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SUMMARY
Penetration into the brain is an important consideration in the
pharmacological use of neurotrophic factors for the treatment
of brain neurodegeneration, e.g., in Alzheimer’s disease. Fur-
thermore, intracerebroventricular treatment with nerve growth
factor (NGF) has been found to induce side effects, including
aberrant sympathetic sprouting and weight loss. Such findings
suggest that direct intraparenchymal application of minimal
amounts of trophic factors might be therapeutically desirable.
We compared the effectiveness of intrastriatal and intracere-
broventricular administrations of NGF on striatal cholinergic
neurons in adult rats. Daily intrastriatal administration for 1
week of �50 ng of NGF resulted in an increase in mRNA levels
for choline acetyltransferase (ChAT) in striatal cholinergic cells
to -2-fold over control. A daily intraventricular dose of 4.5 �tg
of NGF was required for a similar response. Both 5 and 50 ng
of NGF/day failed to induce an effect on transmembrane pro-

tein tyrosine kinase trkA mRNA levels, but injections of 750 or
1 500 ng/day of NGF up-regulated trkA mRNA expression to
-2-fold of control. NGF delivered intracerebroventricularly
failed to induce an observable change in striatal trkA mRNA,
even at a dosage of 4.5 �.tg of NGF/day. These quantitative
differences in NGF actions were reflected at the level of NGF
receptors. Using Western blotting procedures, we found pro-
nounced tyrosine phosphorylation of Trk-type proteins 2 hr
after intrastriatal injection of 50 ng of NGF. Maximal responses
were seen with either 1 50 or 750 ng of NGF. For maximal
activation of Trks by intraventricular NGF injection, 4.5 p.g of
NGF was required. Taken together, our results strongly favor
intraparenchymal injections or infusions of NGF, and possibly
other trophic factors, for therapeutical applications to maximize
the effects on the targeted neuronal populations and to mini-
mize undesirable side effects.

NGF is the first discovered and best characterized member

of a small family of four closely related proteins known as the

neurotrophins (for a review, see Ref. 1). The other neurotro-

phins are BDNF, NT-3, and NT-4/5, discovered indepen-

dently in slightly differing forms in amphibians and mam-

mals (1). Neurotrophins bind and activate a group of

transmembrane protein tyrosine kinases, commonly referred

to as Trks. Despite a certain degree of ambiguity in the

relationships between the individual neurotrophins and the

different Trks, NGF is recognized to be the predominant

ligand for TrkA, BDNF and NT-4/5 are mainly ligands for

TrkB, and NT-3 is the ligand for TrkC (for a review, see Ref.
2). However, NT-3 also can activate TrkB, and both NT-3 and

NT-4/5 are capable of interacting with TrkA in cell lines

overexpressing this receptor (1). Binding of the neurotro-

phins to Trks initiates a signaling cascade with tyrosine
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phosphorylation of the receptor and of several intracellular

substrates (3). These effects can be observed within <5 mm (4).

All neurotrophins also bind to the so-called low affinity neuro-

trophin receptor (p75NTR) with very similar affinity (5). The

function of this membrane-spanning protein is unknown, and

no signal transduction mechanisms have been identified. It has

been suggested that p’75NTR might be involved in the forma-

tion offunctional high affinity NGF receptors in brain and PC12

cells (6-8). Furthermore, p’75NTh has been implicated in me-

diating neuronal death (9).

Trophic actions of NGF within the central nervous system

are remarkably confined to the cholinergic population of the

basal forebrain and the striatum and a small number of other

discrete cell groups (10). Other cholinergic cell populations of

the brain, e.g., pontine cholinergic neurons are not affected

by NGF (11). However, recently several discrete noncholin-

ergic populations of neurons have been described in mam-

mals as also expressing trkA mRNA, in some cases in con-

junction with mRNA for p75NTR (10, 12, 13). NGF has been



304 Venero et aL

shown to prevent cell death of the basal forebrain cholinergic

neurons after axotomy of their hippocampal projection by

fimbrialfornix transection (14). In situ hybridization studies

have established not only the presence of trkA mRNA in the

basal forebrain but also its colocalization with mRNA for

ChAT and p75NTR in this brain area (15, 16). The striatal
cholinergic interneurons represent a second major popula-
tion of NGF responsive cells in the brain (17, 18). NGF

protein (19) and mRNA (20) are present in the striatum.

However, although trkA mRNA and protein are found in both
the developing and adult striata, p75NTR mRNA and protein

are detectable only in the developing striatal cholinergic in-
terneurons (21-24). Intraventricular injections of NGF in-

crease different phenotypic markers of adult striatal cholin-

ergic neurons, like ChAT activity (18) and ChAT mRNA and
trkA mRNA expression (15, 16), and induce hypertrophy of

these neurons (21). Moreover, intrastriatal NGF administra-

tion protects striatal cholinergic neurons from degeneration

after quinolinic acid injection into the striatum in an animal

model of Huntington’s disease (25, 26). Together, these ob-
servations suggest a prominent role of TrkA in mediating

NGF responses in striatal cholinergic neurons.

