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Fibroblast Growth Factor-2 Protects Entorhinal Layer II 
Glutamatergic Neurons from Axotomy-Induced Death 
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The entorhinal cortex is a major relay between the hippocam- 
pus and other cortical and subcortical regions. Glutamatergic 
axons from layer II neurons form the entorhinal cortical projec- 
tion to the hippocampus via the perforant pathway. We have 
demonstrated previously that lesion of the perforant pathway 
causes the death of -30% of entorhinal layer II (ECL2) neurons. 
To elucidate mechanisms contributing to neuronal death and to 
investigate strategies preventing it, we identified the phenotype 
of the vulnerable neuronal population. Sections were immuno- 
labeled with antibodies to the neuronal markers NeuN, gluta- 
mate, and calbindin-D,,,, and to receptors for fibroblast growth 
factor-2 (FGFRl) and NMDA (NMDARl) and were examined 
using confocal microscopy. Calbindin immunoreactivity was 
strikingly lamina-specific to ECL2, where one-third of all ECL2 
neurons were calbindin-positive. Localization of glutamate re- 
vealed that half of the glutamatergic ECU neurons coex- 
pressed calbindin. Quantification using unbiased stereology at 

9 weeks after lesion of the per-forant pathway revealed that the 
only ECL2 neuronal population that experienced a significant 
(70%) loss (20% of the total) was the population of glutama- 
tergic ECL2 neurons that did not coexpress calbindin. All ECL2 
neurons expressed FGFRI; therefore, we tested the role of 
FGF-2 in the survival of glutamatergic ECL2 neurons. We 
grafted fibroblasts genetically engineered to express nerve 
growth factor or FGFQ and found that only FGF-2 grafts pre- 
vented loss of the vulnerable glutamatergic/calbindin-negative 
neurons. We present a hypothesis for the selective vulnerability 
of these glutamatergic/calbindin-negative ECL2 neurons and 
address the role of FGF-2 in neuronal rescue. 
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The entorhinal cortex is a crucial relay providing a wide range of 
cortical input to the hippocampus and providing the hippocampus 
with an outlet for processed information to the cortical mantle. 
The principal entorhinal input to the hippocampus comes from 
glutamatergic projection neurons from entorhinal cortex layer II 
(ECL2) that, along with input from layer III neurons, travel via a 
major fiber tract, the perforant pathway (Fig. 1). Entorhinal- 
hippocampal circuitry has been widely studied with respect to 
both anatomical (Witter, 1993) and functional (Jones, 1993) con- 
nections. The entorhinal cortex has been hypothesized to play a 
functional role in organization and processing of learning and 
memory both at a systems level (Levisohn and Isacson, 1991; Wiig 
and Bilkey, 1994) and at the cellular level via long-term potenti- 
ation (LTP) (Bliss and Lomo, 1973; Abraham et al., 19Y3). How- 
ever, the entorhinal cortex appears to be particularly vulnerable to 
neurodegenerative and neuropathological insults, including epi- 
lepsy (Du and Schwartz, 1992; Heinemann et al., 1093) Alzhei- 
mer’s disease (Hyman et al., 1984, 1986; Armstrong et al., 1994) 
and Parkinson’s and Huntington’s diseases (Braak and Braak, 
1092). The entorhinal cortex also demonstrates developmental 
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abnormalities correlated with schizophrenia (Falkai et al., 1988; 
Arnold et al., 1991; Jakob and Beckmann, 1994). 

We have sought to model neuronal cell death in ECL2 neurons 
by transection of the perforant pathway, causing retrograde de- 
generation (Fig. 1). The perforant path lesion model makes it 
possible to investigate the specificity and mechanisms of the 
sequelae leading to neuronal cell death. With this knowledge, WC 
plan to develop strategies to interrupt or prevent the dcgcncrative 
process. In our first study (Peterson et al., 1994). we found that 
within 2 weeks after perforant pathway lesion, -30% of ECL2 
neurons had died. However, these data could not reveal the 
phenotypic differences between those ECL2 neurons that survived 
and those that died because of the lesion. 

Using the pcrforant path lesion model in the prcscnt study, we 
have discriminated the vulnerable population of neurons in ECL2 
and have determined that these neurons, like all ECL2 neurons, 
express receptors to fibroblast growth factor-2 (FGFRl). We have 
used a discrete delivery system of FGF-2 to the injured axons and 
compared the effect of FGF-2 to that of nerve growth factor 
(NGF). Our results lead to this hypothesis: only a select popula- 
tion of axotomized neurons is vulnerable to neuronal cell death, 
and FGF-2 can over-ride the axotomy-induced cascade of events 
that leads to death of the vulnerable population. 

MATERIALS AND METHODS 
Lesion arzd gaffing. Female Fischer 344 rats were anesthetized with a 

mixture of ketamine (75 mgikg). xylozine (4 mgikg). and accpromazine 
(5.6 mgikg) and placed in a Kopf stereotaxic frame, in which they received 
an aspirative right-unilateral perforant path Icsion, as described previ- 
ously (Peterson et al., 1994). The lesion cavity was tilled either with 
hydrated Gclfoam (Upjohn, Kalamazoo, MI) as a control graft or with 
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Figure 1. Schematic of the normal, unlesioned rat brain showing the 
anatomical relationship of the hippocampus (HC) and the entorhinal 
cortex (ECX). The cell bodies of entorhinal cortex layer II (ECL2) project 
to the hippocampus, forming a wide ribbon of fibers known as the 
perforant pathway (PI’). These structures are indicated in a projection of 
parasagittal planes of section with a horizontal plane of section (HP) 
shown on the rig&. In the horizontal view, the entorhinal cortex (ECX) 
occupies the caudal pole of the cerebral cortex, whereas the ECL2 pro- 
jection fibers (PP) follow a course medial to the splenium of the corpus 
callosum, passing through the subiculum, to innervate (primarily) the 
outer molecular layer of the dentate gyrus (part of HC). When a perforant 
path lesion (L) is performed, the entorhinal-hippocampal fibers distal to 
the lesion cavity degenerate. The cell bodies of the projection neurons in 
ECL2 are damaged by the lesion, and a portion of them completely 
degenerated. The lesioned entorhinal-hippocampal anatomy viewed in 
the horizontal plane shows that only the right hemisphere receives an 
aspirative lesion (L), leaving the left hemisphere to serve as an intact 
control. The lesion completely transects the perforant pathway, causing 
the degeneration of a population of the ECL2 neurons on the lesioned 
side. The lesion cavity provides a ready site into which trophic factor- 
expressing grafts can be placed both to supply trophic support to the 
injured ECL2 neurons and to provide a substrate for any regenerative 
growth back into the hippocampus. 

one of three types of genetically engineered fibroblasts suspended in 
reconstituted collagen, as described below. 

