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Removal of synaptic connections following a partial deaf- 
ferentation lesion results in a sprouting of remaining affer- 
ents that terminate near the denervated area. However, 
while the ability to form new synapses in response to injury 
has been reported in both young and aged rats, previous 
studies have suggested that the injury-induced response 
in the hippocampus of aged rats may be delayed and/or 
not as extensive as compared to young adults. Given that 
growth associated proteins are central for the regulation of 
neurite outgrowth during both development and regenera- 
tion, we were interested in determining if the magnitude 
and time course of the sprouting response of hippocampal 
neurons to deafferentation might correlate with induction 
of growth associated proteins and whether these parame- 
ters could be modulated with age. For our studies we used 
the Holmes fiber stain to determine the expansion of the 
C/A fiber plexus following denervation and compared the 
time course of the sprouting response with that observed 
by in situ hybridization for the neurite outgrowth proteins, 
growth associated protein-43 (GAP-43), superior cervical 
ganglion-10 (SCG-lo), and neurofilament-68 (NF-68) at var- 
ious time points after the lesion for each age group. We 
found that the commissural/associational (C/A) fiber plexus 
expanded by 45% in young adult rats at 30 and 45 d pos- 
tlesion and was accompanied by a significant increase in 
expression of GAP-43 mRNA in both ipsilateral and contra- 
lateral hilar and CA3 pyramidal neurons, the cell bodies of 
origin for the C/A pathway. In contrast, a dampened sprout- 
ing response was observed in aged rats at all time points 
postlesion and coincided with a lack of induction of any of 
the growth-associated proteins. These results suggest that 
GAP-43 is involved in outgrowth of C/A axons in the hip- 
pocampus in response to a partial deafferentation lesion. 
However, factors that stimulate neurite outgrowth and 
upregulate GAP-43 mRNA in response to a partial deaffer- 
entation lesion diminish with age. 
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The development of the mammalian nervous system involves 
the formation of complex neuroanatomical networks achieved 
through the differential expression of gene products which direct 
cell migration, neurite outgrowth and new synapse formation. In 
addition, it is known that neurons in many regions of the adult 
brain retain their ability to remodel their synaptic circuitry in 
response to changes in their cellular environment and that the 
ability of the nervous system to adapt to various cellular stimuli 
is critical for reestablishing a synaptic circuitry that can lead to 
functional recovery in response to brain injury (Cotman and 
Anderson, 1988; Coleman et al., 1990). In contrast, it has been 
suggested that an impaired or aberrant adaptive response, albeit 
part of natural aging or a disease process, may contribute to the 
progression of neuropathological deficits typically described in 
age-associated neurodegenerative diseases of the CNS (reviewed 
in Geddes et al., 1985; Represa et al., 1988; Flood and Coleman, 
1991). 

Given that growth associated proteins (GAPS) are central for 
the regulation of neurite outgrowth during both development and 
regeneration, we characterized changes in the time course of 
gene expression of GAPS that can serve as markers for evalu- 
ating age-related changes that occur in the brain in response to 
neuronal deafferentation. In this study, we examined changes in 
the expression of three GAP mRNAs, previously reported to be 
involved in neurite outgrowth during both development and re- 
generation. First, GAP-43 is an axonally transported phospho- 
protein that is prominent in growth cones and its phosphoryla- 
tion by protein kinase C has been implicated in long term 
potentiation (Lovinger et al., 1986; Linden et al., 1988), signal 
transduction (Van Hooff et al., 1988), and neurotransmitter re- 
lease (Nairn and Shenolikar, 1992). Second, SCG-10 is a newly 
described neuron specific protein involved in neurite outgrowth. 
SCG-10 was first isolated from developing neurons of sympa- 
thoadrenal lineage and is upregulated in developing neural crest 
neurons induced by NGF (Stein et al., 1988). Third, NF-68 is 
one part of a triplet polypeptide thought to play an important 
role in the reorganization of the axonal cytoskeleton during neu- 
rite growth (Hoffman, 1987, 1989). It is a neuron specific protein 
found in both axons and dendrites, unlike many other cytoskel- 
eta1 proteins, which are found in both neurons and glia (Klein- 
man et al., 1990). 