Intracerebral injections of neurotrophic factors have been

proposed as treatment for several neurodegenerative diseases

(for a review, see Ref. 27). Due to the proteinous nature of the

neurotrophins and other neurotrophic factors and to the pres-
ence of binding proteins in brain cells for some of these factors,

penetration ofthe injected trophic protein into the brain paren-

chyma is an important consideration in any attempt at trophic

factor treatment. For example, it has been shown that penetra-

tion rates for the closely related neurotrophins NGF and BDNF

vary considerably (28). For the neurotrophin BDNF, it has also

been found that direct injection into the septal parenchyma

more effectively rescues medial septal cholinergic neurons after

axotomy than do mtraventricular injections (4, 29). Further-

more, intracerebroventricular treatment with NGF has been

found to result in aberrant sympathetic neurite sprouting (30)

along with reduced weight gain and food intake (31, 32). These

findings have been corroborated in clinical trials, where NGF
was found to induce undesirable side effects ofhyperalgesia and

weight loss (33). Observations directly indicating a central ef-
feet of BDNF on appetite control have also been reported (34).

Taken together, these findings suggest that direct intraparen-

chymal injections of minimal amounts of trophic factors are

therapeutically more suitable than mtracerebroventricular ap-

plication oflarger doses. To directly compare the effectiveness of

intraventricular and intraparenchymal trophic factor treat-

ment, we injected various doses ofNGF into the striatum or into

the lateral ventricle of adult rats. The close anatomic relation-

ship of the striatum to the lateral ventricle and the scattered

distribution ofthe cholinergic neurons in this structure provide

an ideal model for such a comparison at the cellular level. ChAT

and trkA mRNA levels in individual neurons were analyzed by

in situ hybridization. To test for effects ofthe NGF treatment on
Trk-type NGF receptors, we further assessed NGF-induced Trk

tyrosine phosphorylation by using immunoprecipitation and

Western blotting.

Materials and Methods

Administration of NGF. Female Wistar rats (180-200 g;

Charles River, Wilmington, MA) were used for this study. Recombi-

nant human NGF was produced and characterized as described (4).

The rats were anesthetized with 75 mg/kg Nembutal and positioned

in a stereotaxic apparatus (Kopf Instruments, Tujunga, CA) to con-
form with the brain atlas of Paxinos and Watson (35). A cannula

system from Plastics One (Roanoke, VA) was used for NGF injec-

tions. A metal guiding cannula (22 gauge) with threaded plastic

casing was permanently attached to the skull with miniature screws

and dental cement. For intrastriatal injections, the intracerebral end

of the guiding cannula was placed 0.5 mm caudal, 2.5 mm lateral,

and 6.5 mm ventral to bregma. For intraventricular NGF adminis-

tration, the coordinates were 2.5 mm posterior, 1.9 mm lateral, and

4.0 mm below bregma. Between injections, the guiding cannula was

closed with a solid dummy cannula. At the time of injections, the

dummy cannula was replaced temporarily by a small-bore (28 gauge)

metal cannula protruding 0.5 mm from the internal end of the

guiding cannula. This cannula was connected by flexible tubing to a

Hamilton syringe containing recombinant human NGF or cyto-

chrome c serving as a control protein. The proteins were dissolved in

0.01 M Na-succinate and 0. 14 M NaC1 with 15 mg/ml gentamicin, and

1 or 2.5 �l of the solutions was injected over a time period of 90 sec

for intrastriatal and intraventricular injections, respectively. The
first injection of growth factor was given at the day of surgery, and

animals were killed after they had received daily injections for 1

week. Four different doses ofNGF were tested for daily intrastriatal
injections: 5, 50, 750, and 1500 ng/day. For daily intraventricular

injections, NGF was tested at a dosage of 4500 ng/day. Control

animals received daily injections of 1500 ng cytochrome c into the

striatum or 4.5 jig cytochrome c into the ventricle for 1 week.

Preparation of riboprobes. Both ChAT and trkA cDNA probes

were transcribed in the presence of [355]UTP (1300 Cilmmol; New

England Nuclear, Boston, MA). ChAT sense and antisense ribo-

probes were generated from pChAT.SX2, a plasmid containing a

208-bp segment of rat ChAT genomic sequence covering 132 bp of

exonic sequence (kindly provided by Dr. Nozomu Mori, University of

Southern California, Los Angeles, CA; see Ref. 36). For riboprobe
recognizing trkA mRNA, a pGEM-3 vector (Promega, Madison, WI)

containing a 464-bp coding region of the extracellular domain of the
mouse trkA sequence was kindly provided by Drs. Dionisio Martin

