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Perforant Path Damage Results in Progressive Neuronal Death and 
Somal Atrophy in Layer II of Entorhinal Cortex and Functional 
Impairment with Increasing Postdamage Age 
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In viva model systems that can evaluate neuronal death, 
survival, and regeneration are critical to revealing basic 
mechanisms of neuronal response and developing strate- 
gies for CNS repair. We propose a distinct experimental 
model of CNS degeneration following lesions to the perforant 
path connecting the hippocampus and the entorhinal cortex. 
Within 2 weeks of a unilateral aspirative perforant path le- 
sion, 30% of the ipsilateral entorhinal cortex layer II (ECL II) 
projection neurons had died with no change in the contra- 
lateral ECL II population. Although there was no loss of ECL 
II neurons with normal aging, animals that survived for 15 
months postlesion experienced an almost 50% loss of ip- 
silateral neurons compared to unlesioned controls. This pro- 
gressive neuronal death was bilateral, with the contralateral 
ECL II experiencing a 30% decline in neuronal number rel- 
ative to unlesioned controls. The use of unbiased stereology 
ensured that estimates of total number were not distorted 
by changes in the reference volume. The documented pro- 
gressive neuronal death resulted in delayed behavioral im- 
pairment in spatial learning and performance (latency nearly 
200% of controls). We propose, therefore, that the perforant 
path model is suitable for experimental investigation of neu- 
ronal survival and regeneration following CNS trauma. 

[Key words: cell death, lesion, degeneration, stereo/ogy, 
cell volume, confocal microscopy, water maze, Fast Dill 

While many tissues respond to trauma by mitotic replacement 
of lost cell populations and reestablishment of histotypic ar- 
chitecture, the CNS has a limited regenerative capacity. Lesions 
that directly harm neuronal cell bodies or axotomize processes 
too close to the neuronal soma result in chromatolytic changes 
that frequently lead to neuronal death. Even with neuronal sur- 
vival, contact with the natural target region is seldom reesta- 
blished through regenerative outgrowth. 

The effect of axotomizing lesions on survival and regeneration 
of projection neurons has been extensively studied using the 
fimbria-fomix lesion model. Fimbria-fomix lesions axotomize 
cholinergic and GABAergic septal neurons that project to the 
dorsal hippocampus. Up to 60% of the cholinergic neurons with- 
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in the medial septum die, with cell loss seen as early as 2 weeks 
following fimbria-fomix lesion (Gage et al., 1986). Cell death is 
reduced when exogenous trophic factors, including NGF and 
brain-derived neurotrophic factor (BDNF), are delivered into 
the ventricle or septal parenchyma. Grafts of somatic cells ge- 
netically engineered to produce these trophic factors also have 
lead to a reduction in cell death (Hefti, 1986; Williams et al., 
1986; Kromer, 1987; Gage et al., 1988; Rosenberg et al., 1988; 
Stromberg et al., 1990; Lucidi-Phillipi et al., 1992; Morse et al., 
1993). The fimbria-fomix model has been extended to dem- 
onstrate histotypic reinnervation across grafts of fetal tissue 
(Tuszynski et al., 1990), peripheral nerve homogenate (Wendt, 
1985), human amnion (Davis et al., 1987), and genetically en- 
gineered cells (Kawaja et al., 1992) that can lead to functional 
restoration (Eagle et al., 1992). 

While neuronal rescue and recovery have been demonstrated 
by these studies, the cholinergic system, the medial septum in 
particular, maintains a diffuse projection system to many regions 
of the CNS. The observed regenerative responses may be due 
to the lack of specificity within the cholinergic system and such 
phenomena might not be generalized to other neuronal popu- 
lations. In addition, the inability to specify which population 
of cholinergic septal cells projects exclusively to the hippocam- 
pus through the fimbria fomix has complicated the assessment 
of neuronal survival following fimbria-fomix lesion. 

To determine the generality of trophic factor efficacy on pro- 
jection neuron rescue and regenerative capacity, we propose an 
analogous but phenotypically distinct model to the fimbria-for- 
nix lesion using lesions of the perforant path fibers connecting 
the hippocampus with the entorhinal cortex. This perforant path 
model differs from the fimbria fomix model in several important 
respects, one of which is the precision of anatomical localization 
within the projection tissue. In contrast to the uncertain distri- 
bution of neurons in the medial septum, the neurons of the 
entorhinal cortex are organized in discrete laminae (Lorente de 
No, 1933; Finch et al., 1986; Kohler, 1986a,b, 1988; Witter et 
al., 1989; Germroth et al., 199 1; Lingenhijhl and Finch, 199 1). 
Layer II is characterized by a population of stellate cells, which 
together with layer III neurons, forms the entorhinal projection 
to the hippocampus via the perforant path (Steward and Sco- 
ville, 1976). The discrete location of the entorhinal projection 
neurons permits a greater specificity of lesion effect on projec- 
tions neurons than is possible in the fimbria fomix model. Fur- 
thermore, within this laminar organization, entorhinal projec- 
tions to the hippocampus follow a defined spatial distribution 
along the septotemporal axis of the hippocampus (Steward, 
1976a; Wyss, 198 1; Ruth et al., 1982, 1988). However, in a 
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similar fashion to septohippocampal circuitry, the interconnec- 
tions between the entorhinal cortex and the hippocampus have 
important functional implications in the processing of learning 
and memory (Squire and Zola-Morgan, 199 1; Jones, 1993). 

