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Abstract Our objective was to show morphological
changes of the fornix in autopsies of patients with temporal
lobe epilepsy, which may potentially serve for post-mortem
diagnosis. Epileptic and non-epileptic autopsy brains were
obtained from the council of forensic medicine between the
years 2005 and 2007. In both non-epileptic and epileptic
autopsies the mean cross-sectional areas and fiber densities
of the right and left fornices were calculated and analyzed.
The numbers of myelinated and unmyelinated fibers, and
the total number of fibers forming each fornix were
counted. The total number of fibers in the right fornix was
always greater than in the left fornix, in both epileptic and
non-epileptic autopsies. The mean total number of fornix
fibers was significantly reduced in epileptics compared
with non-epileptics, in both the right (»p = 0.043) and
left (p = 0.043) sides. The electron-microscopic sections
showed that myelinated axons outnumbered unmyelinated
axons in both epileptic and non-epileptic autopsies. How-
ever, the reduction in the number of unmyelinated fibers
was only statistically significant for the right fornix in right
epileptic autopsies (p = 0.021). Although the reduction in
the number of myelinated fibers was not statistically sig-
nificant, electron-microscopic evaluations showed myelin
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degeneration of the myelinated fibers in the right fornix of
the right temporal lobe in epileptic autopsies. In conclu-
sion, our results suggest that unmyelinated fiber loss is
functionally important, and may have functional conse-
quences of diagnostic value.

Keywords Axon - Epilepsy - Fornix (brain) -
Hippocampus - Nerve fibers - Myelinated

Introduction

Mesial temporal lobe epilepsy is associated with clinically
well defined epileptic syndrome—EEG abnormalities in
the temporal lobe, memory dysfunction, and hippocampal
atrophy (French et al. 1993). Mesial temporal lobe sclerosis
(MTS) is the major pathological abnormality in approxi-
mately 60% of patients with intractable temporal lobe
epilepsy (Babb and Brown 1987).

The common histological findings in MTS are neuronal
cell loss and gliosis in the CA1, CA3, and CA4 regions, and
in the dentate gyrus of the hippocampus (Bronen 1992;
Garcia et al. 1994; Jack et al. 1990; Mamourian et al. 1998;
Margerison and Corsellis 1966). Although the cornu
ammonis and dentate gyrus are the major sites of the disease
in MTS, morphological abnormalities have also been dem-
onstrated in other temporal lobe structures, for example the
amygdala, entorhinal cortex, subiculum, and parahippo-
campal gyrus (Corsellis 1957). The fornix, a well defined
tract which consists of efferent and afferent fibers of the
hippocampal formation, is affected in numerous neurologic
conditions including temporal lobe epilepsy, Alzheimer’s
disease, and memory disorders (Bilir et al. 1998). Numerous
MRI studies measuring the volume and width of the fornix on
patients with MTS have suggested that the fornix is reduced
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in size (Baldwin et al. 1994; Bilir et al. 1998; Kim et al. 1995;
Kodama et al. 2003; Kuzniecky et al. 1999; Ng et al. 1997,
Oikawa et al. 2001) and asymmetry (Mamourian et al. 1998)
and shows signs of axonal degeneration (Concha et al. 2005).

In this study we add to this evidence by providing
electron-microscopic data on the average number of fibers
forming the column of the fornix. In addition, we have
measured cross-sectional area, fiber density, and ratio of
myelinated to unmyelinated fibers for non-epileptic and
epileptic human autopsy brains.

Methods

Eight autopsies were used in this study. Four of the
autopsies (two male, two female) were from right temporal
lobe epilepsy patients (age range 24-48 years) and four
were non-epileptic autopsies (three male, one female; age
range 27-61 years). Only right temporal lobe epilepsy
autopsies were selected to avoid confusion in the inter-
pretation of the data obtained. The study was approved by
the ethics committee of the forensic medicine council. All
procedures were carried out by the same researcher who
was unaware of the clinical data.

Autopsy procedure

Autopsies with intracranial pathologies other than those
associated with right temporal lobe epilepsy were not
included in this study. The calvaria were opened by routine
autopsy dissections. The brain was removed en bloc from the
skull. Cerebellum and diencephalon were removed and then
the inferior surface of the column of the fornix and the
anterior commissure were exposed (Fig. 1). Each fornix was
taken from the same region, immediately superior to the
anterior commissure. Special care was taken to fix the brain
tissue as soon as possible to avoid extensive degeneration.

Light-microscopic procedure

The temporal lobe, including the hippocampus, was
removed and fixed in 10% formalin solution for ten days.
The blocks were then dehydrated in an ascending alcohol
series and embedded in paraffin. Coronal sections (5 pm
thick) from the mid-hippocampus, including all sectors of
the hippocampus, were cut with a sliding microtome. The
sections were stained with cresyl violet to evaluate cell loss
and gliosis.