Zanca and Luis F. Parada (NCI, Frederick, MD) (see Ref. 37).
In situ hybridization histochemistry. One week after the can-

nula implantation, the animals were decapitated while under light

Nembutal anesthesia, and the brains were removed inmediately and

frozen in isopentane at - 15#{176}.In situ hybridization on brain sections

was carried out following a modification of a procedure described in

detail elsewhere (38). Thaw-mounted 10-�tm sections were postfixed

for 30 mm in 4% paraformaldehyde, followed by three 10-mm washes

in phosphate-buffered saline, pH 7.4. Sections were treated for 1 mm

in 0.1 M triethanolamine, followed by 10 mm in acetic anhydride/0. 1

M triethanolamine to decrease nonspecific binding. After a 1-mm

wash in 2 x SSC, sections were dehydrated in a series of increasing

concentrations of ethanol and then air-dried. The sections were hy-
bridized for 3 hr at 50#{176}with the corresponding [35S]cRNA, rinsed in

4x SSC/20 mr�i dithiothreitol, and then rinsed in 4X SSC alone.

Sections were subjected to 30 mm of RNase digestion at 37#{176}(20 g/ml

RNase A in 0.5 M NaCl, 0.01 M TrisHCl, 0.001 M EDTA, pH 8.0),
washed for 2 hr in 2x SSC at 25#{176}followed by 0.lx SSC at 60#{176}for 1

hr, dehydrated in a series ofethanol, air-dried, and either exposed to

film or processed for emulsion autoradiography.

In situ hybridization data analysis. Silver grains over individ-

ual trkA or ChAT mRNA-expressing neurons in 10-jim-thick sections

were quantified with the use of a Computer Enhanced Video Densi-
tometer. After dry film autoradiography, slides were dipped in Am-

ersham LT1 emulsion (diluted 1:1 with water) and exposed in the

dark at 4#{176}.Slides were then developed in D-19 (Kodak) at 15#{176}for 2.5

mm, fixed for 4 mm in fixer (Kodak), and counterstained with Cresyl

Violet. Labeling was considered specific when grain accumulation

over individual cells with a large nucleus exceeded five times the

background value. At a bOx magnification, the area with high grain



A

C p

E r

lntraventricular vs. Intraparenchymal NGF in Stnatum 305

density over an individual cell body was delineated, and the number

of grains within this field was counted. Because of the high levels of

labeling, the typical disposition ofthe clusters over the cell body, and

the high magnification, the delineation was unequivocal. Only well-

separated cells were selected for quantification. Representative sec-
tions corresponding to plates 14 and 15 of the rat brain atlas of

Paxinos and Watson (35) from four animals for each treatment were

analyzed. A minimum of 100 cells were measured for each treatment.

Analysis of Trk tyrosine autophosphorylation. Rats were

provided with cannulas as in the experiments involving in situ hy-

bridization for ChAT or trkA mRNA. After a recovery period of 5

days, the rats were treated with a single injection of NGF directly

into the striatum or into the lateral ventricle. Two hours after this

intrastriatal or intraventricular NGF injection, the rats were decap-

itated while under light Nembutal anesthesia, and the striatum was

quickly dissected on ice. Striata from injected and from uninjected

control sides were collected separately from two animals each and
pooled into ice-cold Krebs’ buffer. Further processing of the tissue

was as described in detail previously (4). Briefly, the striatal tissue

was chopped with a tissue chopper (Mcllwain; Bnnkmann Instru-

ments, Westburg, NY) in two directions at 200-�.tm thickness and

transferred into gassed (5% C0195% 02) Krebs’ solution at 37#{176}.Two
washes with fresh gassed Krebs’ at 15-mm intervals were performed;

after another 15 mm, four samples were prepared from each pooled

tissue and placed into 1.5-ml Eppendorf tubes on a heating block at

37#{176}.Half of the samples were incubated acutely for 4 mm with NGF

to determine maximal possible NGF response in the samples. The

tissue was then lysed in 0.5 ml lysis buffer (137 mist NaC1, 20 aiM

Tris, pH 8.0, 1% Triton X-100, 10% glycerol, 1 mM phenylmethylsul-

fonyl fluoride, 500 �.tM orthovanadate), and the lysate was frozen at

-70#{176}until further assay by Western blotting. Western blotting was

performed as described (4). Trk family proteins were immunoprecipi-

tated with rabbit anti-pan Trk 203 (provided by Dr. D. Kaplan, NCI,

Frederick, MD). Precipitates were collected with protein A/Sepha-

rose and washed three times with lysis buffer and once with water.

The precipitates were then boiled in sample buffer (2% sodium do-

decyl sulfate, 100 mM dithiothreitol, 10% glycerol, and 0.25% bromo-

phenol blue) for 5 mm and electrophoresed on 7.5% sodium dodecyl

sulfate-polyacrylamide minigels before transfer to nitrocellulose.