As a first step in developing a perforant path model of CNS 
regeneration, we determined the baseline of entorhinal cortex 
layer II (ECL II) neuronal loss and functional impairment fol- 
lowing an aspirative partial lesion to the perforant path. Un- 
biased stereological procedures were used for quantitative as- 
sessment to ensure reliability in the estimates without distortion 
due to changes in the reference volume. Layer II was selected 
for quantitative study based upon its clear anatomical delin- 
eation and the well-defined course and termination of its pro- 
jections within the perforant pathway. In this initial study, layer 
II neurons were identified only by position and morphology 
(Peterson et al., 1993); future studies will address the identifi- 
cation of specific phenotypic subpopulations. 

sections were examined, the first encounter with an organized ECL II 
(Fig. 2), and with DiI labeling (Fig. lE), always coincided with tran- 
section of the dorsal striatum in the same section (Fig. lC,E). This 
feature set the dorsal boundary for quantitation. The ventral boundary 
was determined by examining the ventral extent of DiI labeling from 
the lesion site. The most consistent anatomical landmark present in the 
horizontal sections where DiI labeling was last observed were the bed 
nuclei of stria terminalis (BNST, Fig. 1H). The presence of these nuclei, 
where the striatum and septum meet, set the ventral boundary for quan- 
titation. 

The medial border of ECL II is apparent where a distinct laminar 
organization of neurons emerges from the loosely organized parasubi- 
culum (Fig. 2). The lateral extent of ECL II increases gradually on a 
dorsal to ventral gradient, so that in far ventral sections ECL II extends 
on the lateral surface of the cortex to the rhinal fissure. Examination of 
DiI labeling revealed that the population of neurons affected by the 
axotomizing lesion in more dorsal sections (Fig. 1E) were located from 
the medial border of ECL II lateral until the cortex began to make a 
curvature between posterior and lateral cortex. In the most ventral 
sections (Fig. lH), DiI labeling began just lateral to the medial border 
and extended laterally around the curvature to the lateral cortex. In- 
tervening sections (Fig. 1 F,G) demonstrated a transition between the 
dorsal and ventral distribution. 

It was not considered practical and reproducible to incrementally 
adjust the medial and lateral quantitative boundaries to correspond 

thetized with a mixture of ketamine (75 mg/kg), xylazine (4 mg/kg), 

Materials and Methods 
Surgical and histologicalprocedures. Female Fischer 344 rats were anes- 

and acepromazine (5.6 mg/kg) and placed in a Kopf stereotaxic frame 
where they received a right unilateral perforant path lesion, as previously 
described (Gage et al., 1988b; Fagan and Gage, 1990). Briefly, the skull 
was drilled to the right of lambda, the underlying dura removed, and 
the cortex aspirated. Retrohippocampal tissue corresponding to the pre- 
subiculum and angular bundle was aspirated under visual control using 
the hippocampus and splenium of the corpus callosum as landmarks 
until the vascular bed overlying the corpora quadragemina was visible 
(see Fig. l&D). The lesion cavity was packed with hydrated Gelfoam 
(Upjohn). 

At 2 weeks (N = 3), 8 weeks (N = 6), and at 15 months (N = 3) 
postlesion, animals were killed humanely under deep anesthesia by 
transcardial perfusion with a fixative mixture of 4% paraformaldehyde 
and 0.1% glutaraldehyde in 100 mM phosphate buffer. Unlesioned con- 
trols (N = 6) and a control group age-matched to the 15 month lesioned 
animals (N = 3) were also killed humanely. Brains were postfixed over- 
night in fixative, equilibrated in 30% sucrose, and horizontal sections 
(50 pm) were cut on a freezing sliding microtome and stored in cryo- 
protectant (glycerol/ethylene glycol/phosphate buffer) at -20°C. A one- 
in-six series of tissue sections was mounted on gelatin-coated slides and 
stained for Nissl substance using 0.5% aqueous thionine. The sample 
size above reflects animals that received accurate lesion placement de- 
termined by histological examination. 

In a separate group of animals (N = 4), the Gelfoam was soaked in 
the lipophilic dye Fast DiI (Molecular Probes, Eugene, OR) before place- 
ment in the lesion cavity. DiI is taken up by intact and damaged mem- 
branes at the site of contact and diffus& both anterogradely and ret- 
rogradely (Honig and Hume, 1989). In this fashion, entorhinal neurons 
projecting through the site of lesion were retrogradely labeled and their 
distribution within the entorhinal cortex was noted (Fig. l&H). After 
5 d, DiI-labeled animals were killed humanely and horizontal (50 pm) 
vibratome sections were produced. The addition of a small percentage 
of glutaraldehyde to the fixative solution kept the DiI from spreading 
when the membranes were fractured by freezing, making the use of a 
freezing sliding microtome possible. 

that would be used for each horizontal section between the dorsal and 

exactly to the distribution of DiI labeling between horizontal sections. 

ventral boundaries. The medial boundary was set to be the anatomical 
medial boundary oflayer II in each section (Fig. 2). The lateral boundary 
was set to be an imaginary line from the splenium of the corpus callosum 

Instead, discrete medial and lateral quantitative boundaries were set 

to the apex of the cortical curvature between posterior and lateral cor- 
tices (Fig. 2). While these boundaries would result in sampling an un- 
affected population in the far medial aspect of the most ventral sections 
and fail to sample an affected population in the far lateral aspect of the 
most ventral sections, sampling would be conducted in a fashion that 
was inclusive for most of the sections within an animal and for repro- 
ducibility of sampling between animals. 

Bright-field microscopic observation, photography, and stereology were 
accomplished using an Olympus Vanox AH2 microscope equipped with 
video output (Hitachi) to a high resolution monitor (Sony). Photograph- 
ic films were mastered onto Kodak PhotoCD and composite figures 
were assembled using Adobe PHOTOSHOP 2.5 1 running on a Macintosh 
Quadra 700. Final output of completed figures was made using a GCC 
Colorfast Film recorder or a Kodak XL7700 printer. Fluorescent ob- 
servations of DiI labeling were made using an Olympus BHS microscope 
equipped with a rhodamine (BP 480-550 nm) filter set. 