Skin biopsies were obtained from inbred Fischer 344 rats as described 
previously (Fisher et al., 1991). Primary fibroblasts were transfected with 
a transgene to express NGF (Rosenberg et al., 1988), basic FGF-2 in its 
native, membrane-associated form (FGF-2b) (Ray et al., 199.5), or FGF-2 
combined with a signal sequence that facilitated active secretion of the 
protein from the cell (FGF-2s) (Ray et al., 1995). Transfected fibroblasts 
were propagated in DMEM supplemented with 10% fetal bovine serum, 
0.3 mg/ml (2 mM) glutamate, 2.5 &ml amphotericin, and 40 mg/ml 
gentamycin in a 10% CO, incubator. After reaching 90% confluence, 
fibroblasts were washed with PBS, removed from the vessel substrate by 
trypsinization, and resuspended in DMEM. Cells were counted and 
seeded at a final concentration of 600,000 cells/ml in 0.1% reconstituted 
type I collagen (Sigma, St. Louis, MO). Individual aliquots of the fibro- 
blast-collagen mixture (0.25 ml or 150,000 cells) were prepared sepa- 
rately in sterile conical Eppendorf tubes and placed in an incubator (10% 
CO,, 37°C) for 24 hr. After 24 hr in culture, timed to coincide with the 
day of surgery, the fibroblast-collagen mixture had constricted into a 
solid plug of an appropriate size and shape to fill the lesion cavity. 
Furthermore, each graft consisted of a standardized number of ceils 
occupying an equivalent volume. 

Histology. At 9 weeks after lesion/grafting, animals were perfused 
transcardially under deep anesthesia with a fixative mixture of 4% 
p-formaldehyde and 0.1% glutaraldehyde in 100 mM phosphate buffer. 
The brains were removed and post-fixed overnight in fixative. One brain 
from each group was vibratome-sectioned (60 pm) in the horizontal 
plane, and the sections were stored in 100 mM phosphate buffer with 
0.01% sodium azide at 4°C. After equilibration in 30% sucrose, the 
remaining brains were sectioned (50 pm) on a freezing-sliding microtome 
in the horizontal plane and the sections were stored in cryoprotectant 
(glycerol/ethylene glycoliphosphate buffer) at -20°C. A 1:6 series of 

tissue sections was mounted on gelatin-coated slides and Nissl-stained 
using 0.5% aqueous thionin. 

Immunocyrochemistry Sections selected for immunocytochemistry 
were washed twice in 100 mM Tris-buffered saline (TBS), blocked for at 
least 1 hr in TBS containing 5% donkey serum (Jackson Immunore- 
search, West Grove, PA) and 0.25% Triton X-100 (Sigma), and incubated 
with oooled orimarv antibodies diluted in TBS containine 0.25% Triton 
X-lob (TBS:). After incubation, the sections were washYed twice in the 
blocking solution and incubated with species-specific secondary antibod- 
ies conjugated to the desired fluorophores [donkey anti-species dichlo- 
rotriazinvl amino fluorescein (DTAF), Texas Red. or Cv3: Jackson Im- 
munoresearch] diluted in TBS+ for 2 hr in the dark, then washed and 
mounted. For biotin-streptavidin amplification, sections were incubated 
for 2 hr in biotinylated donkey anti-species antibody diluted in TBS+, 
washed twice in TBS+, incubated in streptavidin conjugated to the 
desired fluorophore (DTAF, Texas Red, or Cy3; Jackson Immunore- 
search) diluted in TBS+ for 2 hr in the dark, and then washed and 
mounted. After brief air-drying, mounted sections were coverslipped with 
a 10% solution of polyvinyl alcohol (Air Products, Allentown, PA) 
containing 2.5% 1,4-diazabicyclo-2,2,2-octane (Sigma). Primary antibod- 
ies used in this study were as follows: mouse a&-N&N (gift-of Dr. R. 
Mullen, Universitv of Utah. Salt Lake Citv. UT) used at 1:lO with 
amplification; rabbit anti-caibindin-D,,, used at i:iOOO (Swant, Bell- 
inzona, Switzerland); mouse anti-glutamate used at 1:lOO (Incstar, Still- 
water, MN); mouse anti-FGFRl used at 1:25 with amplification (gift of 
Dr. A. Baird, Scripps Institute, La Jolla, CA); mouse anti-p75 nerve 
growth factor receptor used at 1:5 with amplification (from Chandler et 
al., 1984); rabbit anti-t&A used at 1:1250 (gift of Dr. L. Reichert, 
University of California, San Francisco, CA); and mouse anti-NMDA 
receptor (anti-NMDARl) used at 1:lOOO (gift of Dr. S. Heinemann, The 
Salk Institute, La Jolla, CA). 

Microscopy. Bright-field sections were imaged and photographed on an 
Olympus Vanox AH2 microscope (Lake Success, NY) using Kodak 
Ektachrome 1OOHC film (Rochester, NY). Selected frames were digitized 
using a Leaf Lumina digital camera (Leaf Systems, Southborough, MA). 
Fluorescent sections were imaged using a Bio-Rad MRC600 confocal 
microscope (Hemel Hempstead, UK) equipped with a krypton/argon 
laser and coupled to a Zeiss Axiovert 135M microscope (Thornwood, 
NY). Images were collected using the Kl/K2 block combination; each 
wavelength was collected using a separate and specific excitation filter 
and imaged on separate photomultiplier tubes using the COMOS oper- 
ating system from Bio-Rad. Bright-field and fluorescent digital images 
were processed using a Power Macintosh 8100 (Apple Computer, Cuper- 
tino, CA) running Photoshop 3.01 (Adobe Systems, Mountain View, CA) 
and Collage 2.01 (Specular International, Amherst, MA). Composited 
images were output on a Fujix Pictrography 3000 digital photographic 
printer (Fuji Photo Film, Elmsford, NY). 

Stereology. Quantification of ECL2 number was accomplished using 
unbiased stereology as described in detail previously (Peterson et al., 
1994). Briefly, ECL2 in thionin-stained sections was sampled for three- 
dimensional numerical density of neurons using the optical dissector 
procedure (Sterio, 1984; Peterson and Jones, 1993; Peterson et al., 1994) 
followed by an estimation of ECL2 volume using the Cavalieri procedure 
(Michel and Cruz-Orive, 1988; Peterson and Jones, 1993; Peterson et al., 
1994). A combination of these two values-numerical density (per unit 
volume) and reference volume-yields an estimate of total or absolute 
number of neurons in ECLZ The boundaries used for quantification of 
ECL2 were those determined by tracer study as described previously 
(Peterson et al., 1994), which correspond essentially to the medial sub- 
division of the entorhinal cortex. The optical dissector procedure was 
accomplished using an Olympus Vanox AH2 microscope equipped with 
high-numerical-aperture objectives, a digital microcator (Heidenhain, 
Germany) for encodingr-axis travel, and a video camera (Sony) output to 
a high-resolution video monitor (Sony). An unbiased counting frame 
(Sterio, 1984) was printed on an acetate sheet and placed over the video 
screen. The same equipment was used for the Cavalieri procedure except 
for the use of a low-power objective and a point-counting grid (Michel 
and Cruz-Orive, 1988) printed on the acetate sheet. Linear calibration 
was accomplished using a stage micrometer. 