Protein blots were probed overnight at 4#{176}with the monoclonal anti-

ptyr antibody 4G10 (UBI) in Tris-buffered saline with 0.2% Tween-

20. Blots were analyzed using an ECL chemiluminescence system

(Amersham Corp., Arlington Heights, IL).

Statistical analysis. Results are expressed as mean ± standard

error. Grain count analysis of cells expressing either ChAT or trkA

mRNA were assessed by one-way analysis of variance followed by

Scheff#{233}’s test.

Results

Expression of ChAT and trkA mRNA in the striatum.

In situ hybridization of brains from control animals and from

NGF-treated animals with antisense riboprobes for ChAT

mRNA resulted in specific labeling of a subpopulation of

striatal neurons scattered throughout the striatum (Fig. 1, A,

C, and E), as observed previously (16). In parallel hybridiza-

tion experiments with a riboprobe for trkA mRNA, the dis-

tribution of the labeled cells was very similar to the distri-

bution of the striatal cholinergic interneurons (Fig. 1, B, D,

and F), confirming earlier results using in situ hybridization

and immunocytochemistry (15, 16, 23). Immunolabeling ex-

periments have been used to show colocalization of TrkA

with the cholinergic marker enzyme ChAT (22). Compared

with the untreated control side, daily intrastriatal injections

for 1 week of 1.5 pg control protein (cytochrome c) resulted in

a modest up-regulation of ChAT mRNA expression in mdi-

ChATmRNA TRKAmRNA
�

Fig. 1. Cells expressing ChAT or trkA mRNA in rat forebrain after
injection of cytochrome c or NGF. Rats were treated for 1 week with
control protein (cytochrome c) or NGF by daily injection directly into the
striatum or into the lateral ventricle. One day after the last injection, the
brains were processed by in situ hybridization for ChAT (A, C, and E)

and trkA mRNA (B, D, and F). Experimental conditions were unilateral

intrastriatal injection of cytochrome C (A and B), unilateral intrastriatal

injection of 750 ng of NGF (C and D), and unilateral intraventricular

injection of 4.5 �g of NGF (E and F). Left, injected side. Intrastriatal
delivery of NGF is more effective in inducing both ChAT mRNA over
striatal cholinergic cells than is intraventricular administration, even at
the higher dosage used. trkA mRNA is increased only after direct
intrastriatal delivery of the trophic factor. Note the modest induction of

ChAT mRNA levels but not trkA mRNA levels after intrastriatal injection
of cytochrome c.

vidual striatal cholinergic cell bodies (Fig. 1A). No up-regu-

lation of trkA mRNA was seen with this treatment (Fig. 1B),

and no effects on ChAT or trkA mRNA levels were observed

with intraventricular injection of a higher dosage of 4.5 jtg

cytochrome c/day (data not shown; Ref. 16). Treatment of the

animals with 750 ng ofNGF/day intrastriatally (Fig. 1, C and

D) resulted in clearly higher levels of mRNA expression for

ChAT and trkA in the striatum on the injected brain side,

although 4.5 �g of NGF/day administered intraventricularly

only resulted in an increase of the mRNA for ChAT but not

for TrkA (Fig. 1, E and F).

Dose-response analysis for ChAT mRNA induction in

the striatum. To further analyze the injection-induced

changes in ChAT mRNA levels, we treated rats daily for 1

week with cytochrome c or various amounts of NGF and

performed cell count analysis ofthe hybridization signal. In a

previous study (16), we showed that after daily intraventric-

ular administration of NGF for 1 week in fimbria transected

animals, there was a medial-to-lateral gradient decrease in

the NGF-induced up-regulation of ChAT expression in the

striatum ipsilateral to the side of the administration. We

therefore performed cell count analysis only in the striatal
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area proximal to the ventricular walls within 1 mm from the

ventricle (medial striatum). As observed previously (Fig. 1A),

intrastriatal treatment with 1.5 �.tg of cytochrome c induced

an increase in the labeling for ChAT (Fig. 2, A and B).

Quantitative analysis showed this increase to be 166% over

the contralateral untreated control side (Fig. 3). Daily intra-

striatal injection of the lowest dosage of NGF (5 ng/day)

failed to induce ChAT mRNA expression significantly above

the level observed with the cytochrome c control injections

(177% of control values) (Figs. 2C and 3). However, daily

intrastriatal injections of 50 ng of NGF resulted in a statis-

tically significant increase of ChAT mRNA levels over mdi-

vidual cells to 267% ofthe uninjected contralateral side (Figs.