Determination of anatomical boundaries for quantitative stereology. 
Since the lesions to the perforant path were partial, axotomizing only 
those entorhinal neurons projecting to the dorsal hippocampus, it was 
necessary to set the boundaries for quantitation to include that popu- 
lation of projection neurons. As progressively more ventral horizontal 

Cavalieri estimator of reference volume. The volume of ECL II was 
determined using the method of Cavalieri (Michel and Cruz-Orive, 
1988), as we have described previously (Peterson et al., 1992; Peterson 
and Jones, 1993). Briefly, a point counting grid printed on an acetate 
sheet was placed over the video monitor upon which the whole entor- 
hinal cortex was displayed using a low power objective (4 x). The area 
around each point was calibrated using a stage micrometer. By knowing 
the distance (d) between sections and multiplying that by the area per 
point (A,), each point served as a volume probe (analog&s to a voiel 
in image orocessina). The total volume (V_,) of ECL II was determined 
by counting the n&ber of points (Q) bieriying layer II in semiserial 
(one-in-six) sections and multiplying that sum (ZQ) by the volume 
associated with each point according to the formula V,, = @Q)(d)@,). 

Optical disector estimator of neuron number. The number of ECL II 
neurons in thionine-stained sections was determined using the unbiased 
optical disector method (Sterio, 1984), which we have described pre- 
viously (Peterson et al., 1992). Briefly. a one-in-six series of horizontal 
sections was observed on an blymp& Vanox AH2 microscope using a 
high-numerical-aperture objective (60 x). An unbiased counting frame 
was printed onto an acetate sheet and placed on a high-resolution mon- 
itor screen from which the video signal from the microscope was dis- 
played. Calibration of focusing depth (z-travel) was accomplished using 
an electronic microcator (Heidenhain model MT 12). 

Each section was positioned so that the counting frame overlaid the 
lateral quantitative border of ECL II. The precise counting frame po- 
sition was determined by randomly selecting one of three contiguous 
frame areas beginning at the lateral quantitative border. The counting 
frame was applied to that region and every third contiguous region in 
a medial direction until the medial quantitative border was reached. 
The number of neurons in the frame was counted according to the rules 
for use ofthe optical disector (Sterio, 1984; Peterson et al., 1992). Briefly, 
the counting frame consists of a known area (x- and y-axes) that is easily 
calibrated using a stage micrometer. By focusing into the tissue a known 
distance (using the microcator), one can sample a known, miniature 
volume. The cells in this miniature volume that meet the selection rules 
are counted, yielding a number per known volume, or numerical density 
value (NJ, which is averaged for the entire sampled region. Since the 
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Figure 2. Horizontal section through the right entorhinal cortex of an unlesioned animal at a level corresponding to Figure 1 G. Entorhinal cortex 
layer II is clearly visible between the relatively cell-free layer I and the less compact layer III, below which lies the lamina desicans (LD). The 
medial boundary for quantitation of layer II began where layer II forms from the loosely organized parasubiculum (Parus). The lateral border for 
quantitation was set for all dorsoventral levels where an imaginary line anchored in the splenium of the corpus callosum (CC) intersected the apex 
of the lateral aspect of the entorhinal cortex. The region of the perforant path that was interrupted by the aspirative lesion in more dorsal sections 
is shown just caudal to the dentate gyrus (DC) and corresponds to the area of the presubiculum (Pres). 

actual reference volume of ECL II had been determined by the Cavalieri 
procedure, the total number of neurons in ECL II can be calculated by 
multiplying the mean number per known sample volume by the total 
volume of the region. This value is not a density measurement but an 
estimation of the total or absolute number (N,,,) of neurons present. 
This approach to quantitation is not biased by neuronal size, shape, or 
distribution, or by volumetric changes in the containing structure due 
to either experimental or artifactual effects (see Gundersen, 1986, for a 
review). 

Estimation of neuronal volume. To determine the extent of somal 
shrinkage in ECL II neurons following perforant path axotomy, the 
volume of surviving neurons was estimated by unbiased stereology, as 
we have described previously (Peterson et al., 1993; see also Prakash 
et al., 1993, for similar methodology developed independently). Neu- 

t 

rons were sampled in an unbiased fashion using the disector procedure 
as described above for estimation of neuron number. In this application, 
the volume of selected neurons was estimated by applying the Cavalieri 
procedure to successive optical sections as provided for in Formula 7 
of the original report describing the disector (Sterio, 1984). In practice, 
a variation of the disector sampling called the selector procedure (Cruz- 
Orive, 1987; Peterson and Jones, 1993) was implemented. 

Traditional bright-field microscopy of thionine-stained sections pro- 
vided inadequate resolution to distinguish somal profile boundaries at 
successive serial optical sections due to the projection of unfocused 
images above and below the plane of focus. To circumvent this difficulty, 
the weak fluorescence of the thionine stain was imaged using confocal 
microscopy. A registered z-series of seven images at 1 rrn intervals was 
imaged using a Bio-Rad MRC600 confocal microscope equipped with 

Figure 1. A-D, Sequential horizontal thionine-stained sections through the right hemisphere of a perforant path-lesioned animal at 300 pm 
intervals. The lesion cavity (L) is filled with Gelfoam and separates the entorhinal cortex (Ecx) from the dentate gyrus (DC) by axotomizing the 
perforant path. D was the first section in which the lesion was no longer visible and indicates the ventral extent of the lesion. E-H, Sequential 
horizontal sections (600 pm intervals) through the right hemisphere from another lesioned animal that had received Fast D&soaked Gelfoam 
packed into the lesion cavity. The extent of entorhinal DiI labeling that was visible in adjacent sections using fluorescence microscopy is indicated 
by red lines traced upon these thionine-stained images to illustrate the anatomical boundaries. Entorhinal DiI labeling was first observed at the 
level where the dorsal portion of the striatum (St) began to be sectioned (E). This level (E) is also where an organized entorhinal cortex layer II 
was first visible, therefore quantitation of layer II began at this level (Hc, hippocampus; Ecx, entorhinal cortex). As sections progressed ventrally 
(F-H), the entorhinal DiI labeling extended laterally, including a portion of the lateral entorhinal cortex (H). Entorhinal DiI labeling was last seen 
(H) in sections passing through the bed nuclei of stria terminalis (BAW’) located between the striatum (St) and septum (Sp); therefore, this level 
(H) marked the ventral boundary for quantitation of layer II. 





a krypton-argon laser and coupled to an Olympus IMT-2 microscope. 
The 588 nm laser wavelength coupled with the YHS filter set (568DFlO 
excitatiotU585EFLPemission) was found to be optimal for this material. 
Images were acquired in split screen mode so that transmitted field 
images were seen next to the confocal image at each focal plane; this 
permitted unambiguous identification ofconfocal profiles that were tan- 
gential to the soma and assured that all profiles were sampled. A 60 x 
(1.4 NA) oil objective was used with an electronic zoom of 2 x . The 
optical depth of field at these settings was determined to be 0.43 pm; 
therefore, there was no overlap of images taken at 1 pm intervals. 