Fluorescent labeling was used to examine the phenotype of ECL2 
neurons axotomized by the lesion. The primary advantage of fluorescent 
immunolabels is that multiple labels can be resolved individually, and 
those individual images then can be recombined in registration to provide 
unambiguous identification of cell phenotype. The primary antibody 
NeuN was used to relate the quantitative results of the thionin-stained 



666 J. Neurosci., February 1, 1996, 16(3):886-898 Peterson et al. l FGF-2 Grafts Prevent Selective Glutamatergic Neuron Degeneration 

Unlesioned Entorhinal Cortex Lesioned Entorhinal Cortex 

B B Control- Gelfoam Control- Gelfoam 

NGF Graft 

FGF-2s Graft 

FGF-2b Graft 

Figure 2. Appearance of the entorhinal cortex in thionin-stained horizontal sections. In unlesioned entorhinal cortex (A), layer II (ECLZ) forms a lamina 
of large, oval-shaped neurons six to eight cells thick. Above ECL2 is the relatively aneuronal molecular layer designated ECLZ. Below ECL2 is another 
lamina designated ECL3, which consists of smaller, more lightly staining oval neurons. Below this is ECU, also known as the lamina desicans, which 
contains few neurons and consists mostly of fiber tracts. At the bottom, there is another layer of neurons (ECL.5) below which is the deepest neuronal 
layer ECL6 (not shown). The appearance of ECL2 remained unchanged in the unlesioned hemisphere at 9 weeks after a perforant pathway lesion (C, 
E, G). In contrast, the ECL2 on the side receiving a perforant pathway lesion (B) showed considerable thinning of the neuronal population in this lamina 
(Andes). The same extent of loss was observed in animals receiving NGF grafts (D, arrows). Although less marked in qualitative appearance, animals 
receiving FGF-2s grafts also had thinning and loss of ECL2 neurons (F, arrows). However, animals receiving FGF-2b grafts (H) failed to demonstrate 
neuronal loss in ECL2. Scale bar (shown in A), 100 pm for all panels. 
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tissue to the data obtained using fluorcsccnt microscopy. This antibody 

has been reported to bc specific for neuronal populations (Mullen et al., 
19Y2), and immunopcroxidasc staining of tissue followed by a thionin 

counterstain has demonstrated that this is the case for cntorhinal neurons 
(data not shown). We have assumed, therefore, that Huoresccntly labeled 

NeuN-positive cells in ECL2 are the same population as the thionin- 
stained ECL2 neurons quantified as described above. This assumption 
was validated morphologically by examining NcuN immunofuorescencc 
counterstaincd with acridinc orange- or 4,6-diamidino-2-phcnylindole 

(DAPI)-fluorescent counterstains to rcvcal the distribution of NeuN 
immunoreactivity relative to all other ccl1 nuclei (data not shown). Be- 
cause of the shallow pcnctration of the calbindin antibody, we were 
unable to quantify the relationship between NeuN-positive cells and 
calbindin-positive cells in three dimensions. Instead, a single focal plane 

obtained in the confocal microscope was imaged for both NcuN signal 
and calbindin signal. The thin optical plant produced by the confocal 
microscope minimized sampling errors caused by overprojection. The 
number of cells in the field for each signal was quantified, and the results 

were cxprcsscd as a pcrccntage of the NcuN-positive cells in the field that 
were calbindin-positive. The results were nveragcd over eight systcmati- 
tally sampled fields in four semiscrial sections, and the mean pcrccntage 

was multiplied by the number of ECL2 neurons for that animal, as 
determined by stercological quantification of the thionin-stained sections. 
The mean of these values for each animal in a condition was taken as the 
number of calbindin-positive cells for that condition. 

The estimates of the glutamatergic ncuronal populations were based 
on the ratio of glutamatcrgic cells to calhindin-positive cells imaged by 
double immtmofluorcscence. The number of cells in a held stained 
positive for glutamate, calbindin, or cocxprcssing both glutamate and 

calbindin was quantified, and the results were expressed as a percentage 
of the calbindin-positive cells. The results were averaged over eight 
systematically aamplcd fields in four semiscrial sections, and the mean 
percentage of glutamatcrgic, glutamatcrgic/cnlbindin-positive, and 

glutamatcrgic/calbindin-negative cells was multiplied by the number of 
calbindin-positive neurons for that animal as determined above. The 
number of nonphenotypcd neurons was calculated for each animal as the 

number of neurons dctcrmined from the thionin-stained sections minus 
the number of calbindin-positive and glutamatergic/calhindin-negative 
neurons detcrmincd from the above procedures. 

S/rrri,/ica/ UIIN~.~~.S. Quantitative data wcrc compiled and analyzed in 
StatView 4.01 for the Macintosh (Abacus Concepts, Bcrkcley, CA), and 

a multiway ANOVA was performed with an u of 0.05. After this detcr- 
mination of bctwcen-group significance, ii Fisher’s post hoc test was 
applied with an u of 0.05. Error is exprcsscd as SEM. 

RESULTS 

Histological appearance 

A semiserial (1:6) sequence of thionin-stained horizontal sections 
was examined for each animal to determine the precision of the 
lesion and position of the graft (Fig. 1). Animals in which the 
perforant pathway/angular bundle was transected and the lesion 
cavity contained a graft were included in the study for further 
analysis. The sample size for each condition was as follows: 
control-Gclfoam, n = 4; NGF graft, II = 6; FGF-2s graft, n = 6; 
FGF-2b graft, n = 6. Histological examination of ECL2 in the 
control-Gelfoam graft showed regions of neuronal loss similar to 
those reported previously (Peterson et al., 1994) (Fig. 2B). In 
contrast, the ECL2 in the hemisphere contralateral to the aspira- 
tive lesion showed no evidence of neuronal loss (Peterson et al., 
1994) (Fig. 2A,C,E,G). Examination of the ECL2 ipsilateral to the 
aspirative lesion/graft of animals that received grafts of trophic 
factor-expressing fibroblasts revealed that ECL2 thinning and 
neuronal loss were still observed in the NGF graft condition (Fig. 
20) and, to a lesser degree, in the FGF-2s graft condition (Fig. 
25’) but not in animals that had received grafts of the FGF-2b- 
expressing fibroblasts (Fig. 2H). As in our previous study (Peter- 
son et al., 1994) entorhinal layer III showed no obvious cell loss 
after perforant pathway lesion. 