2D and 3). Similar effects were seen with intrastriatal injec-

tions of 750 and 1500 ng/day of NGF, which increased ChAT

mRNA expression to 356% and 367% of control values, re-

400

ChAT mRNA

i::: __
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�200 # #
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Fig. 3. Quantification of the number of grains per neuron for the ex-
periment detailed in legend to Fig. 2. Results are expressed as per-
centage of values measured in the contralateral striatum of cytochrome
C (Cyt.C)-injected animals. Intrastriatal injections: cytochrome c (1 .5 j.tg)
and NGF at 5, 50, 750, and 1500 ng/day. Intraventricular injections:
NGF at 4.5 jtg/day. Results were analyzed by analysis of variance
followed by Scheff#{233}’stest. *, p < 0.05 for comparison with the ipsilat-
eral side of cytochrome c-injected animals. #p < 0.05 for comparison
with the contralateral side of cytochrome c-injected animals. Maximal
increases are seen with 750 ng and 1 .5 j.�g of intrastriatal NGF; 5 ng of
intrastriatal NGF did not increase ChAT mRNA levels beyond cyto-
chrome c-induced levels. Only a moderate increase beyond respective
control was seen with 4.5 �g of intraventricular NGF.

Fig. 2. Dose-response experiment for ChAT mRNA induction after
intrastriatal NGF treatment and comparison with intraventricular appli-

cation. Animals were treated as detailed in legend to Fig. 1 . B-G, High
magnification dark-field photographs of striatum ipsilateral to the injec-
tion. A, Striatum contralateral to cytochrome c-injection (1 .5 �.tg). B,
Striatum ipsilateral to cytochrome c-injection (1 .5 pg). Intrastriatal NGF
doses in 1 pi volume were C, 5 ng; D, 50 ng; E, 750 ng; and F, 1 .5 �tg.
G, Striatum ipsilateral to injections from an animals receiving 4.5 j.tg of
NGF in 2.5 pJ volume daily into the lateral ventricle. Note the intense
induction of ChAT mRNA expression after intrastriatal NGF injections of
either 750 or 1500 ng. Less induction is observed with the higher dose

of 4.5 j.tg of NGF administered intraventricularly. Scale bar, 100 pm.

spectively (Figs. 2, E and F, and 3). Although this result

suggests maximal NGF stimulation at 750 ng/day of injected

protein, we cannot rule out that our failure to detect a higher

effect on ChAT mRNA expression with the higher dosage of

1.5 pg/day might be due to saturation of the photographic

emulsion used to detect the signal of the radiolabeled probe.

However, direct measurement of tyrosine phosphorylation of

Trk-type NGF receptors after intrastriatal NGF injections

(see below) confirmed full activation of these receptors at

� 150 ng of injected NGF. Unlike our earlier observations

with intraventricular injections mentioned above, we did not

notice a gradient oflabeling intensity away from the injection
site of the intrastriatal injections. This might be due to a

potentially more even distribution of NGF throughout the

tissue and possibly slower clearance from the brain with

intraparenchymal application compared with intraventricu-

lar injections.

Our results, which demonstrate maximal effect of NGF
injections directly into the striatal parenchyma at a daily

NGF dose of �750 ng, were then compared with the effects of

injections into the lateral ventricle. A dosage of 4.5 �tg/day of

NGF was injected directly into the ventricular space. This

treatment resulted in an increase of ChAT mRNA levels on

the injected side to 173% of the uninjected contralateral

control side (Figs. 1E, 2G, and 3). Because daily intraventric-

ular injections ofcytochrome c during 1 week did not result in

changes of ChAT mRNA in the striatum (data not shown;

Ref. 16), we conclude that the effect of 4.5 p.g of intraventric-

ular NGF on striatal ChAT mRNA corresponds approxi-

mately to the effect of 50 ng of intrastriatal NGF.

Dose-response analysis for trkA mRNA induction in

the striatum. We performed cell count analysis on sections
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hybridized with a probe specific for trkA for the same striatal

area (medial striatum) as selected for measuring ChAT

mRNA expression in individual neurons. In contrast to our

observation of ChAT mRNA expression, intrastriatal injec-

tions of the control protein cytochrome c did not affect cellu-

lar trkA mRNA levels in the striatum (Figs. 1B, 4B, and 5).