We hypothesize that in the adult hippocampus GAPS play an 
important regulatory role during neurite outgrowth in response 
to brain injury and that age-related changes in the time course 
or magnitude of a hippocampal neurons sprouting response may 
be correlated with changes in GAP message. Specifically, we 
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Figure I. Schematic diagrams of the FF (A) and EC lesions (B). A is 
a drawing of the rat brain sectioned in the sagittal plane. The blackened 
bar indicates the anatomical level of the FF transection made by the 
knife cut. B is a composite of three diagrams of the hemisected rat brain 
viewed in the horizontal plane. The blackened bar indicates the location 
of the angular bundle transection at various anatomical levels of the 
hippocampus. Schematic drawings were prepared from Paxinos and 
Watson (1986) and the location of the lesions was verified from Nissl- 
stained sections. Abbreviations used include Ab, angular bundle; Cb, 
cerebellum; CC, corpus callosum; CP, caudate putamen; EC, entorhinal 
cortex; F, fimbria; FC, frontal cortex; H, hippocampus; LV, lateral ven- 
tricle; 0, optic tract. 

examined the effect of age on the changes in mRNA levels for 
GAP-43, SCG-10, and NF-68 in neurons of the CIA pathway of 
the hippocampus following a combined lesion of the entorhinal 
cortex and fimbria fornix (EC/FF) and used the Holmes fiber 
stain to assess the corresponding sprouting response of CIA ax- 
ons into the deafferented hippocampus. We report that the 
sprouting of C/A axons into the deafferented dentate gyrus tem- 
porally parallels the upregulation of GAP-43 mRNA but not 
SCG-10 or NF-68 mRNA in hilar and CA3 pyramidal neurons 
in young adult rats. By comparison, the dampened sprouting 
response of CIA fibers in aged rats is associated with an absence 
of GAP-43 mRNA induction. 

Materials and Methods 
Lesions. Male Fischer-344 rats, 3 months or 24 months of age, were 
deeply anesthetized with pentobarbital (50 mg/kg, i.p.) and were placed 
in a stereotaxic apparatus. Stereotaxic lesions of the EC/FF were per- 
formed with an extendable Scouten knife (Kopf Inc., Tujunga, CA). For 
FF transections, a hole was drilled in the cranium 1.5 mm posterior to 
bregma and 2.0 mm lateral to the midline. The retracted knife was 
lowered 5.0 mm below the dura, and the wire blade was extended 2.0 
mm toward the midline. Transection of the FF was made by raising the 
blade 4.0 mm, making sure the extended knife did not cross the midline 
and damage the contralateral fimbria (Figs. lA, 2A,B). Subsequently, 

the wire knife was retracted and the holder was removed. For lesions 
of the perforant pathway, a knife cut was made that transected the an- 
gular bundle, disrupting the projection fibers from the entorhinal cortex. 
Specifically, a burr hole was drilled 0.5 mm anterior to lambda and 5.3 
mm lateral to the midline. The retracted knife was lowered 5.0 mm 
below the dura, and the wire blade was extended 1.0 mm towards the 
midline. In order to lesion the angular bundle, the wire blade was raised 
4.0 mm and then retracted (Fig. 1B). Wounds were sutured and animals 
remained under standard housing conditions until the end of the exper- 
iment. 

As reported previously, transection of the FE using the protocol de- 
scribed above, results in a loss of cholinesterase staining and dopamine- 
B-hydroxylase immunoreactivity from the dentate gyms molecular layer 
(Schauwecker and McNeill, 1995). In addition, complete transection of 
the angular bundle, which removes fiber projections originating from 
both the lateral and medial EC, was confirmed by examination of cresyl 
violet stained sections cut in the horizontal plane through the hippo- 
campus (Fig. 2CJ). In all animals examined, no damage to the hip- 
pocampus proper or area dentata was observed. 

Tissue processing for Holmes stain. In the dentate gyms, the Holmes 
silver stain was used to assess changes in the innervation from the C/A 
pathway. Animals were deeply anesthetized with pentobarbital (50 mg/ 
kg, i.p.) and perfused through the heart with saline followed by a so- 
lution of 4% paraformaldehyde in phosphate buffer (pH 7.4). Brains 
were removed, postfixed overnight in the same fixative, and then im- 
mersed in 30% sucrose for 2 d. Coronal sections were cut from the 
dorsal hippocampus at 30 pm in thickness on a freezing microtome and 
every third section was stained with the Holmes fiber stain following 
the method outlined by Sheehan and Hrapchak (1980). Briefly, sections 
were hydrated, incubated in 1% silver nitrate in the dark for 2 hr, and 
then impregnated in a solution containing 9% boric acid buffer, 8% 
borax buffer, 1% silver nitrate, and 10% pyridine at 37°C overnight, 
followed by immersion in a reducing solution containing 1% hydro- 
quinone and 10% sodium sulfate. Sections were then incubated in 0.2% 
gold chloride, which intensifies the fiber staining, for 6 min, 2% oxalic 
acid for 8 min, and 5% sodium thiosulfate for 5 min. Sections were 
then dehydrated and coverslipped. 