Quantitative stereology 

Analysis of the total number of ECL2 neurons in each condition 
provided by quantitative stereology demonstrated that, whereas 
the unlesioned, contralateral ECL2 showed no change in its 
ncuronal population (Peterson et al., 1994) (Table IA), the le- 
sioned ECL2 neuronal population was affected variably depend- 
ing on the graft type. When Gelfoam was placed into the lesion 
cavity as a control graft, the neuronal loss was signihcant @ < 
0.0001) and of the same magnitude as reported previously (Peter- 
son et al., 1994) (Tables lA, 2). Grafts expressing NGF failed to 
alter the magnitude of ncuronal loss; therefore, thcrc was no 
significant difference compared with the control-Gclfoam grafts 0, 
= 0.5617), although the magnitude of loss was significant 0, < 
0.0001) compared with the unlesioned ECL2 (Table IA). Grafts 
expressing FGF-2 in the secreted form (FGF-2s) also failed to 
alter the magnitude of neuronal loss compared with control- 
Gelfoam grafts 0, = 0.2326) although the loss of ECL2 neurons 
was significant (~1 < 0.0001) compared with the unlesioned ECL2 
(Table 1A). The effects of NGF grafts and FGF-2s grafts on ECL2 
neuronal survival also failed to differ from one another (,D = 
0.4870). 

Grafting of fibroblasts expressing FGF-2 in its native, 
membrane-bound form (FGF-2b) caused no loss 01 = 0.1422) in 

the number of ECL2 neurons compared with the unlesioned 
ECL2 (Tables IA, 2). The number of ECL2 neurons in the 

FGF-2b-grafted animals also was significantly grcatcr (JJ = 
0.0014) than in the control-Gelfoam-grafted animals (Table IA). 
Furthermore, the number of surviving ECL2 neurons in FGF-2b- 
grafted animals was significantly greater than that of either the 
NGF-grafted 0, < 0.0001) or the FGF-2s-grafted @ = 0.0004) 
animals. 

Calbindin immunoreactivity 

Staining with antibodies to calbindin-Dz,, illustrated a striking 

lamina-specific distribution of calbindin-positive neuronal somata 
and processes (Fig. 3A). Using double labeling with antibodies to 
NeuN, a neuron-specific antigen, to indicate the laminar distribu- 
tion of neurons within the entorhinal cortex, calbindin-positive 
neurons were found almost exclusively in layer II (Fig. 3A-C). 
Most of layer III was devoid of calbindin-positive cell bodies, 
although fine, calbindin-positive processes traversed layer III, 
suggesting axonal projections through this region. Occasionally, 
isolated calbindin-positive neurons were seen in layer III or layer 
IV (Fig. 3A-C). The calbindin cell body-immunonegative zone in 
layer III extended laterally to the anatomical transition between 
the entorhinal cortex and adjacent ncocortex (Fig. 3A). Thus, 
calbindin immunorcactivity is specific and characteristic in the rat 
cntorhinal cortex. Calbindin-positive processes were densely 
packed around their somata and extended into layer I, with a 
prominent tract of fibers running along layer IV, the lamina 
desicans (Fig. 3A-C). These calbindin-positive cells were deter- 
mined to be neuronal based on their absolute colocalization with 
antibodies to NeuN (Fig. 3C). 

Calculation of the number of calbindin-positive ECL2 neurons 
obtained by double-labeling confocal microscopy revealed that 
one-third of ECL2 neurons in unlesioned animals expressed cal- 
bindin (Tables lB, 2; Fig. 3D-F). The population of calbindin- 
positive neurons was unaffected by the axotomizing lesion because 
their numbers remained relatively unchanged in lesioned ECL2, 
independent of the graft condition (Tables IB, 2). There was a 
trend of calbindin-positive cell loss observed in the absence of 
FGF-2 (Table lR), but this was not found to be significant in an 
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Table 1. Number of surviving ECL2 neurons at 9 weeks after grafting according to pbenotypic identification 

A. Thionin-stained ECL2 neurons (-tSEM) Y 

Relative to unlesioned side 

o/r Loss I’ 

Unlcsioned 
ECL2 

Gclfoam 97690 
NGF raft 
FGF- 9 

97982 
s graft 10020 I 

FGF-2b graft 99712 

Lesioned 
ECL2 

Gelfoilm 
NGF raft 
FGF- 1 s graft 
FGF-2h graft 

71911 
74603 
7749 I 
93.544 

3392 
1219 

2073 1704 

4679 
4668 
3498 
218b 

<o.ooo I 
<o.ooo I 
4l.0001 

NS 

B. Calbindin ’ ECL2 neurons (fSEM) P 

Relative to unlesioned side 

% Loss P 

Unlesioncd 
ECL2 

Lc5ioIled ECL2 

c. 

Unlesioned 
ECL2 

Lesioned 
ECL2 

D. 

Gelfoam 
NGF raft 

FGF- 9 
s graft 

FGF-2h graft 

Gelfoam NGF raft 
FGF-$5 graft 
FGF-2b graft 

Gelfoam 
NGF graft 
NGF raft 

9 FGF- s graft 
FGF-2h graft 

Gclfoam 

31469 
30341 

%: 

26954 27425 
29484 
31179 

Glutamate ’ ECL2 neurons 

50079 
48902 
48992 

::stE 

29972 
32855 
34877 
49205 

Glutamate’icalbindin’ 
ECL2 neurons 

978 
so0 
x77 

1247 

1014 1159 
1317 
1430 

(?SEM) 

935 
816 
Xlb 

19x9 
1213 

72X 
1278 
1895 
1757 

(?SEM) 

14% 10% 12 

g c ix 

Relative to unlesioncd aide 

% Loss I’ 

40% <0.0001 
33% <o.ooo I 

10.0001 “$F 
L NS 

Relative to unlesioned side 

% Loss I’ 

Unlesioned 
ECL2 

Gelfoam 
NGF raft 
FGF-& graft 
FGF-2h graft 

Lesioned 
ECLZ 

Gelfoam 
NGF raft 
FGF-& graft 
FGF-2h graft 

27693 
2593.5 
28732 
2867 I 

71.5 
591 NA 

III4 
1050 zi 

1019 
1025 NA 
1473 NA 
I4b2 NA 

lb% 
1% 
4% 
1% 

E. 
Glutamate+/calhindin 

ECL2 neurons (zSEM) I’ 

Relative to unleaioned side 

o/C Loss I’ 

Unlesioned 
ECL2 

Gelfoam 
NGT Jraft 
FGF-$ graft 
FGF-2b graft 

Lrsioned 
ECL? 