Also, higher doses of NGF were required for an effect on trkA

expression than for ChAT mRNA induction. Intrastriatal

NGF at a dosage of 5 or 50 ng/day failed to induce any change

in trkA mRNA levels (Figs. 4, C and D, and 5). Injections of

the higher daily dosages of NGF of 750 ng/day or 1.5 hg/day,

however, strongly up-regulated trkA mRNA expression to

222% or 229% ofcontrol levels, respectively (Figs. 4, E and F,

and 5). Similar to the effects on ChAT mRNA, this result of

intrastriatal NGF injections clearly differed from the results

ofintraventricular NGF injections. NGF, delivered intracere-

broventricularly, even at a dosage of 4.5 p.g/day, failed to

induce any observable change in the cellular level of trkA

Fig. 4. Dose-response experiment for trkA mRNA induction after in-
trastriatal NGF treatment and comparison with intraventncular applica-
tion. Sections adjacent to those used for Fig. 2 were hybridized with a
probe specific for trkA. B-G, High magnification dark-field photographs
of striatum ipsilateral to the injection. A, Striatum contralateral to cyto-
chrome c injection (1 .5 �.tg). B, Striatum ipsilateral to cytochrome c
injection (1 .5 pg). lntrastriatal NGF doses in 1 pJ volume were C, 5 ng;
D, 50 ng; E, 750 ng; and F, 1 .5 .tg. G, Striatum ipsilateral to injections
from an animals receiving 4.5 j.tg of NGF in 2.5 �tl volume daily into the
lateral ventricle. Scale bar, 100 jim.
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Fig. 5. Quantification of the number of grains per neuron for the ex-
periment detailed in legend to Fig. 4. Results are expressed as per-
centage of values measured in the contralateral striatum. Intrastriatal
injections: cytochrome c (Cyt.C) (1 .5 j.tg) and NGF doses of 5, 50, 750,

and 1 500 ng. Intraventricular injections: NGF at 4.5 j�g. Results were
analyzed by analysis of variance followed by Scheff#{233}’stest. *, p < 0.05
for comparison with the ipsilateral side of cytochrome c-injected ani-
mals. Only intrastriatal NGF injections at a dosage of 750 ng/day or 1.5
pg/day (not intraventricular injections of the higher dose of 4.5 .tg of
NGF) were effective in increasing striatal cellular levels of trkA mRNA.

mRNA on the injected side compared with the uninjected

control side (Figs. iF, 4G, and 5).

Induction of Trk tyrosine phosphorylation by intras-
triatal and intraventricular NGF injections. Our in situ

hybridization results demonstrated more effective stimulation

ofNGF-responsive striathJ neurons with injection ofthe trophic

factor directly into the striatal parenchyma than into the lateral

ventricle, despite the close proximity of the striatum to the

ventricular space. To test whether these quantitative differ-

ences in NGF actions are reflected at the level of the NGF

receptors, we assessed Trk-type receptor activation by measur-

ing Trk tyrosine autophosphorylation using a recently devel-

oped procedure (4). Rats received a single injection of NGF

directly into the striatum or into the lateral ventricle, using the

same cannula system as for the repeated injections in the ex-

periments described above. Two hours after the injection, the

animals were killed, the striatum was quickly dissected, and

microslices were prepared. Pairs ofsamples were prepared from

the slices. One sample of each pair was lysed without further

NGF treatment to assess tyrosine phosphorylation status of the

tissue after the in vivo treatment. The other sample was incu-

bated under physiological conditions with NGF to test for the

maximal response capacity of the same tissue. Trk-type pro-

teins were then iminunoprecipitated and analyzed for phospho-

tyrosine content by immimoblotting (4). Tyrosine phosphoryla-

tion of Trk-type receptors in brain tissue slices after

neurotrophin stimulation was previously found to correlate

with tyrosine phosphorylation of several secondary signal

transduction proteins, suggesting stimulation of the kinase ac-

tivity of the Trk-type receptors (4). Using this assay, we found

persistent tyrosine phosphorylation on Trks 2 hr after injec-

tions ofSO, 150, or 750 ng ofNGF directly into the striatum (Fig.

6A). Comparison with the phosphotyrosine signal in samples

acutely incubated with NGF during the assay demonstrated

that maximal possible stimulation of Trk-type NGF receptors



A Area:
ng injected:

4 mm NGF:

Area:
ng injected:

4 mm NGF:

ng injected: 0 25

4minNGF: - + - +

SIR
50

- +

VENT
750

- +

B Area:
ng injected:

4 mm NGF:

VENT
150

- +

SIR
750

- +

STR
750

- +

50
- +

SIR
150

- +

VENT
4,500

- +

VENT
4,500

- +

Fig. 7. Fifty nanograms of NGF are required in intraparenchymal in-
jections directly into the striatum to induce pronounced NGF receptor
tyrosine phosphorylation. Animals were treated as detailed in legend to
Fig. 6, but only intrastriatal injections were performed. Indicated nano-

gram amounts of NGF were injected in 1 jil total volume.
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Fig. 6. Direct intrastriatal NGF injections are more effective in inducing
Trk tyrosine autophosphorylation than intraventricular injections. Adult

rats were provided with guiding cannulas directed at the striatum (STR)

or at the lateral ventricle (VENT), respectively. The animals were allowed
to recover from stereotactic surgery for 5 days and then were injected
with the amounts of NGF indicated in the figure in a total volume of 1 jil.
Two hours after the injection, microslices were prepared from injected
and contralateral control striata and maintained for 45 mm at 37#{176}in
CO�/O2 gassed Krebs’ buffer with two buffer changes. Aliquots of the
slices were then prepared, and some of the aliquots were incubated for
4 mm at 37#{176}with a maximal active concentration of NGF (1 00 ng/ml).
After incubation, the tissue was lysed and immunoprecipitated with

anti-pan Trk serum. Trk proteins were subjected to sodium dodecyl
sulfate-polyacrylamide gel electrophoresis and analyzed by immuno-
blotting with anti-ptyr as described in Materials and Methods. Pro-
nounced Trk tyrosine autophosphorylation after intrastriatal injections
is observed with 50 or 1 50 ng of injected NGF and is maximum with 750
ng. In contrast, 4.5 jig of NGF is required for maximal response with
intraventricular injections. A, Samples prepared from injected side of
the brain. B, Samples prepared from the uninjected (contralateral) side.

