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Nerve Growth Factor Infusion into the Denervated Adult Rat 
Hippocampal Formation Promotes Its Cholinergic Reinnervation 
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The well-documented but little-understood failure of lengthy 
axonal regeneration after injury of the adult mammalian CNS 
may be caused by an insufficient availability of local growth- 
promoting factors. If  so, identifying and supplying the miss- 
ing factors may result in better central axonal regeneration. 
This hypothesis was tested in an adult rat CNS model in 
which peripheral nerve grafts were placed into a lesion cavity 
between the septum and hippocampal formation. Continu- 
ous infusion of nerve growth factor (NGF) into the dorsal 
hippocampal tissue dramatically enhanced and accelerated 
the regrowth and penetration of cholinergic axons into the 
hippocampal formation. Thus, NGF can overcome the ap- 
parent resistance of the hippocampal CNS tissue to cholin- 
ergic reinnervation. 

In contrast to developing or peripheral nervous systems, the 
adult mammalian CNS fails to regenerate nerve fibers after in- 
jury. The results of many studies support the view that the 
capacity for axonal growth in the mature CNS is not irretrievably 
lost and that central axonal regeneration fails because of an 
inadequate tissue environment (Clemente, 1964; Varon, 1977). 
For example, neurons from various adult rat brain and spinal 
cord regions exhibit robust and lengthy axonal regeneration 
through peripheral nerve grafts, though rarely beyond them for 
significant distances (Aguayo, 1985). It remains to be seen 
whether the CNS tissue environment can be manipulated to 
overcome its apparent restrictiveness to axonal regrowth. 

The septohippocampal cholinergic system of the rat provides 
a valuable model for the investigation ofadult mammalian CNS 
regeneration. Cholinergic neurons from the medial septum and 
diagonal band project their axons through distinct pathways, 
the supracallosal striae and fimbria-fomix, which can be dis- 
cretely transected. The transection results in a verifiably com- 
plete cholinergic denervation of their innervation territory, the 
hippocampal formation. This transection creates a defined 
lesion cavity for placement of septohippocampal regeneration 
“bridges.” Cholinergic neurons in the adult septum and other 
basal forebrain regions (Whittemore and Seiger, 1987) are re- 
sponsive to nerve growth factor (NGF), a well-known neurono- 
trophic factor for PNS neurons, also involved in neurite out- 
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growth promotion in vitro and in vivo (Levi-Montalcini, 1987; 
Varon et al., 1988). 

In a recent time-course study (Hagg et al., 1990a), cholinergic 
axons regenerating through nerve grafts placed between the dis- 
connected septum and hippocampal formation showed a rapid 
but limited burst of growth into the hippocampal tissue. A po- 
tential involvement of endogenous NGF is suggested by findings 
that (1) relatively large amounts of NGF are produced by the 
cells within transected peripheral nerves, that is, similar to those 
used as septohippocampal grafts (Heumann et al., 1987; Taniu- 
chi et al., 1988); and (2) the level of hippocampal NGF tran- 
siently increases upon septohippocampal denervation (Gasser 
et al., 1986; Korshing et al., 1986; LHrkfors et al., 1987). We 
have further shown (Hagg et al., 1990b) that a peripheral nerve 
deprived of its living cells loses it regeneration-promoting com- 
petence for cholinergic axons but reacquires it when pretreated 
with purified NGF. Such data encourage the speculation that 
(1) a local and transient availability ofgrowth-promoting factors 
may be responsible for the initial rapid regeneration through 
the nerve graft and into the hippocampal tissue, (2) failure of 
sustained regeneration may primarily result from a lack of such 
factors, and (3) supplying the missing factors may promote fur- 
ther CNS regeneration. The present study was aimed at testing 
such a hypothesis. Here, we provide evidence that infusion of 
NGF into the denervated hippocampal formation dramatically 
promotes cholinergic fiber regrowth from a septohippocampal 
nerve graft into the hippocampal tissue. 