Gelfoam b59b 
NGF wift 
FGF- 1 

7290 
s graft 720 I 

FGF-2h graft 20695 

1358 

t::i’ 
1091 

b81 
520 
903 
x90 

NA 

K 

7 1 ‘;i 
NS 6X% 
NS 70%> 
<0.0001 IOc/r’ 

4l.000 I 
-4.000 I 
<o.ooo I 

NS 

F. Nonphcnotyped ECL2 neurons (?SEM) I’ 

Relative to unlcsioncd side 

9 Loss I’ 

Unlesioncd 
ECL2 

Gelfoam 4239b 
NGF reft 
FGF- 4 

4380 I 
s graft 44177 
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The number of surviving ECL2 neurons 9 weeks after axotomizing lesion of the perforant pathway iis determined using unbiased stereology. For each letter designation h&w, 
11 multiway ANOVA was conducted within groups (unlesioned or lesioned ECLZ) to determine whether a significant (a = 0.05) within-group diffcrcncc wits prehcnt. If there 
w;1s no significant within-group difference, thep-value was listed as NA (not applicable). If there was a significant within-group difference, i( post hoc Fisher test wtis pcrformcd 
and thepwluc wzls given or marked NS (not significant). Comparison was also made between unlesioned and lesioncd sides within treatment conditions (e.g.. Gelfoam, NGF 
graft, etc.). If a multiway ANOVA found a significant difference of the lcsioned side compared with the unlesioned side, thep-value of the subsequent Fisher post hoc test ws 
gwen; othewise, an NA was indicated. A, Quantitation of ECL2 neuronal number in thionin-stained sections. There was no difference between conditions for the unlcsioncd 
ECL2 ncuronal numbers. Between lesioned ECL2 conditions, grafts of NGF or FGF-2s did not differ from control Gelfoam grafts. However, the number of ECl.2 neurons 
in the FGF-2h condition was signiticantly greater than the other lesion/grafted conditions. When compared with the intact, unlesioned hemisphcrc, all lesion/grafted conditions 
showed significant neuronal loss, except for the FGF-2h-grafted ammals, which experienced no cell loss. B. Survival of calhindin-positive ECL2 neurons. There W:IS no signitic;mt 
loss of calbindin-positive ECL2 neurons in either the lesioned or unlesioned hemispheres. C, Survival of glutamatergic ECL2 neurons. There was no loss of glutam;ltcrgic 
neurons in the unlcsioned ECL2. Between lesioned ECL2 conditions, the extent of cell loss with grafts of NGF or FGF-2s did not diifer from control Gclfoam grafts. Howrvcr, 
the number of glutamatergic ECL2 neurons in the FGF-2h condition was significantly greater than the other lesion/grafted conditions. When compared with the intact. 
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Table 2. Percentage distribution by ECL2 neuronal phenotype relative 
to total number in the unlesioned control condition 

Phenotype Unlesioned 

Thionin 
NeuN 
Calbindin 
Glutamate 
Glut’/Calb’ 
Glut +/Calb~ 
Nonphenotyped 

I00 
I00 
33 

51 
28 

23 

44 

Lesioned Change 

74 -26* 

74 -26s 

2x -5 

31 -2o* 

24 -4 

7 -16* 

39 -5 

FGF-2b- 
grafted Change 

96 -4 

96 -4 

32 -1 

50 -I 
29 I 
21 -2 

43 -1 

The composition of the ECL2 hy neuronal phenotype as a percentage of the total 
number of ECL2 neurons in the unlesioned ECL2. Comparison is made between the 
lesioned Gclfoam-control graft and FGF-?b-grafted conditions. The NGF-grafted 
and FGF-Is-grafted conditions arc not represented because they did not differ from 
control-Gelfoam graft\. The percent change for each phenotype in the lesioned/ 
grafted conditions is indicated, with significant differences from the unlcsioned 
values marked by an asterisk. Percentage values are baaed on the means of the 
absolute numbers as presented in Table I. 

ANOVA test of between-group means. Observation of the ECL2 
integrity in NeuN-stained sections for the different conditions 
(Fig. 3E,H,K,N,Q) was consistent with the thionin-stained mate- 
rial (Fig. 2) in that all lesion/grafted conditions demonstrated cell 
loss and disorganization of ECL2, except for animals grafted with 
FGF-2b (Fig. 30). Study of the overlap of calbindin positivity and 
NeuN positivity in electronically merged images (Fig. 3F,I,L,O,R) 
revealed that the neuronal loss was greater in those neurons 
(NeuN-positive) that did not also express calbindin. 

Glutamate immunoreactivity 
To investigate the relationship between calbindin-positive and 
glutamatergic neurons, sections double labeled with antibodies to 
calbindin and glutamate were examined by confocal microscopy. 
In unlesioned entorhinal cortices, glutamate-positive neurons 
were observed in layers II and III, in which half of the ECL2 
neurons were glutamatergic (Tables lC, 2). Furthermore, half of 
the glutamate-positive neurons in layer II were colabeled with 
calbindin (Fig. U-C; Tables lC,D, 2). Preliminary studies of 
fluorogold retrogradely transported from dentate gyrus injections 
revealed that projecting ECL2 neurons are colabeled with anti- 
bodies to calbindin (data not shown). Heavily stained processes of 
glutamatergic cells also were found in layers I-III; the process 
labeling was so robust that it was difficult to distinguish the 
glutamatergic somata among the processes (Fig. 4B). 

When lesionedigrafted entorhinal cortices were examined, 
there appeared to be no qualitative differences in glutamate 
staining among the control Gelfoam-grafted, NGF-grafted, or 
FGF-2s-grafted animals (Fig. 4D-L). In all of these conditions, 
glutamate staining was reduced (Fig. 4E,H,K), especially in neu- 
ronal processes, causing glutamatergic neuronal somata to be 

t 

more distinct. When quantified, the population of glutamatergic 
neurons declined from one-half to one-third of the total neuronal 
population (Table 2). Assessing the subpopulations of glutama- 
tergic neurons after lesioning revealed that the number of 
glutamatergicicalbindin-negative neurons was severely reduced, 
to 30% of that of the contralateral control population (Fig. 4FJ.L; 
Table 1E). In real terms, the number of glutamatergic/calbindin- 
negative neurons was reduced from 23 to 7% of the total neuronal 
population (Table 2). However, quantitation of the glutamatergici 
calbindin-positive neuronal population revealed that this pheno- 
type was unaffected by the lesion (Tables lD, 2). Furthermore, the 
loss of so many glutamatergic/calbindin-negative neurons meant 
that, of the surviving glutamatergic neurons, >75% coexpressed 
calbindin (Fig. 4F,Z,L; Tables lC,D, 2). 