due to the in vivo treatment was achieved with injections of 150

and 750 ng of the trophic protein (Fig. 6A). Intraventricular

injection ofNGF was also effective in inducing Trk-type protein

tyrosine phosphorylation (Fig. 6A). However, similar to the

effects ofNGF injections on induction ofcellular mRNAs, much

higher doses were required. Only at the highest dose of 4.5 jig

did intracerebroventricularly applied NGF elicit significant Trk

tyrosine phosphorylation (Fig. GA). This dose is -30-fold higher

than the dose required for maximal stimulation using intras-

triatal injection of NGF. Contralateral to the injection site, no

significant activation of Trk-type NGF receptors was observed

with either intrastriatal or intracerebroventricular injection,

demonstrating the rather local effect of NGF application (Fig.

6B). In a separate experiment, we determined the minimal
required dose of intrastriatal NGF to elicit a clear response of

NGF receptor tyrosine phosphorylation. As shown in Fig. 7,

compared with the constitutive level of Trk tyrosine phosphor-

ylation no change was seen 2 hr after intrastriatal treatment

with 25 ng of NGF, although 50 ng elicited a clear response.

Discussion

To compare the effectiveness of intraparenchymal and in-

traventricular neurotrophic factor treatment in the brain,

NGF was injected into the striatum or into the lateral yen-

tricle, and cellular and molecular effects of these treatments

were measured in the striatum. To assess the neurotrophic

effect in the NGF-responsive cholinergic striatal interneu-

rons, we used in situ hybridization for ChAT and trkA mRNA

and Western blotting for phosphotyrosine on Trk-type NGF

receptors. Neurotrophin-induced tyrosine phosphorylation

on Trks has previously been shown to correlate with tyrosine

phosphorylation of several second messenger proteins in

brain tissue, indicating activation of the Trk-type receptors

(4). Our findings can be summarized as follows: (i) daily

intrastriatal administration of control protein, cytochrome c,

resulted in a modest but significant up-regulation of ChAT

mRNA expression but not trkA mRNA expression in striatal

cholinergic neurons. (ii) NGF, when applied to the striatum,

induced a dose-dependent increase in ChAT ITLRNA levels in

individual striatal cholinergic cell bodies. In our experi-

ments, the threshold value for NGF to induce ChAT mRNA

expression was as low as 50 ng/day, and the lowest dose to

induce maximal effect was 750 ng/day. (iii) trkA mRNA-

containing cells also responded to intrastriatal NGF injec-

tions with an increase in trkA mRNA. However, the dose

requirements for trkA mRNA induction were clearly higher

than for ChAT mRNA induction. (iv) Dose requirements for

inducing tyrosine phosphorylation ofTrk-type NGF receptors

by intrastriatal or intraventricular NGF injections were very

similar to the requirements for induction of ChAT mRNA. (v)

Intrastriatal NGF delivery was significantly more efficient

than intraventricular NGF administration in up-regulating

cellular marker mRNAs of the striatal cholinergic neurons

and in inducing Trk autophosphorylation.

The striatum in the rat is in close proximity to the lateral

wall ofthe lateral ventricle, which was used for the intraven-

tricular injections. The much higher dose requirements for

NGF effects in the striatum with intraventricular NGF ad-

ministration than with intrastriatal NGF injections suggest

that trophic factor deposited into the ventricular space dif-

fuses into adjacent brain tissue only to a small degree. Most

of the protein is probably quickly cleared from the brain or

reaches ineffectively low concentrations in any given brain

area. This is demonstrated by the fact that no significant

signal was seen on the contralateral side after intracerebro-

ventricular injection of the factor. Our findings with the Trk

tyrosine phosphorylation assay indicate that even the initial

concentration of NGF in the striatum probably never reaches

levels comparable to the concentration achieved with direct

intraparenchymal injections. This finding is significant with

regard to the potential use of neurotrophic factor therapy in

neurodegeneration. For example, it is well established that

basal forebrain cholinergic neurons are a major central ner-

vous system target for NGF (for a review, see Ref. 27). These

neurons, which are implicated in learning and memory, are
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severely affected in Alzheimer’s disease (39). In animal ex-