Once images were acquired, they were analyzed off line by scrolling 
forward and backward through the stack of optical sections for unbiased 
selection and measurement. The weak fluorescence of the thionine re- 
sulted in poor emission and shadowing from optical planes deeper into 
the tissue. In practice, the fall-off of emission limited the useful pene- 
tration of the laser to less than 10 pm in most cases. Since this depth 
was less than the probable diameter of the neurons to be imaged, it was 
possible to measure directly only neuronal half-volume. Briefly, neurons 
that appeared in section 3 of the optical stack, but not section 6 were 
selected for sampling (the selector procedure); section 7 served as a 
guard region to help further identify all profiles appearing in section 6. 
Each neuron selected was assigned a unique identifying number, and 
its profile was measured by the Cavalieri procedure in sections l-5. 
Once the maximal profile size was attained, no further measurements 
were made and the mean neuronal half-volume was calculated from the 
raw data. Approximately 40 neurons were measured from each animal 
in each group. The half-volume was doubled for presentation of the 
final data as full somal volume of survivina ECL II neurons. It should 
be noted that this was a post hoc application on material prepared for 
normal bright-field microscopy. It should be possible to amend prep- 
aration techniques to allow enhanced imaging and direct measurement 
of the full somal volume. 

Behavioral testing. Perforant path-lesioned and unlesioned control 
rats were tested for spatial learning and memory using the Morris water 
maze (Morris, 1984). Rats were placed in a 6 foot diameter circular 
pool of water containing an escape platform in one of its four quadrants. 
Each rat was tested for a maximum of 90 set per trial, with 10 set rest 
between each trial. Testing consisted of four trials per day, each trial 
starting from a different quadrant of the pool. Rats were tracked with 
a video tracking system (San Diego Instruments, San Diego, CA) that 
recorded the path of the rat, the distance swam in each trial, and the 
latency to find the platform. The beginning and end of each trial were 
signaled by the operator using a pneumatic switch. 

At 8 weeks postlesion, the physical capability of rats to swim and to 
climb onto the platform was tested for 5 d, during which the platform 
had a visible white top and was located in different quadrants every 
day. This test was followed by ten days of testing with the platform 
hidden 1 cm below the surface and located in the SW quadrant of the 
pool. Testing was repeated 4, 6, and 14 months after surgery. At the 14 
month time point rats received one day of visible platform testing to 
ensure that aging had not impaired their ability to swim and climb onto 
the platform. They were then tested for 10 d with the platform hidden 
in the SW quadrant, just as at 8 weeks. Testing was done in sets of 5 d 
each, with 2 d rest between each set. Performance was measured by the 
amount of distance the rat swam before finding the platform. Distance 
is given in computer pixels, with a pixel approximately equal to l/6 
inch. 

Statistical analysis. For quantitative stereology, mean values were 
calculated for each group and a multiway ANOVA was performed with 
an (Y of0.05. Following this determination ofbetween group significance, 
a Fisher’s post hoc test was applied with an (Y of 0.05. In the case of 
neuronal volume, the mean of individual cell volumes for each animal 
was used as the statistic for subsequent ANOVA and post hoc testing. 
For behavioral testing, a group mean for each time point was calculated 
from the individual animal mean over four trials. Significance of dif- 
ference between group means for lesioned animals and unlesioned con- 
trols was calculated using a two-tailed Student’s t test with an LY of 0.05. 
Calculations were performed using STATVIEW 4.01 for the Macintosh 
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(Abacus Concepts, Berkeley, CA). Error bars in all cases indicate the 
standard error of the mean. 

Results 
Histological appearance of lesioned entorhinal cortex 
Examination of both intact (left or contralateral to the lesion) 
and lesioned (right) entorhinal cortices at low magnification (Fig. 
3) showed few obvious differences between sides or between 
ages. Despite the axotomizing lesion, ECL II still formed a dis- 
tinct lamina of cells occupying the histotypic anatomical extent. 
Qualitatively, the overall thickness of entorhinal laminae ap- 
peared unaffected by the lesion, with the exception of layer II, 
which was thinner on the lesioned side (Fig. 3D,F,H). 

Closer examination confirmed a thinning of ECL II ipsilateral 
to the perforant path lesion (Fig. 4D,F,H) compared to both 
unlesioned controls (Fig. 4A,B) and the intact side contralateral 
to the lesion (Fig. 4C,E,G). Examination of individual layer II 
neuronal morphologies showed that the ECL II of control an- 
imals (Fig. 4A,B) contained neurons with heavy perikaryal 
thionine-staining and was 5- 10 cell diameters thick. However, 
ECL II of lesioned animals (Fig. 4D,F,H) was more loosely 
organized with fewer neurons, many of which possessed only a 
thin rim ofcytoplasm around the nucleus (19,47). The neuronal 
loss and shrinkage appeared most pronounced in animals sur- 
viving 15 months postlesion (Fig. 4G,H). Interestingly, ECL II 
neurons of aged, unlesioned animals (Fig. 4B) were not clearly 
fewer in number or more shrunken than in young unlesioned 
controls (Fig. 4A). 