Materials and Methods 
All procedures have been described in detail elsewhere (Haag et al., 
1990a). Briefly, 200~gm adult female Sprague-Dawley rats were sub- 
jected to a complete bilateral aspirative fimbria-fomix transection. Either 
gelfoam (n = 4 rats, 8 brain sides) or l.S-2-mm pieces offresh autologous 
sciatic nerve (n = 26) were placed bilaterally as bridges into the lesion 
gap between the septum and hippocampal formation as shown in Figure 
1. Twenty of the nerve-implanted animals were unilaterally and con- 
tinuously infused into the hippocampal formation with a carefully de- 
signed infusion device consisting of an Alzet 2002 mini-osmotic pump 
(coated with paraffin to lower its rate from 0.5 to 0.15-0.2 rl/hr) con- 
nected to a thin 32-ga metal cannula by a vinyl-coil reservoir (Vahlsing 
et al., 1989). Starting immediately after nerve implantation, some of 
these rats were infused for 1 month into the dorsal hippocampal for- 
mation, at about 2 mm caudal to the grafb’hippocampal interface with 
either control vehicle (artificial cerebrospinal fluid containing 1 mg/ml 
rat serum albumin; n = 5) or vehicle containing mouse 7s NGF (0.16 
pg or 1000 Trophic Units per day; prepared and assayed as described 
in Varon et al., 1972 and Manthorpe et al., 1986; n = 5). Other rats (n 
= 5) were infused with NGF into the ventral hippocampal formation, 
about 7 mm from the graft, also for 1 month starting immediately after 
nerve implantation. After 1 month, the infusion devices were removed, 
their patency tested, and the residual NGF in the line reservoir was 
assayed and found to contain at least 30% of its original biological 
activity. In yet another set of nerve-implanted rats (n = 5) a 3-day 
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Figure I. Schematic sagittal represen- 
tation of rat brain and septohippocam- 
pal model used to evaluate cholinergic 
fiber regeneration. Sciatic nerve grafts 
(G) were placed in a lesion gap between 
the septum (s) and the hippocampal 
formation (H). In sagittal sections, de- 
terminations were made of the number 
of AChE-positive fibers intersecting 
imaginary lines through the hippocam- 
pal end of the nerve graft (N) and at 0.1 
(0) 1,2, and 3 mm from the rostra1 tip 
of the hippocampal formation. Aster- 
isk, position of dorsal hippocampal in- 
fusion; dot, ventral hippocampal infu- 
sion. 

dorsal hippocampal infusion with vehicle (n = 2) or NGF (n = 3) was 
started 1 month after nerve implantation. Six rats (12 sides) received 
nerve implants for 1 month without an infusion. One month after gel- 
foam- or nerve-implantation (or at the end of the infusion), all operated 
animals and 3 normal, unoperated animals were transcardially perfused 
with cold phosphate buffered saline and 4% paraformaldehyde, the brains 
were postfixed and cryoprotected with 30% sucrose, and 40-pm sagittal 
sections were cut on a freezing microtome. One of every 12 sections 
was mounted on glass slides, dried overnight, and stained for AChE 
(Hedreen et al., 1985) using Promethazine (0.2 mM, Sigma) as an in- 
hibitor of nonspecific esterases. 

Quantitative analyses of AChE-stained sagittal brain sections (480 
pm apart) were carried out as described previously (Hagg et al., 1990a). 
In each section, we counted the number of AChE-positive fibers inter- 
secting eye-piece grid lines placed perpendicular to the axis of the nerve 
graft or hippocampal formation at -0.2 (Fig. 1, N), 0.1 (Fig. 1, 0), 1, 
2, and 3 mm from the hippocampal rostra1 tip. In the nerve graft (Fig. 
1, N line), cholinergic fiber structures had a tendency to form fascicles 
and were scored at 500 x as thin (single fibers, 5 1 pm), medium, or 
thick (~4 pm), in single sections containing the largest fiber mass in the 
graft. The total number of cholinergic axons in nerve-graft sections can 
be grossly estimated by speculating that the thin, medium, and thick 
structures contain 1, 3, and 5 axons, respectively, as judged from the 
diameter of the individual fibers and the number of fibers found to 
converge into and diverge from medium and thick fiber structures. This 
method may underestimate the total number of axons. In the dorsal 
hippocampal formation, on the other hand, individual regenerating fi- 
bers were clearly distinguishable, and the number of fiber intersections 
at each successive 1 -mm distance was directly determined in each sec- 
tion at 250 x To determine the total number of fibers counted per brain 
side, fiber numbers at corresponding hippocampal distances of all AChE- 
stained sections (1 of every 12) on one side of the brain were summed. 
A measure for the fastest-growing fibers or fiber front was derived by 
measuring the maximal distance at which 10 fibers (about 5% ofnormal) 
could be detected in a single section. The ventral hippocampal formation 
was excluded from all quantitative analyses because it contains some 
spared chohnergic fibers from the untransected ventral septohippocam- 
pal pathway (Gage et al., 1984). Moreover, there was always a substantial 
area with no AChE-positive fibers separating the regenerated fibers from 
the ventral hippocampal formation. 