periments, NGF has been shown to prevent the death of

septal/diagonal band cholinergic neurons after axotomy by

fimbrialfornix transection, to restore ChAT activity to control

levels after lesions of the nucleus basalis, and to improve the

behavioral performance of aged impaired animals (for a re-

view, see Ref. 27). In most ofthe described studies, NGF was

administered intraventricularly in relatively large doses (mi-

crogram amounts). At these doses, NGF treatment is known

to induce remarkable side effects, e.g., promotion of aberrant

sympathetic neurite sprouting (30) along with reduced

weight gain and food intake (31, 32). Similar findings have

been observed in limited clinical trials, where NGF has been

found to induce hyperalgesia and weight loss (33). Our find-

ings now indicate that the same desired effects but fewer side

effects might be achieved by more precisely targeted intra-

parenchymal infusion of smaller amounts of the trophic fac-

tor. Although we did not specifically quantify the effects of

NGF injections on basal forebrain cholinergic neurons in the

present study, we did not notice up-regulation of ChAT or

trkA mRNA in the medial septum with intrastriatal injec-

tions of NGF (data not shown). For intraventricular injec-

tions, Holtzman et al. (15) reported increases of ChAT and

trkA mRNAs to 200% and 170% of control, respectively, after

intraventricular treatment for 7 days with 30 jig of NGF/day.

We found similar results in fimbria/fornix-lesioned rats with

daily intraventricular NGF injections of 4.5 jig (16). These

increases are very similar to the effects observed in striatum

after intraventricular NGF injections in the present study

but less than those observed after intrastriatal injections.

Similarly, at the level of Trk tyrosine phosphorylation, high

doses of intraventricular NGF are required to elicit a re-

sponse ofTrk-type receptors in the medial septum/basal fore-

brain.1 Taken together, these observations suggest a very

similar NGF response in basal forebrain as in striatal cho-

linergic neurons.

Injection of the control protein cytochrome c directly into

the striatum resulted in up-regulation of ChAT mRNA. The

reason for this effect is not clear. No increase in cholinergic

properties after treatment with this protein is seen in pri-

mary cultures of embryonic rat brain containing cholinergic

neurons of the basal forebrain or the striatum.2 It seems

unlikely that developmental changes in the cholinergic neu-

rons might be responsible for this difference. Rather, it seems

possible that lesions of the striatum might result in the

endogenous production and release of trophic factor(s), pos-

sibly including NGF. Reactive astrocytes, a common obser-

vation along the trajectory of intracerebral injections, show

increased synthesis of mRNA for NGF (40). A low level of

constitutive activation of Trk-type NGF receptors, presum-

ably due to the presence of endogenous NGF, can indeed be

detected in our Western blots (Figs. 6 and 7).

Our results showed up-regulation ofChAT mRNA occurred
at lower doses of injected NGF than up-regulation of trkA
mRNA. This result confirms a conclusion derived from ear-

her cell culture data that trophic treatment does not neces-

sarily affect equally all biochemical and molecular parame-

ters of a responsive cell but might influence only rather

specific cellular processes (41). It has been speculated that

the low affinity neurotrophin receptor protein p75NTR might

be involved in regulating NGF responses, particularly at low

concentrations of the ligand (6, 42, 43). It is conceivable that
interactions of some but not all of the proteins involved in
NGF signal transduction with the activated NGF receptor in

responsive cells (3) might be regulated by p75NTR. Consid-

ering the absence of detectable levels of p75NTR mRNA and

protein in the striatum, such a mechanism seems unlikely to

explain our observed differences with ChAT and trkA mRNA.

Although lesions have been shown to result in an up-regula-

tion of p75NTR in the adult striatum (21), the similarity of

our results with intrastriatal and intraventricular injections

that do not result in striatal lesioning and, presumably,

up-regulation ofp75NTR adds further evidence that p75NTR

might not be responsible for the observed differences.

Our results not only have relevance for NGF and the cho-
linergic neurons of the basal forebrain but also particularly

have implications for possible neurotrophic factor therapy in

Huntington’s disease, an affliction characterized by severe

striatal neurodegeneration, mainly of the GABAergic neu-

rons (for a review, see Ref. 44). We have previously demon-

strated the ability ofintrastriatally delivered NGF to prevent

the reduction in the number of cells expressing either ChAT

mRNA or trkA mRNA, caused by a single intrastriatal injec-

tion of quinolinic acid, in an animal model of Huntington’s

disease (26). Whether NGF administration, possibly corn-

bined with BDNF or NT-4/5, which have been shown to

stimulate striatal GABAergic neurons (45-47), is useful for

recovering some of the neurotransmitter systems affected by

this fatal disease awaits clarification. Another approach to

treatment in this disease might be the use of a genetically

engineered neurotrophin with multiple activities, as recently

proposed by different researchers (48-50). Our current re-

sults strongly suggest, probably also for such altered neuro-

trophins, that intraparenchymal rather than intraventricu-

lar injections or infusions of the trophic factor(s) might be

useful to maximize the effects on the targeted neuronal pop-

ulations and to minimize undesirable side effects.
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