We examined changes in the C/A pathway at 14, 30, 45, and 60 d 
postlesion in both age groups (n = 4 per time point for each age group) 
and compared these findings with data taken from intact control rats (n 
= 4). These times were chosen based on previous morphological studies 
which examined the time course of reactive synaptogenesis in the par- 
tially deafferented hippocampus (reviewed in Cotman and Nadler, 1978; 
Cotman et al., 1981; Cotman and Anderson, 1988) and spanned the 
time required for the reinnervation of the lesioned hippocampus follow- 
ing a unilateral EC lesion (Lynch et al., 1972; Scheff et al., 1978; 
Caceres and Steward, 1983). 

Quantitative analysis of the C/A jiber plexus. The expansion of the 
C/A fiber plexus was analyzed using brain sections stained by the 
Holmes fiber stain and analyzed following the methods of Scheff and 
coworkers (1980, 1983). As in their studies, two days prior to sacrifice, 
the contralateral EC was lesioned (knife cut) in order to facilitate the 
measurement of the boundary of the C/A fiber plexus ipsilateral to the 
primary lesion and the width of the fiber plexus ipsilateral to the lesion 
was compared to both the width of the fiber plexus in the contralateral 
hippocampus as well as intact controls. 

Camera lucida drawings (20X) from the dorsal blade of the dentate 
gyms were made from every third section of the dentate gyms and for 
each section, and the absolute width of the fiber plexus was determined 
at three points perpendicular to the granule cell layer on both the le- 
sioned and control sides of the hippocampus. Reactive sprouting of the 
fiber plexus was expressed as the ratio of the width of the C/A fiber 
plexus on the side ipsilateral to the primary lesion divided by the width 
of the fiber plexus on the contralateral side. Data were also compared 
with data obtained from intact control rats. Age and postlesion time 
effect were analyzed using multivariate analysis and the Newman-Keuls 
post hoc test using the interactive statistical software CRUNCH (Crunch 
Software Corp., Oakland, CA) with N equal to the number of rats in 
each age group. 

Preparation of riboprobes. All cDNA probes used in the present 
study were transcribed in the presence of ?S-UTP (1300 Ci/mmol; Du 
Pont, Wilmington, DE). GAP-43 cRNAs were transcribed from a 
pGEM4 plasmid containing a 1121 base pair (bp) rat GAP-43 insert 
(kindly provided by Dr. M. Fishman). SCG-10 specific riboprobes were 
transcribed from a SP65 plasmid containing a 2000 bp rat SCG-10 insert 



2464 Schauwecker et al. l Absence of Lesion-Induced Sprouting in Aged Rat Hippocampus 

Figure 2. Photomicrographs of N&l-stained tissue sections documenting the extent of the FF and the EC lesion. A is a Nissl-stained sagittal 
section of the hippocampus from a control rat showing the intact fimbria (fi). B depicts the transected fimbria rostra1 to the hippocampus following 
a unilateral FF transection. C is a Nissl-stained horizontal section of the hippocampus from a control rat showing the intact angular bundle. D 
illustrates the disruption of the angular bundle (ab) following the knife-cut lesion. Scale bar, 200 km. 

(kindly provided by Dr. D. Anderson), while NF-68 riboprobes were 
transcribed from a pGEM plasmid containing a 900 bp rat NF-68 insert 
(kindly provided by Dr. N. Cowan). 