Results 

In contrast to normal animals (Fig. 2A), 1 month after surgery, 
virtually no AChE-positive axons could be detected in the dorsal 
hippocampal formation of animals receiving only a gelfoam 
implant in the fimbria-fomix transection cavity (Fig. 2B). This 
confirmed that the lesions had caused complete hippocampal 
choline@ denervation and that without intervention, no re- 

generation to the hippocampus had occurred. One month after 
sciatic nerve implantation, many regenerated AChE-positive 
fibers had crossed through the nerve graft and entered the dorsal 
hippocampal formation, and infusion of vehicle alone during 
that month had no detectable effects (Fig. 20. Nerve-grafted 
animals receiving a l-month NGF infusion into the dorsal hip- 
pocampal formation displayed a much greater density and pen- 
etration of cholinergic axons (Fig. 20) than vehicle-treated rats. 
As illustrated in Figure 3, the 3-dimensional extent of cholin- 
ergic fiber reinnervation into the hippocampal formation seen 
in animals with a nerve bridge plus 1 month hippocampal NGF 
infusion was much greater than in ones with nerve grafts but 
no NGF infusion. With dorsal NGF infusion, cholinergic fibers 
had extended past the point of infusion. 

In this study, we used a specially made infusion device that 
allows the continuous administration of substances into brain 
parenchyma (Vahlsing et al., 1989). Of 10 animals infused for 
1 month in the dorsal hippocampal formation with this new 
device, 8 showed no tissue damage beyond the width of the 
cannula tract itself. In the other 2 animals, the diameter of the 
lesion was less than twice that of the cannula. Such minimal 
damage was far less than the invariably severe necrotic damage 
obtained with an earlier version of the infusion device that 
released pump-derived cytotoxins into the brain tissue. 

Apposition and alignment of the nerve against the septum 
and hippocampal formation was somewhat variable, but this 
variability was grossly the same in all animal groups. Moreover, 
the numerical spread of values within individual groups was 
small enough to yield statistical significance (p 5 0.05) using 
the nonparametric Mann-Whitney U-test for the differences dis- 
cussed in the text. 

Dorsal hippocampal NGF infusion for 1 month had no ap- 
parent effect on the number of thin, medium, or thick fiber 
structures at the hippocampal end of the nerve graft (Table l), 
particularly if one considers the lack of sensitivity of this 
particular quantification method. The hippocampal values of 
1 -month vehicle-infused nerve-implanted animals were not sig- 
nificantly different from those found in noninfused animals (Ta- 
ble 2) suggesting that the infusion, per se, does not affect the 
regeneration of cholinergic axons into the hippocampal tissue. 
With a l-month dorsal NGF infusion, the number of fiber in- 



The Journal of f4eurosdenm. September 1990, 70(Q) 9999 

Figure 2. Intrahippocampal NGF promotes cholinergic axonal regeneration into the hippocampal formation. A. Sagittal section of a normal AChE- 
stained hippocampal formation. Scale bar, 250 pm. B, One month after fimbria-fomix transection, the hippocampal formation ofgelfoam-implanted 
animals showed no AChE-positive fibers. C, With a sciatic nerve graft (G’), many fibers had regrown into the dorsal hippocampal formation. D, 
NGF infusion for 1 month into the dorsal hippocampal formation, in addition to a nerve grati (G), considerably increased hippocampal reinnervation 
by AChE-positive fibers. Asterisk, infusion site. 

