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Altered Patterns of Dynorphin Immunoreactivity Suggest Mossy Fiber
Reorganization in Human Hippocampal Epilepsy
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Dynorphin A(1-17), an opioid peptide that is normally pres-
ent in the hippocampal mossy fiber system, was localized
immunocytochemically in the hippocampal formation of con-
trol autopsy and temporal lobe epilepsy (TLE) specimens.
In control tissue, dynorphin-like immunoreactive (Dyn-IR)
structures were confined to the mossy fiber path and were
most highly concentrated in the polymorph (hilar) region of
the dentate gyrus. Very few Dyn-IR structures were present
in the molecular and granule cell layers of the dentate gyrus.
In contrast, in all TLE specimens, Dyn-IR elements were
present in these layers. The extent of aberrant staining var-
ied among the TLE specimens, and 2 major patterns were
observed. The first was a relatively wide band of reaction
product in the inner one-third to one-fourth of the molecular
layer (8 cases), and the second was a more limited distri-
bution of immunoreactive fibers and presumptive terminals
in the granule cell and immediately adjacent supragranular
regions (2 cases). The extent of aberrant Dyn-IR structures
appeared to be related to the amount of cell loss in the
polymorph and CA3 fields and to dispersion of the granule
cell somata. Specimens processed with the Timm’s sulfide
silver method for heavy metals provided independent evi-
dence for the distribution of mossy fibers. In both control
and TLE specimens, the patterns of labeling were virtually
identical to those of dynorphin localization. These findings
suggest that sprouting of mossy fibers or their axon collat-
erals has occurred in hippocampal epilepsy and that the
reorganized fibers contain at least one of the neuropeptides
that are normally present in this system. Such fibers could
form recurrent excitatory circuits and contribute to synchro-
nous firing and epileptiform activity, as suggested in studies
of experimental models of epilepsy.
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One intriguing anatomical feature of the hippocampal formation
in temporal lobe epilepsy (TLE) of the hippocampal type is the
selectivity of cell loss. While some groups of neurons are rela-
tively well preserved, other immediately adjacent groups may
be substantially depleted. Consequently, the normal circuitry of
the hippocampal formation is severely disrupted. Although much
attention has been focused on cell loss (Sommer, 1880; Mou-
ritzen Dam, 1980; Babb et al., 1984), the anatomical organi-
zation and function of the remaining neurons are equally im-
portant since they presumably play a critical role in the initiation
and propagation of seizures. Such remaining neurons include
the dentate granule cells and CA2 neurons that are often rela-
tively well preserved despite the moderate to severe loss of
neurons in the hilus, CA1 and CA3 fields (Margerison and Cor-
sellis, 1966; Meldrum and Corsellis, 1985; Bruton, 1988).

Numerous studies in experimental animals have shown that
selective neuronal loss in the hippocampus can lead to synaptic
reorganization of the remaining neurons (see Cotman and Nad-
ler, 1978, for review), and it is possible that similar forms of
neuronal reorganization could occur in humans. The potential
rearrangement of granule cell axons or mossy fibers, which nor-
mally innervate neurons in the hilus and CA3 field of the hip-
pocampus, is of particular interest since these fibers are a major
excitatory link in the circuitry of the hippocampal formation
(Andersen et al., 1966).