In situ hybridization. We examined changes in message by in situ 
hybridization at four time points postlesion and compared these findings 
with data taken from intact controls. Rats (n = 5 per age group at each 
time point) were decapitated at 14, 20, 30, and 45 d postlesion and the 
brains were immediately frozen in isopentane at -20°C. Sections (14 
pm) were cut on a cryostat (Microm, Thornwood, NY) and thaw 
mounted onto poly-L-lysine coated slides, and stored at -70°C. After 
fixation in 4% paraformaldehyde in phosphate-buffered saline (PBS) for 
30 min, sections were hybridized at 50°C for 3 hr in a humidified cham- 
ber with 10 ~1 hybridization solution per section (50% formamide, 4X 
sodium chloride-sodium citrate buffer @SC), 5X Denhardt’s, 1% so- 
dium dodecyl sulfate (SDS), 10% dextran sulfate, 250 pg/ml tRNA, 25 
Fg/ml poly A, 25 pg/ml poly C, and 0.1 M dithiothreitol (DTT) con- 
taining 0.3 ng/@kb riboprobe. Sections were subsequently rinsed, in- 
cubated in 20 kg/ml RNase A at 37°C for 30 min, washed in 50% 
formamide, 0.5 M NaCl, and 50 mM sodium phosphate (pH 7.0) con- 
taining 1% P-mercaptoethanol at 60°C for 1 hr, and then washed at 
37°C in 1X SSC with 1% P-mercaptoethanol overnight. Sections were 
dehydrated through graded alcohols and air dried. Sections and “‘C stan- 
dards (Kodak) were exposed to x-ray film (Kodak, Rochester, NY) for 
3-5 d. The labelling intensity for each probe was determined by optical 
density measurement from autoradiograms corresponding to coronal 
sections of the brain using an image processing and analysis system 
(SQ MEG IV system, Nashville, TN). The optical density values were 
calculated after subtraction of the film background density. The optical 
density was measured bilaterally with no less than 10 measurements for 
each probe, brain, and brain area, respectively. Values given represent 

the means of at least five different animals for each experimental time 
point and age. The results were assessed statistically by a one-way 
ANOVA, and intergroup differences were analyzed by Newman-Keuls 
post hoc test. 

Following film autoradiography, sections were processed for emul- 
sion autoradiography. Slides were dipped in Kodak NTB-2 photo-emul- 
sion (diluted 1:l in 600 mM ammonium acetate) and exposed in the 
dark for 3-5 weeks at 4°C. Slides were developed in D-19 (Kodak, 
Rochester, NY) at 15°C for 4 min, fixed for 6 min, and counterstained 
with cresyl violet. Quantification of grain density over individual cell 
bodies was assessed using a computer enhanced video densitometer 
(Southern Micro Instruments, Atlanta, GA). Labeling was considered 
specific when grain accumulations over cells with a large nucleus ex- 
ceeded five times the background value. Cells containing high grain 
density were selected and the number of grains within this field were 
counted with a 100X oil immersion objective. At least three represen- 
tative sections from five animals for each age and time point were 
processed for analysis. Results were assessed statistically using one- 
way ANOVA, and intergroup differences were analyzed by Newman- 
Keuls post hoc test. 

Results 

Age comparison of C/A jiber outgrowth 
Camera lucida drawings of the C/A fiber plexus were made 
along the dorsal blade of the dentate gyrus at a septal level of 
the hippocampus at 14, 30, 45, and 60 d after an EC/FF lesion 
in young adult or aged rats and compared to intact controls. For 
each drawing, the width of the C/A fiber plexus was determined 
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Figure 3. Effect of aging on axonal sprouting from the C/A fiber 
plexus following a combined EC/FF lesion. The C/A width in young 
animals was significantly greater (P < 0.0001) than aged animals at 30, 
45, and 60 d postlesion. Values represent means k SEM. 

and reactive sprouting of the fiber plexus was expressed as the 
ratio of the width of the CIA fiber plexus on the side ipsilateral 
to the primary lesion divided by the width of the fiber plexus 
on the contralateral side. 

Qualitatively, axons of the C/A pathway formed a dense band 
of fibers that were oriented parallel to the dorsal blade of the 
dentate gyrus in both young and aged rats regardless of whether 
they received a lesion. In addition, there was not an obvious 
difference in the density of the fiber plexus between young and 
aged intact rats. However, following the combined EC/IF lesion, 
the density of the C/A fiber plexus in young rats was consistently 
greater than that observed in aged rats with an EUFF lesion. 

As observed in Figure 3, we found that there was a significant 
age effect with respect to the C/A sprouting response following 
the combined EUFF lesion. At 30,45, and 60 d postlesion, there 
was a significant increase (45%) in the width of the CIA fiber 
plexus compared to the width of the plexus in the contralateral 
hippocampus. The increase in the width of the fiber plexus was 
present at 30 d postlesion and remained increased at 60 d pos- 
tlesion (F = 38.995; P < 0.0001). By comparison, little sprout- 
ing (10% increase) was observed in aged rats following the EC/ 
FF lesion. While sprouting from the C/A fiber plexus increased 
in young rats, the sprouting response in aged rats was not sig- 
nificantly different from intact controls (Fig. 4). 