tersections at the entrance of the hippocampal formation (0.1 
mm level, Table 2) was 34 times greater than with vehicle or 
nerve grafts alone (p I 0.0005). The maximal number of fibers 
per single section (not shown) of these NGF-infused animals 
reached up to about 70% of that found in corresponding hip- 
pocampal regions (0.1 mm, 1 mm) of normal untransected an- 
imals (150 f 9 vs 2 12 + 7 SEM fibers per single section, n = 
6 sides). With NGF infusion, there was also a much more ex- 
tensive penetration into deeper hippocampal regions than in 
non-NGF infused animals, both in absolute total numbers and 

as percentages of the total number of fibers at the hippocampal 
entrance (0.1 mm). The maximal distance into the dorsal hip- 
pocampal formation at which 10 fibers (about 5% of normal) 
could be found in a single section, a measure for the fastest 
growing fibers (fiber front), was about 2.7 mm in l-month dor- 
Sal-NGF-infused animals compared to only 1.4 mm in nerve- 
implanted animals without NGF or 0.2 mm in gelfoam-im- 
planted control animals. In the contralateral hippocampal 
formation of animals with a l-month unilateral dorsal hippo- 
campal NGF infusion, the fiber numbers were lower than those 

Table 1. Quantitative anaIyses of cholinergic axonal regeneration across the nerve bridge 

Number of nerve fiber structures -+ SEM 
Experimental group n Thin Medium Thick Estimated total 

Nerve only 12 49 f  4 62 + 6 6+1 265 YLY 22 

Nerve and dorsal hip-pal vehicle 5 34 f  3 59 & 8 6+2 238 + 32 

Nerve and dorsal hippocampal NGF 5 43 + 6 80 f  6 523 333 k 41 

presented arc the numbers of AChE-positive thin, medium, and thick fiber struchres counted at the end of the nerve implant facing the hippocampal formation (N 
line in Fig. 1). The total numbers of axons were estimated by assigning the values of 1, 3, and 5 axons to the thin, medium, and thick fibers, respectively. n = number 
of individual brain sides. 
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Figure 3. Extent of cholinergic hippocampal reinnervation 1 month after gelfoam (A), nerve graft (B), or nerve graft implantation plus a l-month 
dorsal hippocampal NGF infusion (c), as illustrated in drawings of OS-mm-spaced sagittal sections through the hippocampal formation. A 
representative animal with fiber and distance values close to average was chosen for each experimental group. Camera lucida techniques were used 
to trace representative densities rather than individual cholinergic fibers. Scale bar, 2 mm. CC, corpus callosum; G, graft, vertical bar and asterisk, 
infusion site. 

found ipsilateral to the infusion but higher than those found in 
the vehicle-infused (0.1 mm, just below significance, p 5 0.1; 
1 mm, p 5 0.05) or noninfused (0.1 mm, p 5 0.025; 1 mm, p 
I 0.005) hippocampal formations. Ventral hippocampal NGF 
infusions also induced increased choline& reinnervation in 
the ipsilateral dorsal hippocampal formation compared to ve- 
hicle- and noninfused (0.1 mm, p I 0.005; 1 mm, p 5 0.01) 
animals, though never to the extent achieved with dorsal NGF 
infusions. 

To determine whether NGF merely induced an increase in 
AChE staining, a dorsal hippocampal NGF infusion was started 
1 month after nerve implantation. After 3 days with such an 
NGF infusion, the number of AChE-positive hippocampal fi- 
bers was no greater than with a vehicle infusion over the same 
period (data not shown). These numbers were also not different 
from those in nerve-implanted animals receiving a l-month 
vehicle infusion or no infusion at all. 