In the rodent hippocampal formation, mossy fibers have a
propensity for normal variations in their distribution and for
several types of morphological reorganization (Zimmer, 1973;
Barber et al., 1974; Lauder and Mugnaini, 1980; Nadler et al.,
1980; West, 1984; West and Dewey, 1984; Represa et al., 1987).
Such reorganization includes supragranular sprouting of mossy
fibers, as first demonstrated in rats following partial deafferen-
tation of the dentate gyrus by lesions of the perforant path
(Zimmer, 1973, 1974). Later studies demonstrated that more
extensive supragranular sprouting occurred following deaffer-
entation of the granule cells by lesions of association projections
from the hilus (Laurberg and Zimmer, 1981). Nadler et al. (1980)
also described sprouting of the mossy fibers following kainic
acid treatment, and these findings have been confirmed by other
investigators (Tauck and Nadler, 1985; Cronin and Dudek, 1988).
Since kainic acid injections produce relatively selective loss of
neurons in the hilus, CA3 and CA4 fields, they create a pattern
of cell loss that is similar in several respects to that of TLE
(Nadler et al., 1983; Ben-Ari, 1985). Like direct lesions, kainic
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acid-induced cell loss presumably produces partial deafferen-
tation of the molecular layer that could serve as a stimulus for
sprouting. However, mossy fiber sprouting may also occur with-
out cell loss. Recently, Sutula et al. (1988) and Represa et al.
(1989a) observed supragranular staining of mossy fibers in the
absence of overt morphological damage in kindled animals.
Stanfield (1989) also found intra- and supragranular mossy fi-
bers in the tottering mouse, which exhibits spontaneous seizures
but shows no obvious signs of deafferentation. Such observa-
tions have led to the suggestion that abnormal activity alone
could cause structural reorganization of neuronal pathways,
which, in turn, might promote epileptogenesis (Sutula et al.,
1988).

Thus, the goals of the present study were to determine if
alterations of the mossy fiber path, similar to those described
in animal studies, occur in humans with TLE and to relate such
changes to the pattern and degree of cell loss. Two neuroana-
tomical methods were used to study the distribution and po-
tential reorganization of hippocampal mossy fibers in human
tissue. The first was the immunocytochemical localization of
dynorphin A, an opioid peptide that is present in the mossy
fibers and terminals of many species, including mouse, rat, guinea
pig, and monkey (Khachaturian et al., 1982; McGinty et al.,
1983; Gall, 1988; Herkenham and McLean, 1988). The second
was the Timm’s stain for heavy metals that depends on the
normally high content of zinc in mossy fiber terminals (Haug,
1973; Frederickson et al., 1983). A preliminary report of the
findings has been published (Houser and Miyashiro, 1988).

Materials and Methods

Patients and control cases

Surgical specimens were obtained from 10 patients with medically in-
tractable TLE. Seven males and 3 females ranged in age from 19 to 39
years (mean = 29.2 years) at the time of surgery. All had complex partial
seizures, and 9 also had secondary tonic—clonic seizures at some time
in the course of the disease. The age at onset of epilepsy was 1.5-23
years (mean = 10.5), and the duration of epilepsy was 12-28 years
(mean = 18.8). Four of the patients had experienced seizures during the
48 hr prior to surgery. No patients had tumors or structural lesions as
evidenced by computed tomography (CT) or magnetic resonance im-
aging (MRI), but 8 of 10 patients showed increased T2 signal intensity
on MRI in the medial temporal region, and one showed unilateral
enlargement of the temporal horn of the lateral ventricle. Positron emis-
sion tomography (PET) revealed unilateral hypometabolism in the tem-
poral lobe of 9 patients. The absence of tumors or other structural lesions
was confirmed postsurgically by pathological examination of excised
tissues.

Control autopsy specimens from the hippocampus of 10 unfixed brains
were obtained from the Human Neurological Specimen Bank, VA
Wadsworth Medical Center, Los Angeles, CA. The cases, 9 males and
1 female, had no known history of neurological disease. Tissue from 6
cases was used for immunocytochemistry and cresyl violet-stained prep-
arations from which neuronal cell counts were made. These cases were
44-77 years of age (mean = 60.0), and the autolysis times ranged from
8 to 28 hr (mean = 16.7). Specimens from 4 additional cases were used
for Timm’s staining. These cases were 15-71 years of age (mean = 47.5),
and autolysis times were 11-28 hr (mean = 20.0).