Expression of growth-associated proteins 

As shown in Figure 5, the distribution of mRNAs for GAP-43, 
SCG-10, and NF-68 in intact rats was identical to that reported 
previously (Benowitz et al., 1988; Kleiman et al., 1990; Meberg 
and Routtenberg, 1991; Kruger et al., 1992; Kruger et al., 1993; 
Himi et al., 1994), and there were no age-related changes with 
regard to expression or distribution of any of the GAP mRNAs 
present in intact rats. For adult rats, the heaviest label of GAP- 
43 mRNA was restricted to the cell soma of hilar and CA3 
pyramidal neurons of the hippocampus while pyramidal cells in 
CA1 exhibited light to moderate label. In contrast, no label was 
present in the granule cells of the dentate gyrus. For SCG-10 
mRNA, expression was evident in pyramidal cell layers located 
in all subfields of Ammon’s horn (CAl-CA3), in hilar neurons, 
and in granule cells of the dentate gyrus. CA3 pyramidal and 
hilar cells showed the most intense hybridization, however, in 

Figure 4. Photomicrograph comparing the expansion of the CIA fiber 
plexus using the Holmes fiber stain. A demonstrates the staining pattern 
in a young adult intact animal, while B represents enhanced outgrowth 
30 d following the combined lesion. C demonstrates the staining pattern 
in an old intact animal, while D represents a dampened sprouting re- 
sponse 30 d following the combined lesion. Scale bar, 20 pm. 

contrast to GAP-43 mRNA expression, the signal in CA3 py- 
ramidal cells was not sufficiently greater than that observed in 
CA2 pyramidal cells to allow these two regions to be distin- 
guished. For comparison, NF-68 mRNA distribution in intact 
rats was similar to that seen for SCG-10 mRNA expression. 
Levels of hybridization were strongest in CA3 pyramidal and 
hilar cells with moderate expression in CA1 and CA2 subfields 
of Ammon’s horn and granule cells of the dentate gyrus. 

Following an EUFF lesion in young adult rats, a significant 
increase (two- to threefold) in GAP-43 mRNA expression was 
observed in both contralateral and ipsilateral hilar and CA3 py- 
ramidal cells at 30 d postlesion and a six- to sevenfold increase 
was observed bilaterally in CA3 pyramidal and hilar cells at 4.5 
d postlesion (Figs. 6, 7). In contrast, no alterations in either 
SCG-10 or NF-68 mRNA expression were observed in any hip- 
pocampal region at any time point after the combined lesion in 
young adult rats. In addition, no changes in expression of GAP- 
43 mRNA were observed in any other subgroup of neurons of 
the hippocampus. 

In comparison, in aged rats no changes in GAP-43, SCG-10, 
or NF-68 mRNA expression in the ipsilateral or contralateral 
hippocampus were observed between 14 and 45 d following the 
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Figure 5. Distribution of GAP-43 (A), SCG-10 (B), and NF-68 (C) 
mRNA expression in coronal sections of young (3 month old) intact 
F-344 rats. Scale bar, 50 brn. 

combined ECfFF lesion. In addition, GAP expression in both 
ipsilateral and contralateral hippocampus was similar to what 
was observed in intact animals (Fig. 7). Furthermore, no age- 
related alterations in GAP-43 mRNA expression and/or distri- 
bution were observed between young and old intact animals. 

Discussion 

The results of this study demonstrate that the sprouting response 
of C/A axons into the middle molecular layer of the dentate 
gyms following a deafferentation lesion involving both the EC 
and FF is dampened in aged rats and extends previous studies 
which have reported that neurons of the CIA pathway exhibit a 
sprouting response that decreases with age following a unilateral 
lesion of the EC alone. Previous studies have reported that in 
rats younger than postnatal day 7, CIA axons can sprout to oc- 
cupy nearly the entire molecular layer of the dentate gyrus fol- 
lowing a lesion of the EC which removes over 85% of the af- 
ferent input to the outer molecular layer of the dentate gyrus 
(Lynch et al., 1973). By comparison, in adult rats, C/A fibers in 