Discussion 
The results presented here demonstrate that infusion of NGF 
for 1 month into the hippocampal formation dramatically in- 
creases the extent of cholinergic hippocampal reinnervation. We 
have previously reported (Hagg et al., 1988, 1989a) that NGF 
can rapidly (l-3 d) upregulate the ChAT content, and thus the 
ChAT-mediated detectability, of axotomized (ChAT-negative) 
cholinergic medial septum neurons. Thus, in the present study, 

NGF might merely have upregulated the marker enzyme AChE 
by which previously regenerated (but AChE-negative) axons 
would be made recognizable. A 3&y NGF-infusion into the 
dorsal hippocampal formation starting 1 month after nerve im- 
plantation, however, did not induce the appearance of an AChE- 
positive fiber plexus. Although the unlikely possibility that long- 
er-term NGF infusion would only upregulate AChE cannot be 
ruled out, this suggests that the NGF-induced appearance of 
AChE-positive fibers in the hippocampal formation represents 
genuine axonal elongation into the receiving CNS territory. 

The NGF-induced increase in the number of regrown cholin- 
ergic fibers in the hippocampal formation occurred without any 
apparent increase in fiber numbers in the nerve graft. Thus, 
NGF does not appear to promote regeneration into the hip- 
pocampal formation by recruiting more choline& neurons or 
by increasing the availability of more fibers at the distal nerve- 
graft end. Furthermore, NGF infusion increased not only the 
number of fibers at the hippocampal entrance (0.1 mm level), 
but also the proportion of the entering fibers that reached deeper 
regions (e.g., numbers at level 1 mm as a percentage of level 
0.1 mm). This suggests that NGF promotes regeneration by 
facilitating a better penetration of fibers into and throughout all 
regions of the hippocampal CNS tissue. Thus, NGF can change 
the apparently “restrictive” environment to make it more con- 
ducive to axonal penetration. It is of interest that NGF-pro- 
ducing fibroblast grafts have also recently been seen to induce 
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Table 2. Quantitative analyses of cholinergic axonal regeneration in the dorsal hippocampal formation 

Number of hippocampal fiber intersections & SEM Maximum 
Experimental group n 0.1 mm 1 mm 2mm 3mm distance (mm) 

No nerve 8 25 2 8**** 3 + 2***** 0** 0 0.2 f 0.1***** 
Nerve only 12 137 + 19 56 k 10 3-tl 0 1.4 f 0.1 
Nerve and dorsal hippocampal vehicle 5 120 + 29 67k14 5k4 0 1.4 f 0.2 

Nerve and dorsal hippocampal NGF 
ipsilateral to infusion 

5 476 f 47**** 406 f 49**** 94 k 27**** 121 2.7 f 0.2**** 

Nerve and dorsal hippocampal NGF 5 189 f 18* 99 f 13** 6+2 0 1.6 f 0.2 

contralateral to infusion 
Nerve and ventral hippocampal NGF 5 273 k 59** 136k 32* 36 f 13*** 3?3 2.2 + 0.1*** 

The total number of AChE-positive fiber intersections counted at successive l-mm distances into the dorsal hippocampal formation is presented here, calculated by 
summing the numbers at corresponding hippocampal distances of all the AChE-stained sections (I of every 12) on one side of the brain. Also given is the maximal 
distance into the hippocampal formation where 10 AChE-positive fibers could be detected in a single section. Statistical significance compared to corresponding values 
of the dorsal hippocampal vehicle-infused group (nerve and dorsal hippocampal vehicle) was determined with the nonparametric Mann-Whitney U-test. 

*p 5 0.1. 

** p 5 0.05. 
*** p 5 0.025. 

****p 5 0.005. 
***** p 5 0.00 1, 

cholinergic axonal growth into the denervated cortex from the 
adult rat host itself or from transplanted fetal brain tissue (Ern- 
fors et al., 1989). 

Regeneration ofcholinergic fibers into the dorsal hippocampal 
formation was also promoted by infusion of NGF into the ven- 
tral hippocampal formation 7 mm away on the ipsilateral side 
and, to a lesser extent, by infusion of NGF into the dorsal 
hippocampal formation on the contralateral side of the brain. 
Thus, parenchymally infused NGF can diffuse through the brain 
tissue and/or the ventricular spaces and exert its promoting 
effects over such distances. Further experiments will be required 
to define optimal duration, dose, and locations of NGF admin- 
istration that might allow full reinnervation of the hippocampal 
formation. 