Immunocytochemistry

Specimens from the hippocampal formation of surgical TLE and au-
topsy specimens were sectioned coronally into 3- to 5-mm-thick blocks.
Specimens to be used for immunocytochemistry were immersed in 4%
paraformaldehyde in 0.12 M phosphate buffer (pH 7.3) for 2-3 hr. After
thorough rinsing in phosphate buffer and infiltration with a 20% sucrose
solution, the specimens were frozen with dry ice, and 30-um-thick co-
ronal sections were cut on a cryostat. Sections were rinsed in 0.1 M Tris
buffer (pH 7.4) and stored in serial order in the same buffer until im-

munocytochemical processing. Every 10th section was stained with 0.5%
cresyl violet for general analysis of the tissue and cell counting.

Two rabbit antisera to dynorphin A were used in this study (L. Tereni-
us, Uppsala, Sweden; Peninsula Laboratories). Cross-reactivity of the
first dynorphin A antiserum (84+, L. Terenius) with dynorphin A(1-
8), dynorphin A(1-13), dynorphin B, [Leu]enkephalin, [Leu]enkephalin-
Arg¢, [Met]enkephalin, and a-neoendorphin was <0.1%. Cross-reactiv-
ity with dynorphin A(9-17) was 100% (Christensson-Nylander and
Terenius, 1985). The second dynorphin A antiserum (Peninsula Labora-
tories) showed no detectable cross-reactivity with dynorphin A(1-8),
[Leu)enkephalin, or [Met]enkephalin. Cross-reactivity with dynorphin
A(1-13) and dynorphin A(1-17) was 42 and 100%, respectively (tech-
nical information from Peninsula Laboratories). Both antisera showed
similar patterns of hippocampal mossy fiber labeling in immunocyto-
chemical specificity tests in rats, and the patterns were comparable to
those described in previous studies of dynorphin A localization (McGinty
et al., 1983; Gall, 1988).

Tissue from the hippocampal formation was processed for immu-
nocytochemistry by an unlabeled antibody peroxidase-antiperoxidase
(PAP) method (Sternberger, 1979; Houser et al., 1988). Prior to this
processing, the tissue was incubated in a 0.5-1.0% solution of hydrogen
peroxide in Tris buffer for 30 min to reduce endogenous peroxidase
activity and then rinsed in Tris-buffered saline solution (TBS; 0.1 M
Tris buffer, pH 7.4, containing an additional 1.0% NaCl). The immu-
nocytochemical procedures consisted of the following steps:

1. Incubation in normal goat serum (diluted 1:30 in TBS containing
0.5% Triton X-100) for 1 hr. TBS containing 1.0% normal goat serum
was used for diluting the remaining reagents.

2. Incubation in dynorphin A antiserum (Peninsula Laboratories or
L. Terenius, diluted 1:2000-1:4000) for 6 hr at room temperature and
an additional 18 hr at 4°C. Control incubations consisted of similar
incubations in antisera that had been preabsorbed with 50 um dynorphin
A(1-17) (Bachem).

3. Incubation in species-specific goat anti-rabbit IgG serum that had
been adsorbed to human IgG (American Qualex; diluted 1:75) for 1 hr.

4. Incubation in rabbit PAP complex (Sternberger Meyer; diluted
1:100) for 1 hr.

Following each of the last 3 steps, the tissue was rinsed thoroughly
in TBS. The sections were then reacted for 15 min with 0.006% 3,3'-
diaminobenzidine-HCl and 0.006% H,0,, diluted in PBS, pH 7.3. Sec-
tions were rinsed, treated for 30 sec in 0.05% osmium tetroxide, rinsed
again, and then mounted on slides. Sections were air-dried, dehydrated,
and coverslipped.

Timm’s staining

Specimens to be processed for Timm’s staining were frozen following
an 11-28 hr autolysis time. Since such time had elapsed for the autopsy
specimens, the tissue was immediately frozen. However, additional time
was needed to obtain comparable surgical specimens. Thus, these spec-
imens were moistened with artificial cerebrospinal fluid, Elliott’s So-
lution B (Elliott, 1984), and incubated in a tightly closed container at
35°C for 22-24 hr prior to freezing on dry ice. Tissue sections (20 um)
were then cut on a cryostat and thaw-mounted onto acid-cleaned mi-
croscope slides in preparation for Timm’s staining.