In contrast, animals with FGF-2b grafts showed levels of glu- 
tamate expression equivalent to the unlesioned side (Fig. 4N). Of 
importance, the number of glutamatergickalbindin-negative neu- 
rons also was unchanged from control levels (Fig. 40; Tables lE, 
2). Thus, in the control Gelfoam-grafted, NGF-grafted, and FGF- 
2s-grafted conditions, the glutamatergicicalbindin-negative neuro- 
nal population was vulnerable to cell death caused by the per- 
forant pathway lesion. In contrast, those animals that received 
FGF-2b grafts demonstrated no loss within this vulnerable popu- 
lation. These data are based on phenotypic recognition of char- 
acteristic cellular antigens; although reduced expression of gluta- 
mate immunoreactivity was observed, this could represent 
downregulation of this amino acid rather than the death of the 
neuron. However, the magnitude of loss documented with the 
glutamatergic/calbindin-negative phenotype (Tables IE, 2) is con- 
sistent with that observed after quantitation of the thionin-stained 
material (Tables IA, 2), which suggests that the observed effect is 
attributable to neuronal cell death. Regardless of whether the 
observations made represent cell death or expression downregu- 
lation, glutamatergicicalbindin-negative neurons lose their func- 
tional phenotype after perforant pathway transection unless they 
are supported by exogenous FGF-2. 

Nonphenotyped neurons 
Double-immunofluorescence staining with antibodies to gluta- 
mate and calbindin did not identify all neuronal phenotypes 
present within the ECL2. It is important to note that calbindin- 
negative/glutamate-negative neurons exist in the entorhinal cortex 
(Fig. 4C, arrowheads). Calculating the number of nonphenotyped 
neurons in the ECL2 revealed that this population accounts for 
-40% of the neuronal population of the ECL2 (Tables lA,F, 2). 
Of importance, this population of unidentified neuronal pheno- 
type was nonresponsive to lesion of the perforant pathway and to 
the presence of trophic factor-expressing grafts (Tables lF, 2). 

unlesioned hemisphere, all lesion/grafted conditions showed significant glutamatergic neuron loss except for the FGF-Zh-gratted antmals, whtch 
experienced no cell loss. Because the glutamatergic population consisted of two subtypes, those that coexpressed calbindin and those that did not, these 
subpopulations are represented separately below. D, Survival of glutamatergicicalbindin-positive ECL2 neurons. There was no significant loss of this 
subpopulation of glutamatergic/calbindin-positive ECL2 neurons in either the lesioned or the unlesioned hemispheres. E, Survival of glutamatergici 
calbindin-negative ECL2 neurons. There was no ECL2 neuronal loss in the unlesioned hemispheres. Between lesioned ECL2 conditions, the extent of 
cell loss with grafts of NGF or FGF-2s did not differ from control Gelfoam grafts. However, the number of glutamatergicicalbindin-negative ECL2 
neurons in the FGF-2b condition was significantly greater than the other lesion/grafted conditions. When compared with the intact, unlcsioned 
hemisphere, all lesion/grafted conditions showed significant glutamatergickalbindin-negative neuron loss, except for the FGF-2b-grafted animals, which 
experienced no cell loss. This is the population that is most vulnerable to perforant pathway lesion and that demonstrates a trophic response to FGF-2. 
F, Survival of other, nonphenotyped ECL2 neurons. There was no significant loss of this subpopulation of ECL2 neurons of unidentified phenotype in 
either the lesioned or the unlesioned hemispheres. 
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Receptor staining Phenotypic identification of ECLP neurons 
To elucidate mechanisms of neuronal cell death and to provide Calbindin-D,,, is one of a number of calcium-binding proteins 
information on which to base strategies for intervention, ECL2 including parvalbumin and calretinin expressed in the central 
neurons were characterized for their expression of relevant recep- nervous system. Calcium-binding proteins are thought to enable 
tars. Double-immunofluorescence staining of sections with anti- these neurons to survive overloading of calcium homeostasis 
bodies to calbindin and NMDARl revealed that ECL2 neurons caused by excitotoxic insult (Mattson et al., 1991; Miller, 1991). In 
express NMDARl at high concentration in the cell bodies, to a both an experimental model of Parkinson’s disease (Iacopino et 
lesser extent on neuronal processes, and at low density in the al., 1992) and in postmortem Parkinson brains (Yamada et al., 
nuclear region (Fig. %I). Both calbindin-positive and calbindin- 1990), surviving nigral dopaminergic neurons coexpressed calbin- 
negative ECL2 neurons express NMDARl (Fig. 5&C). Although din. However, calbindin levels were reduced in Alzheimer’s dis- 
quantitation of NMDARl staining was not attempted, it appeared ease (Ichimiya et al., 1988; Iacopino and Christakos, 1990; Hof 
that most, if not all, ECL2 neurons expressed NMDARI. and Morrison, 1991; Ferrer et al., 1993), and in Parkinson’s and 

Adjacent sections also were stained for antibodies against the Huntington’s diseases (Iacopino and Christakos, 1990) which 
~75 low-affinity NGF receptor, the high-affinity NGF receptor suggests that calbindin-expressing neurons fail to survive the neu- 
trkA, and the FGF-2 frg receptor FGFRl. Although both ~75 rodegenerative progression of these diseases. 
low-affinity NGF receptor-positive neurons and trkA high-affinity Although the distribution of calbindin immunoreactivity has 
NGF receptor-positive neurons could be detected in areas where been described for human entorhinal cortex (Beall and Lewis, 
they are known to occur, no positive cells were observed in ECL2 1992; Tunon et al., 1992), calbindin-immunoreactive cytoarchitec- 
(data not shown). However, numerous ECL2 cells, both neuronal ture in the rat entorhinal cortex has not been described in detail 
and non-neuronal, stained positive for the FGFRl antibody (Fig. (Celio, 1990). We report that calbindin-positive neurons are 
5D). Astrocytes are known to express FGFRl (Balaci et al., 1994). found almost exclusively in layer II, in which they are colocalized 
Staining for FGFRl was localized in cell bodies and cell processes with the glutamatergic projection neurons known to make the 
but was absent in the nucleolar region (Fig. 5D). Colocalization major contribution to the perforant pathway (Witter, 1993). 
with antibodies against calbindin demonstrated that both The stability of the calbindin-positive neuronal population sug- 
calbindin-positive and calbindin-negative ECL2 neurons ex- gests that calcium-binding protein expression facilitates survival of 
pressed FGFRl (Fig. 5&F). These data provided the rationale for these cells independent of trophic support. Although most 
the choice of grafting trophic factor-expressing cells. This same glutamatergicicalbindin-negative neurons were vulnerable to the 
pattern of FGFRl immunoreactivity was observed in the lesioned lesion, a small population survived even in the absence of FGF-2. 
ECL2 of all graft conditions (data not shown). Although quanti- These particular glutamatergic neurons may not contribute to the 
tation of FGFRl staining was not attempted, it appeared that perforant pathway, but project elsewhere or have multiple pro- 
most, if not all, ECL2 neurons expressed FGFRl. jections (Witter, 1993), or they may express one of the other 

DISCUSSION 
calcium-binding proteins (Demeulemeester et al., 1991; Gulyas et 
al., 1991; Morino-Wannier et al., 1992; Rogers, 1992; Toth and 

We present three major findings in this report. First, we describe 
the specific patterns of calbindin-positive cells in the rat entorhi- 
nal cortex, demonstrate the extensive colocalization of calbindin 
with glutamate in ECL2, and provide quantitative estimates for 
these populations of ECL2 neurons. Second, we demonstrate that 
the previously described ECL2 neuronal death caused by per- 
forant pathway lesion (Peterson et al., 1994) can be attributed to 
a specific vulnerable subpopulation of ECL2 neurons, namely, the 
glutamatergic/calbindin-negative neurons. Third, we show that 
this vulnerable population of neurons can be rescued by the 
appropriate trophic factor support from FGF-2b-expressing fibro- 
blast grafts. In conclusion, we offer a hypothesis of the sequence 
of neuronal vulnerability and the mechanism of trophic factor 
rescue suggested by these data. 