Reduced volume of entorhinal cortex layer II 

The observation of a thinning ECL II following perforant path 
lesion was confirmed quantitatively (Fig. 5). Lesioned ECL II 
volume decreased significantly by nearly 30% compared to the 
volume of unlesioned ECL II (p I 0.000 l), although there failed 
to be any difference between lesioned layer II volumes with 
increasing postlesion age. However, even the intact ECL II vol- 
ume was decreased by 10% compared to control, although this 
was only significant at 8 weeks postlesion (p I 0.0142; Fig. 5). 
Again there was no difference between postlesion ages. Natural 
aging appeared to have no effect on ECL II volume, since there 
was no difference between young unlesioned controls and unle- 
sioned controls that were age-matched to the 15 month postle- 
sion group (Fig. 5). 

Neuronal loss in entorhinal cortex layer II 

Neuronal loss within ECL II was not significant in the intact 
hemisphere of lesioned animals at 2 and 8 weeks postlesion 
compared to unlesioned controls. However, the lesioned hemi- 
sphere suffered a significant loss of just over 30% of ECL II 
neurons at these time points (both 2 and 8 week lesioned p 5 
0.001 relative to both controls and intact sides; Fig. 6). Of par- 
ticular interest is the progressive loss of neurons at extended 
time points following lesioning. The neuronal loss observed on 
the lesioned side at 8 weeks postlesion appears to be augmented 
with increasing survival time so that the neuronal population 
at 15 months postlesion is just over half of control levels (p 5 

Figure 3. Representative horizontal sections at low power through the entorhinal cortices of young unlesioned controls (A), aged unlesioned 
controls (B), and the intact and lesioned hemispheres of animals at 2 weeks (C, D), 8 weeks (E, F), and 15 months (G, H) following perforant path 
lesion. PL, postlesion. 
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Figure 5. Reference volume (V,r) of entorhinal cortex layer II mea- 
sured in cubic micrometers (?SEM). Numbers indicate a significant 
difference (p 5 0.05) from young unlesioned controls (1) and the intact 
side of the age-matched group (2). 

0.0001; Fig. 6). Even on the intact side, it appears that nearly 
a third of neurons that were still surviving at 8 weeks postlesion 
were in some fashion predisposed by the lesioning procedure to 
die by 15 months postlesion (p 5 0.035 relative to 8 week 
lesioned). These data are even more striking given that there is 
no loss of neurons with natural aging, as seen by the data for 
unlesioned aged controls (Fig. 6). 

Shrinking cell volume of surviving entorhinal cortex layer II 
neurons 

Quantitative stereology revealed that the volume of neurons 
surviving perforant path axotomy decreased in all conditions 
relative to control values whether ipsi- or contralateral to the 
lesion (Fig. 7). Even unlesioned aged animals showed a signif- 
icant 10% decline in neuronal volume (p 5 0.01) the only 
parameter examined in which they differed from young control 
animals. At the earliest postlesion time point (2 weeks), neuronal 
volume was significantly decreased relative to controls to the 
same extent on both intact and lesioned sides (intact, p 5 0.002; 
lesioned, p 5 0.001; Fig. 7). At 8 weeks postlesion, neuronal 
volume in lesioned ECL II was significantly reduced compared 
to both the intact side (p I 0.000 1) and to the lesioned 2 week 
condition (p 5 0.015; Fig. 7). Neuronal volume in unlesioned 
ECL II was also significantly reduced (p i 0.04; Fig. 7) relative 
to controls at the 8 week time point. Postlesion survival again 
appeared to be a factor, with both sides of 15 month postlesion 
animals possessing significantly smaller cells (both sides p 5 
0.0001 relative to control) than the mean cell volume reported 
at earlier ages (Fig. 7). 

Examination of the distribution of individual neuronal vol- 
umes pooled together for each of the conditions shows that the 
changes in mean volume were due to population shifts (Fig. 8). 
Whereas neuronal volume in young control animals and aged 
control animals showed a Gaussian distribution (Fig. 8A,B), 
neuronal volume in 2 week and 8 week postlesion intact ECL 
II showed a slight skew to the left (Fig. 8C,E). This left skew of 
volume distribution was more pronounced in the lesioned ECL 
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Figure 6. Absolute neuronal number (N,,,) within entorhinal cortex 
layer II (?SEM). Numbers indicate a significant difference (p 5 0.05) 
from young unlesioned controls (I), the intact side of the age-matched 
group (2), and the same condition at the 8 week postlesion time point 
(3). 

II at 2 and 8 weeks postlesion (Fig. 8DJ). By 15 months post- 
lesion, neuronal volume distribution had returned to a Gaussian 
profile (Fig. 8G,H); however, the mean of these conditions was 
shifted far to the left of the young control animals, particularly 
in the 15 month postlesioned animals. 

Delayed onset of behavioral impairment 

Eight weeks after lesioning, rats were given visible platform 
testing to screen for their ability to perform the water maze task. 
No difference was seen between groups in latency or distance 
swam (data not shown). After the platform was hidden beneath 
the surface of the water, lesioned rats still showed no difference 
from normal control rats (Fig. 9A; p > 0.1 on all days). All rats 
acquired the location of the platform within 4 d. 

Fourteen months after lesioning, rats were given 1 d of visible 
testing with the platform in the same location as at eight weeks 
(southwest quadrant) to rescreen for any difficulties in perform- 
ing the task, with all rats performing equally (data not shown). 
This screening was followed by 10 d of hidden platform testing; 
averages of performance over each block of 5 d showed signif- 
icant overall differences between lesioned and control rats. For 
days l-5, lesioned rats swam an average distance of 1235 -t 
37 1 to find the platform, whereas control rats swam an average 
of 774 f 116 (p 5 0.0356); for days 8-l 2, lesioned rats averaged 
1064 f 15 1, whereas controls averaged 566 f 128 (p 5 0.0024). 
Post hoc testing of individual daily performance confirmed im- 
pairment in the ability to reacquire the platform (Fig. 9B; p 5 
0.04 on days 2, 3, 4, 9, and 11). 