Figure 6. Distribution of grains over neuronal cell bodies by GAP-43 
mRNA by in situ dark-field emulsion autoradiography in CA3 pyra- 
midal cells in (A, C) intact and (B, D) 45 d post-EC/FF lesioned ani- 
mals. Note that the increase in GAP-43 mRNA was observed in both 
ipsilateral (C) and contralateral (D) sides of the lesioned animal. Scale 
bar, 20 p,m. 

the inner molecular layer extend only partway into the middle 
molecular layer following an EC lesion, and the sprouting re- 
sponse of CIA axons following an EC lesion is absent in aged 
rats (Lynch et al., 1973, 1976, 1977; Nadler et al., 1977; Scheff 
et al., 1978; Cotman and Scheff, 1979; Gall and Lynch, 1981). 
Our findings extend previous studies on the hippocampal re- 
sponse to a unilateral EC lesion and suggest that the extent of 
sprouting of C/A axons following a deafferentation lesion is age- 
dependent and does not necessarily depend on the type of lesion 
involved. In addition, our data suggest that factors that regulate 
events that stimulate neurite outgrowth in the hippocampus fol- 
lowing brain injury decrease with age; however, the identifica- 
tion of specific factors that regulate sprouting of C/A axons are 
currently unknown. 

Our finding that increased expression of GAP-43 mRNA tem- 
porally correlates with the expansion of the CIA fiber plexus 
into the middle molecular layer of the dentate gyrus provides 
further evidence that GAP-43 is involved in the regulation of 
neurite outgrowth of C/A axons in the adult brain following 
injury. Previous studies have demonstrated that GAP-43, also 
known as B-50 (Nielander et al., 1987), GAP-48, Fl (Rosenthal 
et al., 1987), pp46 (Meiri et al., 1986), and P57 (Cimler et al., 
1987), is a fast axonally transported phosphoprotein that is im- 
portant in axon growth (Benowitz and Routtenberg, 1987; Ske- 
ne, 1989; Stewart et al., 1993) and its phosphorylation by protein 
kinase C has been implicated in long term potentiation, signal 
transduction, and neurotransmitter release (Linden et al., 1988; 
Vanhooff et al., 1988; Nairn and Shenolikar, 1992; Swope et al., 
1992). GAP-43 protein content and mRNA expression are upre- 
gulated in both the PNS (Forman and Berenberg, 1978) and 
CNS (Skene and Willard, 1981; Benowitz and Schmidt, 1987) 
following axotomy and levels of GAP-43 protein increase dra- 
matically in the dentate gyms following an EC lesion, coincident 
with the expansion of the C/A fiber plexus into the middle mo- 
lecular layer of the dentate gyrus (Benowitz et al., 1990). In 
addition, previous studies have found that there is a twofold 
increase in the transport of newly synthesized GAP-43 to the 
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Figure 7. Quantification of GAP-43 (A, B), SCG-10 (C, D), and NF-68 (E, F) mRNA expression in septohippocampal portions of the hippocampal 
formation following an EUFF lesion in young and aged rats. Data are given as percentage of grain number per neuronal cell body found in intact 
animals. Values represent means rt SEM. 
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contralateral hippocampus between 6 and 15 d following an EC 
lesion, a time when sprouting from C/A axons occurs (Lin et 
al., 1992). Our finding that following an EUFF lesion in young 
rats, GAP-43 mRNA was significantly increased in hilar and 
CA3 neurons of the CIA pathway provides further support that 
GAP-43 is important in the regulation of neurite outgrowth in 
the hippocampus following brain injury and suggests that the 
cellular events that regulate neurite outgrowth in the adult brain 
are a recapitulation of the developmental process. In contrast, 
consistent with a dampened sprouting response in aged rats, 
GAP-43 was not induced in hilar or CA3 pyramidal cells fol- 
lowing an EC/FF lesion in aged animals suggesting that in the 
hippocampus factors that regulate GAP-43 mRNA expression in 
response to brain injury decline with age. 