Electron-microscopic procedure

Each fornix specimen was cut into 1-mm slices and
fixed in 2.5% phosphate-buffered (0.1 M and pH 7.2)

Fig. 1 Inferior surface of both sides of the fornix, after removal of
the thalamus, in a normal case. Right fornix (thin black line), Ac
anterior commissure

glutaraldehyde for 2 h. The specimens were then post-
fixed for an hour in 1% OsQO,. As the size of the whole
fornix was too large for preparation, fornix slices were
divided into two equal parts and processed separately.
They were then dehydrated in a graded alcohol series and
embedded in epoxy resin. Semi-thin sections (1 pm thick)
of each part were stained with toluidine blue for light-
microscopic evaluation and thin sections (60 nm thick)
were contrasted with uranyl acetate and lead citrate and
examined with a Jeol (Tokyo, Japan) 1200 SX TEM.

The semi-thin sections of each fornix sector were pho-
tographed at x40 final magnification for measurement of
the total cross-sectional area of each fornix. The boundary
of each fornix sector was outlined with Adobe Photoshop
6.0. The cross-sectional area of each fornix sector section
then was calculated by use of Clemex Vision PE software
(demonstration version). The total cross-sectional area of
each fornix was then calculated.

Sections for fiber counts were obtained from constant
regions of the right and left fornices in both right temporal
lobe epilepsy autopsies and non-epileptic autopsies. Data
on the number of myelinated and unmyelinated nerve fibers
were obtained by examination of electron-microscopic
images. The mean total number of myelinated and unmy-
elinated fibers forming the fornices were computed from
the cross-sectional areas and the densities of the myelinated
and unmyelinated fibers for the right and left fornices. Thin
sections were obtained from two parts of each fornix.
Every fifth section and a total of five sections from each
part were examined. Five photographs were taken at a
magnification of x10,000 from each grid. The first pho-
tograph was randomly taken then the other four
photographs were taken by sliding the grid in four different
directions. The numbers of myelinated and unmyelinated
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fibers were counted at each site within a photographic area
measuring 52 pm”. The nerve fibers touching the lower
horizontal and right vertical borders of the photographs
were excluded from the counts. Finally, from the nerve
fiber densities and cross-sectional areas, nerve-fiber counts
of the fornices of epileptic and non-epileptic cases were
calculated.

Statistical analysis was by use of the Mann—Whitney U
test.

Results

Light-microscopic sections of the hippocampus from four
right temporal lobe epilepsy autopsies showed clear evi-
dence of cell loss in the dentate gyrus of the right
hippocampus (Fig. 2a) whereas non-epileptic autopsies
showed a regular hippocampal appearance in all sectors of
the hippocampus, on both sides (Fig. 2b).

Fig. 2 a Light-microscopic
section of the hippocampus,
from the right temporal lobe of
an epilepsy patient, stained with
cresyl violet. The area in the
ellipse shows cell loss in the
dentate gyrus of the
hippocampus. x200. b Light-
microscopic section of the
sectors of the hippocampus in a
normal autopsy. CAl

cornu ammonis 1, CA2 cornu
ammonis 2, CA3,

cornu ammonis 3, CA4 cornu
ammonis 4, Dg Dentate gyrus.
x40. ¢ Electron-microscopic
appearance of the myelinated
and unmyelinated fibers of the
fornix in a normal autopsy.
Myelinated fiber (thick arrow),
unmyelinated fiber (thin arrow).
Bar, 500 nm. d Electron-
microscopic appearance of the
myelinated and unmyelinated
fibers of the fornix in a right
temporal lobe epileptic autopsy.
Myelin degeneration (thick
arrow). Bar, 500 nm
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The total number of fornix fibers was always greater on
the right side and the mean total number of fibers was higher
on the right than the left side, in both epileptic (p = 0.029)
and non-epileptic (p = 0.021) autopsies (Table 1). The total
mean number of fornix fibers was significantly lower in
epileptic cases, compared with non-epileptics, for both right
(p = 0.043) and left sides (p = 0.043).

The electron-microscopic sections showed that myelin-
ated axons outnumbered unmyelinated axons in both
epileptic and non-epileptic autopsies (Fig. 2c, d). A
decrease in the number of myelinated and unmyelinated
fibers was observed in the epileptic autopsies for both
fornices. However, the reduction was statistically signifi-
cant for the unmyelinated fibers of the right fornix only
(p = 0.021). Although the reduction in the number of
myelinated fibers was not statistically significant, electron
microscopic evaluations showed myelin degeneration of
myelinated fibers in the right fornix in right temporal lobe
epilepsy autopsies (Fig. 2d).
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Table 1 The number of myelinated and unmyelinated fibers, and the total number of fibers forming the left and right fornices, in epileptic and non-epileptic autopsies

Unmyelinated fibers

Myelinated fibers

Fornix

Density

Number

Density

Number

Cross-sectional area

Number of fibers

32

3.8
2.4
32
29

240216

257292
236048
267172

5.8

15.4
8.6

499367

1042716
845832

7.0
10.2

675608
903032

1300008
1081880
1294116

N1

215610
169759
162527

9.2

589439
743824

49

N2
N3

55
4.8

7.4

12.3

1026944
1029932

8.7
11.7

860064
829336

376892

10.9

644210

1435116

N4

619210 £ 102310 11.80 £ 284 7.60 £ 1.41 284351 &+ 63046 197028 + 37168 3.08 + 0.59 5.13 + 1.58