The Timm’s staining method for nonsuifide-perfused human tissue
(Cassell and Brown, 1984) was used in the present study because it could
be applied to both surgical and autopsy tissue. After the unfixed hip-
pocampal sections were thaw-mounted onto slides, they were dried for
3 hr and then fixed in 95% ethanol for 15 min and rehydrated through
70% ethanol to H,O. The sections were incubated in modified Timm’s
developer (Danscher and Zimmer, 1978) in the dark at 26°C for a series
of times ranging from 60-90 min. The slides were then rinsed thoroughly
with water while in the dark and transferred to 95% ethanol overnight
to prevent fading of the reaction product. The following day, the sections
were counterstained with 0.5% cresyl violet, dehydrated, and cover-
slipped.

Data analysis

Scoring system for dynorphin localization. Sections from each patient
were given a score of 0-3 to describe the relative amounts of supra-
granular staining. A score of 0 was assigned if there were virtually no
stained processes in the granule cell and supragranular layers. A score
of 1 was given if dynorphin-like immunoreactive (Dyn-IR) structures
were present predominantly in the granule cell layer or immediately
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Figure 1. Control autopsy specimens of the hippocampal formation. 4, In a coronal section stained with cresyl violet for the demonstration of
neuronal cell bodies, the approximate borders between the polymorph (PM), inner CA3 (CA3i), and outer CA3 (CA430) zones are indicated by
dashed lines. B, In a coronal section stained by the Timm’s sulfide silver method for heavy metals, dark precipitate is present in regions that
correspond to the mossy fiber path. Staining is heaviest in the polymorph (PM) layer and becomes slightly lighter in the adjacent CA3i field. Staining
is present throughout the pyramidal cell layer of CA30 and ends in an angle at the border between CA3 and CA2 (arrow). No staining is present
in the molecular (M) layer of the dentate gyrus. The section has been counterstained with cresyl violet for visualization of neuronal cell bodies.
Scale bars, 1 mm.
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Figure 2. Dynorphin-like immunoreactivity in coronal sections of the hippocampal formation of a control, autopsy specimen. 4, Dyn-IR structures
are most highly concentrated in the polymorph (PM) region and are also present throughout the CA3 field. The staining ends in an angle at the
junction of CA3 and CA2 (arrow). No specific staining is evident in the granule cell (G) layer or supragranular region of the molecular (M) layer.
Scale bar, 500 um. B, Within the polymorph layer, reaction product is concentrated in clumps (arrowheads) of punctate structures near the proximal
portions of neurons. In addition, labeled punctate structures appear to outline dendrites (arrows) in this region. Scale bar, 25 um. C, In a panel
through the dentate gyrus and inner CA3 field, virtually no reaction product is evident in the inner molecular (M) and granule cell (G) layers. In
contrast, labeled structures are highly concentrated around neuronal elements in the polymorph (PM) region and become more evenly distributed

throughout the CA3 field. Scale bar, 100 um.

adjacent supragranular region or if only a few labeled fibers were ob-
served in the inner molecular layer. A score of 2 was assigned if a light
but wider band of immunoreactive ¢clements was present in the inner
molecular layer and extended throughout most of the medial-lateral
extent of the layer. A score of 3 was given if a dark band of staining,
consisting of a high concentration of Dyn-IR structures, was present in
the inner one-fourth to one-third of the molecular layer and extended
throughout the medial-lateral extent of the dentate gyrus.