The finding that SCG-10 was unaltered following the com- 
bined lesion in both young and aged animals suggests that not 
all developmentally regulated GAPS are involved in the sprout- 
ing of C/A axons of the hippocampus following neuronal deaf- 
ferentation. SCG- 10 is a growth associated protein that has been 
shown to be induced in neural crest cells stimulated with NGF 
and repressed in response to glucocorticoid administration, sim- 
ilar to GAP-43 (Federoff et al., 1988; Stein et al., 1988). SCG- 
10 is also similar to GAP-43 in that both are expressed at high 
levels in the neonate animal, and remain at moderate levels in 
the adult animal within “plastic” areas of the hippocampus. Al- 
though its exact role in neurite outgrowth has not been eluci- 
dated, a previous study from our lab has found that following a 
unilateral cortical lesion, SCG-10 mRNA expression is upregu- 
lated in neurons of the contralateral cortex, a time when ho- 
motypic corticostriate axons from the contralateral cortex are 
induced to sprout and form new synaptic contacts in the deaf- 
ferented striatum (McNeil1 et al., 1992). The authors suggest that 
while GAP proteins are part of a general cellular cascade of 
morphological and molecular events involved in reactive syn- 
aptogenesis, the induction of specific GAP proteins may be dif- 
ferentially regulated in different parts of the brain based on the 
type of axonal outgrowth required at the lesion site (i.e., para- 
terminal vs collateral sprouting). It is possible that in the par- 
tially deafferented hippocampus that SCG-10 may be upregu- 
lated in other remaining afferent pathways which sprout into the 
dentate gyms after the EC/FF lesion (i.e., contralateral EC). 
However, while this hypothesis is intriguing, further studies will 
be needed to confirm this hypothesis. 

Our finding that NF-68 mRNA expression was unchanged 
following an EC/FF lesion in young or aged animals was not 
unexpected. NF-68 is one of the triplet neurofilament proteins 
which comprises the axon cytoskeleton. Although NF-68 is only 
one of many cytoskeletal proteins, it is a neuron-specific protein 
that is found in both axons and dendrites, unlike other proteins 
such as tubulin, which are present in both neurons and glia 
(Kleinman et al., 1990). Previous studies have established that 
neurofilaments are intrinsic determinants of axonal caliber 
(Hoffman and Lasek, 1980; Hoffman et al., 1987) and increased 
expression of NF-68 during maturation is associated with in- 
creased caliber of axons. In addition, others have shown that NF 
expression is downregulated during both development and re- 
generation within the PNS (Hoffman, 1989) where axonal cali- 
ber is decreased, as well as in some neurodegenerative diseases 
of the CNS (McLachlan et al., 1988; Hill et al., 1993). In gen- 
eral, axonal transport studies have suggested that neurofilaments 
are not required during the initial outgrowth of axons or den- 
drites, or in the formation of specific contacts (Shaw et al., 

1985), and alterations in NF-68 mRNA expression have pri- 
marily been observed following axotomy or crush injuries, not 
following deafferentation lesions. Our finding support this hy- 
pothesis. Our data suggest that since the EUFF lesion does not 
directly injure neurons of the C/A pathway, it is unlikely that 
axonal shrinkage occurs. 

In summary, data from our lesion experiments comparing 
young and aged animals suggests that the age of the animal at 
the time of the lesion affects neurite outgrowth of C/A axons in 
the dentate gyms. Diminished plasticity in aged rats has been 
reported previously (Scheff et al., 1980) and may reflect a re- 
duction in the ability of neurons to synthesize materials neces- 
sary for growth, a modification of the glial reaction, or changes 
in the target tissue. Previous studies have suggested that altera- 
tions in the production of factors necessary to initiate a sprouting 
response may change with age, however, while some studies 
have shown that levels of NGF mRNA and protein are decreased 
in aged rats (Koh and Loy, 1987; Larkfors et al., 1987), others 
have reported no change (Crutcher and Weingartner, 1991). In 
addition, levels of mRNA for brain derived neurotrophic factor 
(BDNF), a trophic factor known to support the survival and 
outgrowth of basal forebrain cholinergic neurons, and its recep- 
tors, trkB, are unchanged in the hippocampal formation during 
normal aging (Lapchak et al., 1993). Furthermore, it is important 
to note that not all regions of the brain show a similar slowing 
of the sprouting response in aged rats. Recent studies from our 
laboratory have found that dendritic recovery within the striatum 
(Brown et al., 1993) and expression of SCG-10 mRNA (Cheng 
et al., 1993) in the contralateral cortex following a unilateral 
cortical lesion have a similar time course in young adult and 
aged rats. These data suggest that alterations in trophic factors 
and their receptors in aged rats most likely play an important 
role in the regulation of neurite outgrowth in response to brain 
injury. However, age-related declines in the sprouting response 
are not consistent across all regions of the brain and may be 
brain region and cell-type specific. 
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