Freund, 1992). Alternatively, these surviving ECL2 glutamatergic 
neurons may die eventually if examined during a longer postlesion 
time interval (Peterson et al., 1994). 

FGF-Pb rescue of glutamatergickalbindin-negative 
ECLP neurons 
FGF-2 enhances neuron survival and promotes neurite outgrowth 
when added to cultures from a variety of brain regions, including 
entorhinal cortex (Walicke, 1988) and hippocampus (Walicke et 
al., 1986; Walicke, 1988; Ray et al., 1993). Furthermore, addition 
of FGF-2 protects cultured neurons from a variety of cytotoxic 
insults, including excitotoxins (Freese et al., 1992; Louis et al., 
1993; Mattson et al., 1993b; Skaper et al., 1993), ischemia (Cheng 
and Mattson, 1991, 1992; Cheng et al., 1993; Louis et al., 1993), 

C 

&tre 3. Calbindin (red, Cy3) and NeuN (green, DTAF) 
- 

nnmunofluorescence in the entorhinal cortex imaged using confocal microscopy. Calbindin- 
positive cells are seen in the hippocampal formation in the dentate gyrus, the mossy fiber projections of the dentate gyrus, and in area CA1 (A). Within 
the entorhinal cortex, calbindin immunoreactivity revealed prominent cell body staining in ECL2 with substantial process arborization into ECLI (A-C). 
Fine processes, probably axons, descend from calbindin-positive neurons in ECL2 and coalesce into a prominent fiber tract in ECU (B). There is a 
striking absence of calbindin-positive cell bodies in ECL3 that persists laterally to the border of entorhinal cortex (A). Confirmation of the neuronal 
identity of calbindin-positive neurons (red) is provided by double immunofluorescence with antibodies to NeuN (green), a specific neuronal marker (C). 
Within the experimental conditions, immunostaining with calbindin revealed that calbindin-positive ECL2 neuronal number and organization remained 
constant irrespective of lesion or grafting conditi%n (D, G, J, M, P). However, overall ECL2 neuronal number declined aid there was ECL2 
disoreanization after uerforant oathwav lesion when animals received Gelfoam, NGF, or FGF-2s grafts (H, K, IV). Each immunofluorescent wavelength 
was &ected in re&;ration, so-it was ‘possible to merge the two signals electronically to examine-the extent of colocalization. In the unlesioned ECL2 
(F) and in FGF-26 grafts (R), one-third of NeuN-positive neurons also coexprcss calbindin (Table 2). Despite the apparent percentage increase of 
calbindin-positive neurons in Gelfoam (I), NGF (L), and FGF-2s (0) grafts, the total number of calbindin-positive cells remained unchanged (Table 1B). 
The apparent percentage increase is attributable to loss of NeuN-positive cells (Table IA) in these conditions (H, K, N) that did not occur with FGF-2b 
grafts (Q). Scale bar: 1.0 mm in A. Scale bar (shown in B): 100 pm for B and C. Scale bar (shown in D): 100 pm for D through R. 
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erged Image 

Figure 5. Localization of receptors for NMDA and FGF-2 in ECL2 neurons imaged using confocal microscopy. A. NMDARl (red, Cy3) is localized in 
punctate staining at high density in ECL2 neuronal somata, with the exception of the nucleus, in which staining is at a lower density. Some staining of 
proximal fibers is also present. B, Calbindin-positive ECL2 neurons (green, DTAF) imaged in the same field of view as A. C, Electronic merging of the 
registered images in A and B shows that most ECL2 neurons, calbindin-positive and -negative, express the NMDARl. 0, The fig receptor for FGF-2, 
FGFRl (red, Cy3) is found on both neuronal and non-neuronal ECL2 cells localized in punctate staining at high density in cell bodies and processes. Only 
the nucleolar region is devoid of FGFRl staining. E, Calbindin-positive ECL2 neurons (green, DTAF) imaged in the same field of view as D. F, Electronic 
merging of the registered images in D and E shows that most ECL2 neurons, calbindin-positive and -negative, express FGFRl. Scale bar, 25 pm for all 
panels. 

and oxidative stress (Enokido et al., 1992). A neuroprotective role 
for FGF-2 also has been reported in viva in experimental models 
administering FGF-2 in conjunction with lesions of the medial 

septum (Anderson et al., 1988; Otto et al., 1989), striatum (Otto 

and Unsicker, 1990; Nozaki et al., 1993), thalamus (Yamada et al., 

1991), entorhinal cortex (Cummings et al., 1992), and spinal cord 

(Blottner and Baumgarten, 1992a,b). 
Unlike other neurotrophins, FGF-2 is not secreted from cells; 

rather, it is expressed in a membrane-associated form in which its 
sequestration by the extracellular matrix protects it from nonspe- 
cific proteolytic or thermal degradation (Klagsbrun, 1989). The 
response of neurons is mediated by the high-affinity FGFRl (Asai 
et al., 1993), which internalizes FGF-2 where it is cleaved into two 
metabolic fragments and transported to the neuronal nucleus 
(Walicke and Baird, 1991). We report here that ECL2 neurons 

t 

express FGFRl. Consistent with our previous studies (Ray et al., 

1995; Takayama et al., 199.5), the results presented here suggest 
that FGF-2b elicits a greater neurotrophic response than does 
FGF-2s. 

