS), and 10 cursor placements in the
stratum radiatum (RAD) provided the background staining density. Scale bar, 200 pm.

100 ~ STRATUM ORIENS
125 - o
%150 - .
o T,
175 -
200 - §
§

I L]

control anti-NGF
non—kindled non-kindled

scale
control IgG anti—-NGF
kindled kindled

Figure 3. Stratum oriens Timm staining density. Kindled rats treated
with control serum IgGs (n = 5) or anti-NGF IgGs (n = 6) show a
higher density of Timm granules in the stratum oriens compared to
nonimplanted, nonkindled control (n = 7) or anti-NGF IgG infused,
electrode-implanted nonkindled control (n = 5) animals. However, the
anti-NGF IgG-treated kindled rats show a lower stratum oriens density
compared to the control serum IgG-treated kindled group. *, statistical
significance (p < 0.05); *** p < 0.001.
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Figure 4. 'Timm staining density values of the stratum oriens and the
stratum radiatum (background CA3) of control rats., Nonkindled rats
without implanted electrodes were used to construct a regression line
based upon 80 correlated values (seven rats; 10—12 hippocampal sec-
tions/rat). This regression line was used as a standard curve for com-
parisons of Timm granule density values of the stratum oriens in the
kindled groups (Fig. 5).
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Figure 5. Anti-NGF reduction of kindling-induced mossy fiber sprout-
ing. The stratum oriens density of the control serum IgG (n = 5) and
anti-NGF IgG (n = 6)-treated kindled rats is now expressed as the
percentage increase compared to nonimplanted, nonkindled controls (n
= 7), and shows a significant increase in Timm granule density follow-
ing kindling. Anti-NGF IgG treatment results in a significant reduction
of this kindling-induced mossy fiber sprouting. *, statistical significance
(p < 0.05); **, p < 0.01.
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Table 2. Intraventricular (i.c.v.) anti-NGF IgG infusion decreases
ChAT immunostaining density of cell bodies in medial septum
and vertical diagonal band of Broca in kindled rats

Treatment n  Optical density
Control serum IgG (2 weeks, i.c.v.), kindled 4 531 =42
Anti-NGF IgG (2 weeks, i.c.v.), kindled 4 354 & 0.7%*
No infusion, kindled 3 536 =06
No infusion, non-kindled 3 535+ 04

The optical density value was determined by subtracting the background den-
sity (35 measurements/section) from the average density of the (35-100) ChAT-
paositive cell bodies in each basal forebrain section. An average density value
was then calculated based on measurements of 10-13 sections per animal;
values shown are means per group + SEM.

## Sratistically different from the control serum, kindled group and the two
nontreated kindled and nonkindled control groups (p < 0.01, one-way ANOVA
with supplemental r test).

are specifically upregulated in a wide variety of seizure para-
digms. In particular, there is a marked and transient increase of
NGF and BDNF mRNA expression in the hippocampus follow-
ing seizures induced by electrolytic lesion, systemic kainic acid
(KA), or rapid kindling (Gall and Isackson, 1989; Zafra et al.,
1990; Ernfors et al., 1991; Gall et al., 1991; Dugich-Djordjevic
et al., 1992; Bengzon et al., 1993). A transient increase was also
reported for trkB (BDNF receptor) mRNA and for trkB protein

Figure 6. ChAT immunostaining of cholinergic neurons in the medial septum and vertical diagonal band of Broca. Representative examples of
40 pm basal forebrain sections from (A) a kindled rat infused with control serum IgGs, (B) a kindled rat infused with anti-NGF IgGs, (C) a
noninfused, kindled rat, and (D) a noninfused, nonkindled rat. Note the decreased ChAT immunostaining in many neurons in panel B (arrows).

Scale bar, 100 pm.
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immunoreactivity in the hippocampal pyramidal and dentate gy-
rus granule cells following a rapid kindling procedure (Merlio
et al., 1993). Neurotrophin-3 mRNA remains unchanged (Ern-
fors et al., 1991) or is reduced after kindling stimulation (Beng-
zon et al., 1993).