473072
306980
658136

9.41 £ 199 6.52 + 1.46 986356 £ 93932

1277780 + 145936 817010 + 98994
1009600

855408

Normal

24
1.8

32

195752
154890
94788

158368
88492

17.2

851232
766916

8.5
5.9

668824
567300
732924
615609

Epileptic 1032535 £ 155392 646164 + 71166

1.2
1.8

1.2

10.4

7.7

138812
129716

14.2

1095064
901540

8.0
6.7

1233876

1.2

178746

139

510276

10.7

1031256

6.90 + 1.28 8.47 = 1.97 903688 £ 139148 487116 + 144257 13.93 &+ 2.78 8.70 & 2.22 128848 £ 29440 156044 + 44142 2.05 £ 0.84 1.60 £ 0.63

The mean forniceal cross-sectional areas were similar in
epileptic and non-epileptic autopsies, for both the left and
right sides. Mean densities of myelinated and unmyelinated
fibers were calculated and are shown in Table 1 for both
non-epileptic and epileptic cases.

Discussion

This study gives a far more accurate estimate of fiber
numbers than earlier studies with the light microscope and
also enables distinction of myelinated fiber loss from
unmyelinated fiber loss in autopsies of temporal lobe epi-
lepsy patients.

In this study, the fornix specimens were taken from a
constant region, immediately superior to the anterior
commissure, to avoid variations of regional fiber numbers.
Chance et al. (1999) calculated the number of fibers
forming the fornix superior to the anterior commissure in
normal men as 1,020,200 on the left and 1,138,300 on the
right; in healthy women it was 1,255,800 on the left and
1,242,200 on the right. Daitz (1953) reported 912,000
fibers in the human post-commissural fornix. In this study,
the corresponding figures were 1,277,780 £ 102,588 on
the right and 817,010 + 98,994 on the left. Average fiber
counts in non-epileptic autopsies on the right side were
slightly higher than those in previous studies. This might be
because of the use of electron microscopy in this study to
calculate the density, because electron microscopy may be
sensitive to small axons, for example unmyelinated fibers.

In this study there was a relative reduction in the cross-
sectional area on the right side in epileptic autopsies, in
correspondence with previous clinical studies (Kuzniecky
et al. 1999). We suggest that relative reduction of the cross-
sectional area in unilateral epileptic autopsies may be
because of the significant reduction of unmyelinated fibers.
Although we found a reduction in the number of myelin-
ated axons also, the loss was not statistically significant. In
addition, there was a decrease in the average density of
unmyelinated fibers in both the right and left fornices in the
autopsies of right temporal lobe epilepsy cases. The fornix
contains not only the efferents of the hippocampus but also
the afferents. Therefore, a reduction in the unmyelinated
fibers may result not only in efferent loss but also in
deafferentation of the hippocampal fibers.

The neuronal loss observed in the dentate gyrus of the
hippocampus in this study may be the result of Wallerian or
transneuronal degeneration causing a decrease in the
number of fornix fibers in the epileptic autopsies (Baldwin
et al. 1994; Kodama et al. 2003; Ng et al. 1997).

Histological studies have demonstrated bilateral and/or
unilateral hippocampal cell loss in patients with MTS
(Babb 1991; Corsellis 1970). Recently, MRI studies
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reported bilateral changes in the fornix of patients with
unilateral temporal lobe epilepsy (Concha et al. 2005; Ng
et al. 1997). In accordance with previous MRI and his-
tological studies, the results of this study revealed
unilateral neuronal loss and gliosis. A bilateral decrease in
the number of fornix fibers was observed in epileptic
autopsies; this may be because of the degeneration of
commissural fibers interconnecting the two hippocampi
(Kuzniecky et al. 1999). Our findings suggest that tem-
poral lobe epilepsy is associated with bilateral limbic
system pathology even in patients with unilateral temporal
lobe epilepsy.

This electron-microscopic study has shown that the
fornix is composed mainly of myelinated fibers and fewer
unmyelinated fibers (Table 1). Mamourian et al. (1998),
reported fornix myelin loss in MTS patients. This study
also showed degeneration in the myelin sheath of the
myelinated fibers in temporal lobe autopsies. However,
there was a striking reduction in the number of unmyeli-
nated fibers whereas less change was observed for
myelinated fibers.

MRI studies have shown that most myelinated fibers in
the fornix terminate in hypothalamic nuclei (Miller et al.
1994; Saeki et al. 2001); the termination of the unmyeli-
nated fibers is unknown.

Precise knowledge of morphological changes in cerebral
structures is important for diagnosis of neurological dis-
orders and for understanding the underlying pathology.
This electron-microscopic study revealed unmyelinated
fiber loss in autopsies from temporal lobe epilepsy cases;
this may be functionally more important than loss of
myelinated fibers and may serve for post-mortem diagnosis
or have functional implications that may be of diagnostic
value.
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