Discussion 
The projections between the entorhinal cortex and the hippo- 
campus comprise an important anatomical connection that acts 
as the main filter and integrator of cortical input to the hip- 
pocampus and has long been investigated for its role in the 
processing of learning and memory. Tetanic stimulation of the 
perforant pathway has been found to produce long-term poten- 

Figure 4. Higher-power view of the sections in Figure 3 centering on entorhinal cortex layer II of young unlesioned controls (A), aged unlesioned 
controls (B), and the intact and lesioned hemispheres of animals at 2 weeks (C, D), 8 weeks (E, F), and 15 months (G, H) following perforant path 
lesion. PL, postlesion. 
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Figure 7. Mean volume (&) of neurons in entorhinal cortex layer II 
measured in cubic micrometers (HEM). Numbers indicate a significant 
difference (p 5 0.05) from young unlesioned controls (I), the intact side 
of the age-matched group (2), and the same condition at the 8 week 
postlesion time point (3). 
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Figure 8. Individual neuronal volumes within entorhinal cortex layer 
II measured in cubic micrometers distributed as histograms with a bin 
widths of 100 pm: young unlesioned controls (A), aged unlesioned con- 
trols (B), and the intact and lesioned hemispheres of animals at 2 weeks 
(C, D), 8 weeks (E, fl, and 15 months (G, H) following perforant path 
lesion. While the number of counts per bin on the y-axis varies with 
each condition, the x-axes are aligned for each column. A vertical line 
indicating the mean neuronal volume of the young unlesioned control 
group is shown for each condition to illustrate the extent of population 
distribution shift. 
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Figure 9. Performance of aged control and aged lesioned rats in the 
Morris water maze measured as distance swam (_tSEM) at 8 weeks 
postlesion (A) and again at 14 months postlesion (B) just prior to sac- 
rifice. One week of visible platform testing (data not shown) was followed 
by 2 weeks of hidden platform testing (5 d each). Open squares indicate 
perforant path-lesioned animals, and solid triangles indicate control 
animals. Significant differences (p I- 0.05) between control and lesioned 
groups at each day are indicated by asterisks. 

tiation (LTP) in the hippocampus (Bliss and Limo, 1973; Jones, 
1993). Indeed, the entorhinal cortex and the perforant pathway 
appear to be particularly affected by the neuropathological 
changes associated with Alzheimer’s disease (Hyman et al., 1984, 
1986, 1987). In addition to providing a precise topographic 
input to the hippocampus, the entorhinal cortex is a primary 
recipient of hippocampal output (Kijhler, 1986b, 1988). Many 
of the connections that the entorhinal cortex makes with the 
wider cerebral cortex have been shown to include a reciprocal 
component, observations that are consistent with theories of 
entorhinal-hippocampal processing of learning and memory. 

The data presented in the present report demonstrate that, 
while many ECL II neurons do survive axotomizing lesion for 
extended post-lesion time periods, nearly a third of the projec- 
tion neurons of ECL II are lost on the lesioned side shortly 
(within two weeks) after lesioning. Of these surviving neurons, 
nearly a third will die within the year, with those remaining 
being significantly atrophied. This suggests a lesion-potentiated 
neuronal vulnerability since age-matched controls show that 
there is no loss of ECL II neurons with normal aging. Neuronal 
loss was bilateral with increasing postlesion age, which corre- 
sponds with a delayed onset of functional impairment in le- 
sioned animals. 

Neuronal survival following lesion 

The use of unbiased stereology for quantitative assessment has 
yielded a highly reliable measure of entorhinal morphometry 
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that is sensitive even with small sample sizes. It is important 
that the numerical changes calculated in these sections result in 
an estimate of total neuronal number and not merely an estimate 
of neuronal density. Most traditionally accepted methods of 
determining cell number from sections relied on counting the 
number of cells seen in a section, moving to adjacent sections 
to repeat the process, and expressing the number found in re- 
lation to the area observed; careful investigators avoid counting 
the same cell more than once and apply correction factors to 
offset errors due to overprojection and truncation (Abercrombie, 
1946). Nonetheless, these traditionally accepted methods failed 
to address two sources of error and one conceptual problem 
inherent in analyzing actual tissue. When counting cells in in- 
dividual sections, larger cells will be sampled with higher prob- 
ability due to their greater cross sectional area, resulting in their 
over representation in the final count. Further, since neurons in 
particular are seldom spherical in shape, it becomes very difficult 
to not over- or undercount cells by establishing a standard offset 
between sampled sections. This is particularly true if the cell 
orientation is not uniformly parallel to the plane of sectioning. 

Of greater consequence than obtaining a biased sample is 
interpreting cell density values without regard to the problem 
of dimensional reduction. Dimensional reduction results from 
the necessity forced on the experimenter to produce sections 
(two-dimensional) of three-dimensional tissue in order to ex- 
amine the cells contained therein. The numerical parameter 
present in any given two-dimensional section of the tissue is of 
no biological importance; rather it is the numerical parameter 
of the entire three-dimensional tissue that has biological mean- 
ing. This point is important with reference to cell size, which 
will be discussed later. Thus, while information about the num- 
ber of neurons per area on a section through the entorhinal 
cortex tells us very little, information about the number of neu- 
rons in the entire entorhinal cortex is biologically useful data. 
The analytic pitfall comes when a numerical density measure- 
ment, even when averaged over the entire tissue, is taken to be 
equivalent to the absolute number of cells present. The reason 
that these two values are not equivalent is that a density value 
is, in fact, a fraction and not a whole number. A difference 
between numerical density, be it number per unit area or per 
unit volume, for experimental and control groups may be due 
to changes in either the numerator (number) or the denominator 
(area or volume). In practice, both may vary independently, 
rendering the numerical density value useless if the amount and 
direction of variance is indeterminable. In fact, our data show 
that the reference volume did change between conditions and 
time points (Fig. 5), which would have contributed to numerical 
density differences independent of actual numerical changes if 
we had relied on this parameter. 