Neuron counts. The cresyl violet-stained sections from control and

TLE cases were examined to determine the general morphological char-
acteristics of the tissue, and neurons were counted in 3 regions that
normally receive innervation from mossy fiber terminals of the granule
cells (Fig. 1, 4, B). The first was the polymorph or hilar region that
extends approximately 600 um deep to the granule cell layer and consists
of several morphologically and chemically distinct classes of neurons
(Ramén y Cajal, 1893; Amaral, 1978; Amaral et al., 1988; Amaral and
Insausti, 1989). It is likely that this region contains neurons that other
investigators have included in CA4. However, due to contradictory
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Figure 3. Patterns of dynorphin-like immunoreactivity and cresyl violet staining of neuronal cell bodies in adjacent coronal sections from the
hippocampal formation of a patient with hippocampal epilepsy. 4, A densely stained band of Dyn-IR structures (arrows) is evident in the inner
molecular layer and extends throughout the medial-lateral extent of the dentate gyrus. The narrow, lightly stained region immediately deep to the
band is the granule cell (G) layer. Relatively low concentrations of reaction product are present in the polymorph (PM) and CA3i field, where there
is severe neuronal loss (see B). Higher concentrations of reaction product are evident in the distal part of CA3o and extend into the presumptive
CA2 field. B, Neurons in the dentate granule cell (G) layer and CA2 field appear relatively well preserved. However, severe neuronal loss is evident
in the polymorph (PM), CA3i and CAl regions. Varying degrees of cell loss are found in CA3o. Scale bars, 1 mm.

descriptions of the CA4 field (see Amaral, 1978; Amaral and Insausti,
1989, for discussion), the term has not been used in the present study.
The group of neurons adjacent to the polymorph layer was considered
part of CA3, and the neurons of this field that remained within the
boundaries of the dentate gyrus were designated the inner CA3 field
(CA3i), the second region in which cells were counted. The final region
for cell counting was the continuation of the CA3 field beyond the
dentate gyrus, where the pyramidal neurons are more densely organized
and assume a similar, parallel, orientation, and this was designated the
outer CA3 field (CA3o).

While it was relatively easy to distinguish these regions in control
specimens, it was more difficult to determine the boundaries of the
regions in TLE specimens. Thus, for consistency, cell counts in the
polymorph region were made in an area near the relatively straight
inferior limb of the dentate gyrus. The area was 1000 gm in length and
extended from 100 um above the inner border of the granule cell layer
to 600 um into the hilus, and, thus, included the polymorph region with
moderate cell densities but excluded the cell-sparse zone that lies im-
mediately adjacent to the granule cell layer. Cell counts in the CA3i and
CA3o fields were made within regions of the same size that were located
proximal and distal, respectively, to a line connecting the medial and
lateral boundaries of the dentate gyrus. In each region, neuronal profiles
with a nucleus and nucleolus were mapped with the aid of a drawing
tube within a rectangular grid (500 x 1000 pm) at a magnification of
200x (16 x objective, 10x eyepiece, and 1.25x tube factor), and the
cells were subsequently counted. Cell counts were made in 2 sections
(30 pum thick) from each specimen, and the density of neurons per unit
volume was calculated. The relationships between the dynorphin scores
and neuronal densities for the 3 hippocampal regions were analyzed by
Student’s ¢-tests.

Results

Control specimens

Dynorphin A localization. In control specimens of human hip-
pocampal formation, Dyn-IR structures were present within the

polymorph or hilar region, extended throughout the CA3 field
and ended at the border of CA2 (Fig. 24). The density of im-
munoreactive structures was highest in the polymorph layer,
where reaction product was present in relatively large punctate
structures that were concentrated near the cell bodies and prox-
imal dendrites of certain neurons (Fig. 24-C). Many of these
neurons were presumed to be mossy cells that are contacted by
numerous mossy fiber terminals (Amaral, 1978; Claiborne et
al., 1986; Scharfman and Schwartzkroin, 1988). Immunoreac-
tive punctate structures of smaller diameter were evenly dis-
tributed throughout the pyramidal cell and proximal dendritic
regions of most of the CA3 field (Fig. 24). However, in the distal
part of the field, reaction product was concentrated just above
the pyramidal cell bodies and gradually tapered to an end at the
junction between CA3 and CA2 (Fig. 24). Virtually no specific
reaction product was observed within the inner molecular layer
of the dentate gyrus (Fig. 2, 4, C), although, occasionally, a few
labeled processes and somata were present within the granule
cell layer. Such structures were most numerous at the angles of
the dentate gyrus.