We demonstrate that a continuous infusion of anti-NGF IgG
over a 2 week period during the kindling procedure increases
the number of stimulations required to reach the fully kindled
state by 58%. Our observation that antibody to NGF retards
kindling confirms the results of Funabashi et al. (1988), who
reported that intraventricular injection of antiserum to NGF de-
layed the development of amygdaloid kindling. The antiserum
used by Funabashi et al. (1988) was not characterized with re-
spect to its cross-reactivity with other neurotrophins. The anti-
body to NGF used in the present study has been characterized
for potency of inhibition of NGF and cross-reactivity to BDNF
and NT-3 in two types of in vitro biological assays. This anti-
body has been shown to block the ability of NGE but not that
of BDNF or NT-3, to support the survival of chick dorsal root
ganglion neurons (R. Kolbeck and Y.-A. Barde, personal com-
munication). We show in the present study that our anti-NGF
IgG blocks both NGF- and NT-3—induced neurite outgrowth in
mouse superior cervical or dorsal root ganglion neurons; how-
ever, it does not block BDNF-induced neurite outgrowth from
mouse nodose ganglion neurons. Because of these in vitro re-
sults, we can rule out an effect on BDNF but not on NT-3 in
our kindling model. However, the lack of antibody-mediated in-
hibition of NT-3 in the chick neuron survival assay referred to
above, and the reported lack of upregulation of NT-3 by kindling
(Ernfors et al., 1991; Bengzon et al., 1993), support our view
that the effects reported here are due to inhibition of NGE and
not of BDNF or NT-3, activity.

The ability of anti-NGF treatment to significantly reduce kin-
dling-induced mossy fiber sprouting is consistent with previous
observations of anti-NGF inhibition of collateral sprouting of
septohippocampal fibers following entorhinal cortex lesion (Van
der Zee et al., 1992). Furthermore, administration of anti-NGF
IgG at one-tenth the concentration used in the present experi-
ments fails to block this lesion-induced septohippocampal
sprouting (C. E. E. M. Van der Zee, J. Fawcett, and J. Diamond,
in preparation), arguing in favor of the specificity of the anti-
body’s effects and the appropriateness of the administered dose
in the present study. However, while the septohippocampal fibers
are cholinergic, and are known to express both p75 and trkA
NGF receptors (Koh et al., 1989; Vazquez and Ebendal, 1991;
Bengzon et al., 1993; Steininger et al., 1993), the mossy fibers
in the hippocampus are glutamatergic, and have not yet been
shown to express NGF receptors. On the other hand, there is
evidence for the presence of NGF receptor in noncholinergic
brain areas: Venero and Hefti (1993) reported trkA mRNA ex-
pression by noncholinergic thalamic neurons, Pioro and Cuello
(1990) demonstrated low-affinity NGF receptor immunoreactiv-
ity in colchicine-treated animals in the hippocampal CA3 pyra-
midal layer and the hilus of the dentate gyrus and Altar et al.
(1991) reported high-affinity NGF binding sites in the dentate
gyrus and area CAl of the dorsal hippocampus. It is conceiva-
ble, therefore, that trkA and/or p75 receptors are present in low
amounts in the hippocampal glutamatergic neurons, and respon-
sible for an NGF-dependent sprouting of the glutamatergic
mossy fibers.

Another possible explanation for anti-NGF inhibition of
mossy fiber sprouting is that the effect is achieved by way of a

reduction in the synthesis of acetylcholine (ACh) in the basal
forebrain cholinergic neurons. Such a reduction is supported by
our finding that anti-NGF IgG treatment reduces ChAT immu-
nostaining by 33%, in agreement with previous studies showing
reduction of cholinergic markers as a result of intraventricular
anti-NGF infusion (Vantini et al., 1989; Van der Zee et al. 1992,
1995). Anti-NGF treatment does not, however, reduce AChE
fiber density in the dentate gyrus (Van der Zee et al., 1992). A
reduced synthesis of ACh in the basal forebrain neurons would
be anticipated to reduce cholinergically mediated synaptic drive
of their target neurons, principally the granule cells of the den-
tate gyrus. It has already been shown that granule cell activation
upregulates mRNA for BDNF (Lindefors et al., 1992), and that
disruption of the cholinergic innervation causes a decreased
BDNF mRNA expression throughout the hippocampal formation
(Berzaghi et al., 1993; Lapchak et al., 1993). The result of anti-
NGF treatment, therefore, could well be a reduced release of
BDNF from the granule cells, and a reduced sprouting response
in the kindling paradigm.

Sprouting of the mossy fibers and the formation of new syn-
apses are strongly correlated with the development, progression,
and permanence of kindled seizures (Cavazos et al., 1991), and
occur along the entire septotemporal axis of the hippocampus
(Cavazos et al., 1992). The question remains, however, whether
kindling-induced epileptogenesis and kindling-induced sprouting
are causally linked. The activation of these systems during kin-
dling may be responsible for evoking sprouting, or the mossy
fiber sprouting and synaptic reorganization may contribute to
and reinforce kindling epileptogenesis. Although anti-NGF IgG
suppressed both kindling and sprouting, kindling eventually did
proceed to its normal maximal level (stage 5) in 9 of the 12
anti-NGF—treated rats, while sprouting was apparently perma-
nently reduced by 50%. Multiple neurotrophins may be involved
in kindling. Thus, the simultaneous inhibition of these factors
would probably be required to resolve the question of the exact
relationship between sprouting and the kindled state.
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