The problems of size and shape bias and the estimation of 
true, absolute number were solved by the publication of the 
disector procedure (Sterio, 1984), which set the stage for a range 
of procedures termed unbiased stereology (for reviews, see Gun- 
dersen, 1986; Gundersen et al., 1988a,b). Counting of cells is 
done in three dimensions and the volume fraction sampled is 
normalized to the actual tissue volume to yield the estimation 
of absolute number. Our choice to implement the optical di- 
sector was based upon the increased efficiency possible with 
thicker sections. Although slow to gain the attention of neuro- 
scientists, recent reports indicate an emerging appreciation of 
the capabilities of unbiased stereology (Coggeshall, 1992; West, 
1993). 

The boundaries chosen for the quantitation of ECL II in this 
study were based upon functional criteria rather than adherence 
solely to anatomical boundaries. Given that the aspirative lesion 
was incomplete, only deafferentating the dorsal hippocampus, 
it was necessary to determine the ventral extent of lesion effect. 
By directly labeling axons cut by or directly impinging upon the 
lesion site, it was possible to demarcate the entorhinal regions 
containing axotomized or damaged projection neurons (Fig. 1). 
The lateral shift of DiI labeling in more ventral sections (Fig. 
l&-H) is consistent with previous reports where a topographic 
relationship exists between the hippocampus and entorhinal 
cortex such that the septal pole of the hippocampus is innervated 
by dorsal entorhinal cortex (Wyss, 198 1) with a continuing ven- 
trolateral topographic distribution (Steward, 1976a,b, 1980). In- 
terestingly, the mediolateral boundaries chosen for quantitation 
in this study corresponded to the entorhinal region sensitive to 
aminooxyacetic acid lesions wherever they were placed within 
the entorhinal cortex (Du and Schwartz, 1992) suggesting an 
additional biological significance for this region. 

The choice of functional rather than anatomical boundaries 
for quantitation, while based upon a biological rationale, is not 
entirely in keeping with requirements for unbiased stereology 
and introduces sources of error. Strictly speaking, unbiased ste- 
reology would require absolute measurements to be based upon 
sampling of the entire anatomical structure (i.e., ECL II). The 
anatomical boundaries would be considered objective, while the 
subdivision into a dorsal lesion-affected component and a ven- 
tral unaffected component of ECL II would be considered sub- 
jective. We have attempted to reduce subjectivity by deriving 
standardized criteria for functional boundaries as described 
above, although experimenter-introduced sources of error such 
as variability in the extent of lesion still exist. The major sources 
of error are measurement based and derive from the need for 
functional boundaries to be assigned relative to anatomical land- 
marks or fiducials external to the entorhinal cortex. The choice 
of unambiguous, but distant, fiducials means that small changes 
in sectioning angles could alter the sampling of the entorhinal 
cortex. While all brains were mounted for sectioning in a con- 
sistent fashion, there was no attempt to precisely standardize 
the angle of section. Additionally, the lesion itself may produce 
shifts of entorhinal cortex position with respect to the fiducials 
that may differ from that of unlesioned, control brains. The 
strength of the interpretations drawn from these data will be 
affected by the extent to which these sources of error contribute 
to the measured data. 

Although numerous studies have examined the effect of per- 
forant path lesions on hippocampal plasticity, few have consid- 
ered the effect on the projection neurons of the entorhinal cortex. 
Entorhinal neurons contralateral to the lesioned side were found 
to double their expression of GAP-43, a protein associated with 
regeneration and synaptic plasticity, during the time frame when 
the crossed temporodentate pathway is sprouting into the de- 
nervated dentate outer molecular layer (Lin et al., 1992). In a 
model using colchicine injections to remove granule cell targets 
without axotomizing the perforant path, Goldschmidt and Stew- 
ard (1992) observed a substantial decrease in the size of thion- 
ine-stained ECL II projection neurons. However, they made no 
estimate of cell numbers. Using New Zealand Black mice as a 
presumed animal model of impaired learning and memory, An- 
statt (1988) found a significantly lower cell count number in the 
entorhinal cortex compared to a control mouse strain. Appar- 
ently, all entorhinal cortical layers were pooled in these data, 
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which again examined intact entorhinal projection neurons. 
Several recent studies have generated entorhinal neuronal loss 
following infusion of excitatory amino acids that appear to be 
region specific in their toxicity (Levisohn and Isacson, 1991; Du 
and Schwartz, 1992). 

Cummings et al. (1992) reported a 28% loss in ECL II neurons 
in untreated lesioned rats by 2 weeks postlesion. Their relative 
incidence result, expressed as a percentage of control, is very 
close to our 30% reduction in absolute neuronal number at the 
comparable 2 week postlesion time point. The extent of neu- 
ronal loss in ECL II appears to be a robust phenomenon since 
the approach to lesioning and quantitation differed so greatly 
between Cummings et al. (1992) and the present report. 

Phenotype ofsurviving neurons 
Whereas septal projections to the hippocampus are primarily 
cholinergic, entorhinal projections to the hippocampus are largely 
glutamatergic (White et al., 1977; Cotman and Nadler, 198 1; 
KShler, 1986b). Such excitatory amino acid connections are 
thought to be less plastic than cholinergic afferents. However, 
other neuronal phenotypes are found in the entorhinal cortex, 
including, among others, GABA (White et al., 1977; Germroth 
et al., 1989b), enkephalin (Gall et al., 1981) ACh (Slomianka 
and Geneser, 1991), VIP (Kohler and Chan-Palay, 1983), and 
somatostatin (KShler and Chan-Palay, 1983; Friederich-Ecsy et 
al., 1988), with at least GABA providing a demonstrable con- 
tribution to the perforant pathway. 

The neuronal composition of ECL II is also anatomically 
heterogeneous. In addition to the stellate cells that project to 
the dentate gyrus (Steward and Scoville, 1976) Lorente de No 
(1933) described horizontal neurons and another type of neuron 
possessing a short ascending axon. More recent studies have 
found a variety of neuronal morphologies that contribute to the 
perforant path (Germroth et al., 1989b). The major component 
of the entorhinodentate perforant path projection arises from 
glutamatergic layer II neurons (White et al., 1977; Cotman and 
Nadler, 198 1; KBhler, 1986b); however, a wide variety of neu- 
rotransmitter and electrophysiological phenotypes have also been 
localized in ECL II (KBhler, 198613; Beall and Lewis, 1992; 
Alonso and Klink, 1993). Some of these cells are GABAergic 
(Jones and Biihl, 1993), with evidence of not only intrinsic but 
also extrinsic projection along the perforant path (Germroth et 
al., 1989a). It is not clear from thionine staining (Fig. 4) what 
subpopulation, if any, is reduced following perforant path le- 
sions. Furthermore, the relative proportions of these popula- 
tions are unknown, so it is not possible at the present time to 
make any inference based on numbers alone. Future studies will 
be required to address this issue. 