Nevertheless, the absence of a neuroprotective effect with 
FGF-2s grafts was unexpected in view of previous reports of 
neuroprotection in vivo after FGF infusions. This may be attrib- 
utable to FGF-2 concentration differences between chronic infu- 
sions and the production of the FGF-2s fibroblasts. In fact, extra- 
cellular matrix-sequestered FGF-2b should achieve a higher local 
concentration than the FGF-2s. Furthermore, secreted FGF-2 
would have been vulnerable to proteolytic degradation. Finally, 
Western blot analysis of FGF-2 released in the media of FGF-2s 
cultures revealed that a majority of FGF-2 protein was the 35 kDa 
form reported to be inactive, whereas the active 18 kDa form was 

Figure 4. Calbindin (red, Cy3) and glutamate (green, DTAF) immunofluorescence in the entorhinal cortex imaged using confocal microscopy. Although 
calbindin-positive cell staining remained unaffected by lesion or grafting (A, D, G, J, M), as observed previously (Fig. 3), entorhinal glutamate staining 
was changed by perforant pathway lesion. Glutamate immunofluorescence of the intact entorhinal cortex (B) revealed strong labeling of neuronal somata 
and fibers; fiber staining was so robust that individual aomata are difficult to discern. However, lesion of the perforant pathway followed by Gelfoam (E), 
NGF (H), or FGF-2s (K) grafts showed a marked attenuation of glutamate staining, which also helped to make the presence of glutamatergic neuronal 
somata more distinct. When colocalization of glutamate with calbindin was examined, the unlesioned ECL2 (C) revealed that, although most 
calbindin-positive cells expressed glutamate, some did not. Of the more numerous glutamatergic cells in ECL2, -50% expressed calbindin (Table 2). 
Fluorescent-negative regions suggest that not all ECL2 neurons express glutamate or calbindin (C, arrow/zeads). When coexprcssion in lesion/grafting 
conditions was examined, it was observed that most of the surviving ECL2 glutamatergic neurons in animals receiving Gelfoam (F, see also P), NGF (I), 
or FGl+-2s (L) grafts also expressed calbindin. Only a minority ofglutamatergic neurons not expressing calbindin were observed in these conditions (Table 
2). These results illustrate that the population of glutamatergicicaibindin-negative ECL2 neurons is vulnerable to perforant pathway lesion. Animals that 
received FGF-2b grafts demonstrate equivalent glutamate staining (N) and the same ratio of calbindin coexpression of glutamatergic ECL2 neurons (0, 
see also Q) as the unlesioned animals (C). To illustrate this distinction further in the FGF-2b-grafted animals, a higher-power view (Q) is contrasted with 
the control-Gelfoam condition (P). These results illustrate that FGF-2b prevents the death of the vulnerable glutamatergicicalbindin-negative ECL2 
neurons. Scale bar (shown in A): 50 km for A through 0. Scale bar (shown in P): 50 Km for P and Q. 
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present at low levels (Ray et al., 199.5), suggesting that the FGF-2s 
grafts were of limited utility in presenting active FGF-2 to the 
ECL2 neurons. 

Hypothesis of cell death/rescue 
The postlesion survival of glutamatergicicalbindin-positive neu- 
rons in the absence of FGF-2 may reflect a sequence of excito- 
toxicity and oxidative stress followed by calbindin-mediated intra- 
cellular calcium buffering. Axotomy of glutamatergic ECL2 
neurons may lead to a transitory increase in local extracellular 
glutamate concentrations, as was reported after ischemia (Gra- 
ham et al., 1990) or concussive injury (Katayama et al., 1990). 
Glutamate is the major effector of oxidative stress in the brain, 
acting primarily via ionotropic receptors opening ion channels. 
The resultant calcium influx produces oxygen radicals, which has 
serious cytotoxic consequences (Coyle and Puttfarcken, 1993). We 
have demonstrated that most ECL2 neurons express NMDARl 
and, therefore, would be susceptible to extracellular glutamate 
concentrations. Of interest, injection of excitotoxins into the en- 
torhinal cortex can cause loss of layer II (Levisohn and Isacson, 
1991; Yee et al., 1993) or layer III neurons (Du and Schwartz, 
1992; Eid et al., 1994). 

The neuroprotective function of FGF-2 has been investigated 
using experimental manipulations modeling excitotoxicity (Freese 
et al., 1992; Liu et al., 1993; Nozaki et al., 1993; Skaper et al., 
1993), ischemia (Nakata et al., 1993; Nozaki et al., 1993; Regli et 
al., 1994), and oxidative stress (Enokido et al., 1992). One com- 
mon component of these investigations has been the modulation 
of intracellular calcium levels. Studies conducted by Mattson and 
coworkers modeling excitotoxicity (Mattson et al., 1993b), isch- 
emia (Cheng and Mattson, 1991, 1992; Cheng et al., 1993; Matt- 
son et al., 1993c), and oxidative stress (Zhang et al., 1993), in 
addition to reports by others (Ferhat et al., 1993; Louis et al., 
1993), have confirmed that changes in intracellular calcium are 
specifically modulated by FGF-2. Modulation of intracellular cal- 
cium also has been described for a number of other neurotrophic 
factors, including NGF (Mattson and Cheng, 1993; Mattson et al., 
1993a). 

However, NGF failed to protect the vulnerable glutamatergici 
calbindin-negative neurons. Furthermore, staining with antibodies 
to both the high-affinity trkA and low-affinity ~75 NGF receptors 
reveals that layer II neurons do not possess receptors for NGF 
(data not shown). The difference in efficacy also may be explained 
by a mechanism unique to FGF-2 by which intracellular calcium 
may be stabilized. For example, Mattson et al. (1993d) reported 
that the expression of the glutamate-binding subunit of the 
NMDA receptor (NMDARP-71) is selectively suppressed by 
FGF-2. The disabling of this receptor may prevent neuronal 
response to glutamate, thereby obviating challenge to intracellular 
calcium homeostasis. Via this mechanism, FGF-2, but not NGF or 
EGF (Mattson et al., 1993d), may regulate the calcium pathways 
of the neuron. 

Based on these data, we propose a two-part hypothesis describ- 
ing the cascade of events leading to the axotomy-induced death of 
the vulnerable glutamatergicicalbindin-negative neurons and their 
rescue by FGF-2. We propose that local extracellular glutamate 
levels are increased in layer II because of cellular damage to 
glutamatergic ECL2 neurons after the axotomizing lesion. This 
increased extracellular glutamate may activate the NMDARl 
present on these ECL2 neurons, causing a calcium influx. Those 
glutamatergic cells that coexpress calbindin would be able to 
buffer this calcium, whereas the vulnerable calbindin-negative 

population would undergo calcium-mediated oxidative stress cul- 
minating in their death. As a second part to the hypothesis, we 
propose that FGF-2 rescues the vulnerable glutamatergici 
calbindin-negative by obstructing the initiation of calcium- 
mediated oxidative stress. The mechanism for this may be that 
described above by which the NMDARl capacity is compromised 
in the presence of FGF-2 (Mattson et al., 1993d). Future exper- 
iments will be directed toward testing these hypotheses. 

The data presented here implicate the loss of calcium ho- 
meostasis in the death of the axotomized glutamatergic/calbindin- 
negative neurons. The rescue of this population of neurons by the 
availability of FGF-2 suggests that therapeutic strategies can be 
developed to prevent neuronal death caused by calcium-mediated 
cytotoxic stress in cases of excitotoxicity, ischemia, physical 
trauma and, possibly, in neurodegenerative diseases. The demon- 
stration of neuroprotection in the entorhinal cortex, a region of 
specific neurodegeneration in Alzheimer’s disease, suggests that 
further studies should be designed to test hypotheses of mecha- 
nisms by which neurodegeneration may be prevented. 
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