Treatment with NGF or other regeneration-promoting factors 
to facilitate the original and appropriate reinnervation in the 
adult CNS should meet at least the following requirements: (1) 
It should selectively recruit into the regenerative process the 
desired neuronal subsets. NGF may be selective for cholinergic 
neurons in the CNS (Whittemore and Seiger, 1987). (2) The 
treatment should affect only axotomized or damaged neurons. 
In the present study, only damaged cholinergic neurons appear 
to have responded, because ventral hippocampal NGF infusion 
did not induce obvious sprouting of the undamaged cholinergic 
ventral pathway. Similarly, intraseptal cholinergic sprouting was 
previously seen to occur in NGF-infused animals only in con- 
junction with a fimbria-fomix transection (Williams et al., 1986; 
Hagg et al., 1989b). In vitro, NGF has also been shown to 
promote axonal regeneration in cholinergic septal/basal fore- 
brain neurons only after their axotomy (Schinstine and Com- 
brooks, 1989). (3) An important question will be whether the 
NGF treatment would promote or at least respect a normal 
distribution pattern of reinnervation. Regenerating adult cho- 
linergic axons have been shown to restore normal distribution 
patterns over a several-month period (Kromer et al., 198 1; Hagg 
et al., 1990a). Such a pattern was not recognized in the present 
study, restricted to 1 month after implantation, where even the 
NGF-induced hippocampal fiber density reached only about 

70% of normal. Whether or not NGF would affect fiber distri- 
bution patterns may also depend on whether NGF promotes 
axonal regrowth through a tropic-attracting (Gundersen and 
Barrett, 1980) or a more general trophic action. The 2 modes 
of action have different implications for approaches to NGF 
therapy, because a tropic factor would attract fibers towards its 
point of infusion, allow no deeper CNS tissue penetration, and 
possibly disturb original innervation patterns, whereas a stim- 
ulatory/promoting factor might enhance regeneration without 
imposing or disturbing directional cues. (4) Synaptic reconnec- 
tion to the “original” set of postsynaptic hippocampal neurons 
should be achievable under NGF treatment. This last require- 
ment for NGF treatment is yet to be investigated. 

Taken together, the results of this study support the hypoth- 
eses that (1) the CNS tissue properties that oppose its penetration 
by regenerating adult axons are not immutable, (2) failure of 
central axonal regeneration may largely result from inadequate 
availability in CNS tissue of individual endogenous factors such 
as NGF, and (3) consequently, CNS axonal regeneration can be 
promoted by exogenous administration of such factors. 

The central cholinergic systems may regenerate relatively well 
compared to other systems (Bjorklund and Stenevi, 1979). This 
may be due to the relative scarcity of myelination in this system 
(Bjiirklund and Stenevi, 1979), especially in view of the recent 
reports (Caroni and Schwab, 1988; Schwab and Caroni, 1988; 
Schnell and Schwab, 1990) that CNS (optic nerve, corpus cal- 
losum, spinal cord) myelin-associated proteins inhibit neurite 
extension and regeneration both in vitro and in vivo. Neverthe- 
less, the main concept emerging from the present septohippo- 
campal system (promotion of cholinergic axonal regeneration 
by administration of a single neuronotropic factor, NGF) may 
be valid for all CNS neuronal systems, albeit with different types 
and relative amounts of such growth-promoting factors. Inter- 
estingly, optic nerve grafts, known to be negative/inhibitory 
terrains for axonal regeneration from several types of neurons, 
have recently been shown to provide a growth-promoting en- 
vironment for neurosecretory hypothalamic neurons (Dellmann 
et al., 1989). 



3092 Hagg et al. * Hippocampal NGF Promotes Its Cholinergic Reinnervation 

In conclusion, administration into adult brain tissue ofa single 
neuronotrophic factor, NGF, has a dramatic promoting effect on 
central cholinergic axonal regeneration. This indicates that CNS 
tissue has plastic properties amenable to manipulation by such 
individual factors, rather than being a structurally and perma- 
nently restricted environment. If these concepts are generaliz- 
able to other neuronal systems and other factors, they would 
provide a new level of understanding of the mechanisms that 
influence axonal regeneration in the adult mammalian CNS. 
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