In a previous entorhinal deefferentation study, Goldschmidt 
and Steward (1992) found that the layer II neuronal area de- 
creased by 32% at 7-10 weeks postlesion, which they argue is 
due to a decrease in the terminal field supported by the soma 
(see also Isacson and Sofroniew, 1992). This represents a greater 
degree of shrinkage than we report here (approximately 25% 
volume reduction at 8 weeks; Fig. 7), especially considering that 
Goldschmidt and Steward’s (1992) reduction is two-dimen- 
sional, not three-dimensional. The technical differences make 
comparison of the results difficult since Goldschmidt and Stew- 
ard, using a different type of lesion, measured presumed equa- 
torial diameter of cells in individual sections without correcting 
for the sampling bias due to cell size as discussed previously. 

Furthermore, Goldschmidt and Steward (1992) present only 
mean values for cell area without correcting for nonequatorial 
measurements (Cruz-Orive, 1983) or demonstrating the distri- 
bution of cell area around the mean. Using Goldschmidt and 
Steward’s hypothesis, reduction of mean somal volume (Fig. 7) 
could be interpreted to result from a loss of axonal arbor distal 
to the lesion along with a possible secondary reduction in den- 
dritic arbor. One difficulty with this interpretation is the dis- 
tribution of somal volumes around the mean (Fig. 8). While the 
mean of neuronal volume in lesioned animals is shifted to the 
left (Figs. 8D,F,H), there exists an overlapping population of 
similarly sized neurons in young controls (Fig. 8A). Combined 
with the observed neuronal loss found in the lesioned animals 
(Fig. 6), the reduction in mean neuronal volume may reflect less 
of a shrinkage of individual neurons than a reduced population 
of larger neurons. Such a change in population density would 
be consistent with the heterogeneity of ECL II neurons discussed 
previously. 

Factors in neuronal survival 

In addition to the rapid, ipsilateral ECL II neuronal loss ob- 
served (Fig. 6), an important finding was the progressive, bi- 
lateral neuronal loss in this model system. While the aspirative 
perforant path lesion was intended to interrupt projections from 
the ipsilateral entorhinal cortex, commissural temporodentate 
fibers from contralateral entorhinal cortex that project via the 
dorsal psalterium (Steward, 1980) were also interrupted. Axo- 
tomy of these crossed fibers could lead to the bilateral cell loss. 

It is not clear why neuronal loss in the contralateral entorhinal 
cortex should be so protracted. The fact that there was no ECL 
II neuronal loss with normal aging (Fig. 6) suggests that the 
mechanism of progressive neuronal loss is lesion mediated and 
not age mediated. One possibility is that protracted neuronal 
loss is due to differences in lesion distance from the neuronal 
soma, as has been reported in other systems (Gage et al., 1986; 
Sofroniew and Isacson, 1988; Sofroniew et al., 1990). With re- 
gard to the cell loss contralateral to the lesion, fibers ofthe sparse, 
crossed temporodentate pathway (Steward, 1980) may be dam- 
aged by the lesion at considerable distance from their somata 
with slow retrograde degeneration resulting. Villegas-Perez et 
al. (1993) reported a period of protracted cell death in axotom- 
ized retinal ganglion cells that survived the initial rapid phase 
of postlesion cell death. However, ECL II axons, in addition to 
their perforant path contribution, give off numerous collaterals 
extending as much as 500 pm from the soma (Germroth et al., 
1989a; Kijhler, 1986a; Lingenhijhl and Finch, 199 l), which may 
suggest a postlesion effect diluted by an extensive axonal arbor. 
Furthermore, examination of our raw data for neuronal number 
in ECL II failed to find any gradient of cell loss corresponding 
to the topographic distribution of perforant path projections 
(Steward 1976a, 1980; Wyss, 1981). Another difficulty in at- 
tributing the contralateral neuronal loss observed at 15 months 
postlesion to axotomy-induced cell death is that very few cells 
in layer II have been reported to project commissurally (Steward 
and Scoville, 1976). Alternatively, the postlesion reduction in 
neuronal number and somal volume may result from the loss 
of tonic support, such as target-derived trophic factors (Gage et 
al., 1986; Cummings et al., 1992), or stimulation from intrinsic 
neurons within the entorhinal cortex (Jones, 1993), which them- 
selves have been deafferentated by the lesion (Kiihler, 1985; 
Finch et al., 1986; Slomianka and Geneser, 199 1). 
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Functional impairment 
eration taking place by studying both the perforant path and 
fimbria fornix models in parallel. 

Despite the robust and significant neuronal loss found at 8 weeks 

in the 15 month nostlesion animals (Fig. 9) correlates well with 

postlesion (Fig. 6) no functional deficit was found until over a 
year following the lesion (Fig. 9) when progressive entorhinal 
neuronal loss had become bilateral (Fig. 6). Loesche and Steward 
(1977) have previously shown that unilateral entorhinal lesions 
produce a performance deficit up to 8-12 d postlesion, after 
which point the crossed temporoammonic projection had pro- 
liferated in the hippocampus ipsilateral to the lesion, which was 
suggested to be the cause of the observed spontaneous functional 
recovery. Despite damage to the dorsal psalterium in our as- 
pirative lesions, the contralateral entorhinal projections could 
sprout via the crossed temporoammonic tract in regio superior 
(Steward, 1980), resulting in the lack of significance between 
groups at 8 weeks (Fig. 9). However, the impaired performance 
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