Timm’s staining. The pattern of Timm’s staining in control
autopsy specimens from the human hippocampal formation was
very similar to that of dynorphin A localization (cf. Figs. 1B
and 24) and virtually identical to that described by Cassell and
Brown (1984). Staining was most dense in the polymorph zone,
where it was concentrated around many neurons (Fig. 1B).
Stained elements were evenly distributed throughout CA3 and,
as with dynorphin localization, frequently ended in an angle at
the junction of CA3 and CA2 (Fig. 1B). In most regions, the
granule cell and molecular layers were virtually free of stained



:“%& "&# -

5 \ .’“n e
SARTe

el




The Journal of Neuroscience, January 1990, 10(1) 273

Figure 5. Comparison of dynorphin immunoreactivity in specimens from a control case (4) and 2 patients with epilepsy (B, C). 4, In this control
specimen, Dyn-IR is concentrated in the polymorph (PM) region. Except for light staining of some granule cell somata, very little reaction product
is evident in the granule cell (G) or inner molecular (M) layers. B, In this surgical specimen from an epileptic patient, Dyn-IR is present within the
polymorph (PM) region and is also evident in the granule cell (G) layer, where it is concentrated at the border of the molecular (M) layer. C, In
another surgical specimen, a dense band of reaction product is present in the inner molecular (M) layer, and increased labeling is also evident in
the somata of many granule cells. Labeled fibers with periodic varicosities (arrows), which appear to be axons or axon collaterals of the granule
cells, extend into the hilus. Reaction product is severely depleted in the polymorph (PM) region. Scale bar, for all panels, 50 um.

elements (Figs. 1B, 8.4). However, stained fibers were occasion-
ally present within the granule cell layer, particularly at the
angles of the dentate gyrus. Likewise, penetration of the granule
cell layer by Timm’s stained fibers was more common at the
rostral, enclosed, end of the dentate gyrus than in the central
part of the hippocampal formation. Extensive staining in the
inner segment of the molecular layer was not observed in any
of the control specimens of this study.

TLE surgical specimens

Dynorphin A localization. In each of the surgically resected hip-
pocampal specimens, Dyn-IR structures were present in the

—_—

molecular and granule cell layers. In 7 of 10 cases, a distinct,
darkly stained band of Dyn-IR elements was present in the inner
portion of the molecular layer (Dynorphin score = 3) (Figs. 34,
44, 5C) and extended throughout the medial-lateral extent of
the dentate gyrus (Figs. 3, 4). The average width of the band
was 145 = 48 um, and the staining typically occupied 28.7 +
5.3% of the molecular layer (Figs. 34, 44, 5C). In 4 of the 7
TLE specimens, the inner portion of the band was more densely
stained than the outer part, while in the other 3 cases, the density
of staining was relatively constant throughout the lamina. Im-
munoreactive elements within the band were small and punctate
in form, thus suggesting labeling of axon terminals (Fig. 64).

Figure 4. Dynorphin immunoreactivity and cresyl violet staining of adjacent coronal sections from the hippocampal formation of another patient
with hippocampal epilepsy. 4, A densely stained band of Dyn-IR structures (arrows) is present in the supragranular region of the molecular layer.
Relatively low densities of staining are evident in the polymorph (PM) region where there is significant cell loss (see B). However, reaction product
is present in regions of retained neurons in the CA3 field and ends at the approximate border of the CA3 and CA2 fields (arrowhead). B, In a cresyl
violet-stained section, neurons in the granule cell (G) layer and CA2 field are relatively well preserved, whereas neurons in the polymorph (PM)
layer are severely depleted. Note the greater preservation of neurons in CA3i of this specimen than in that of Figure 3B. Scale bars, 500 um.
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Figure 6. Dynorphinimmunoreactivity in the dentate gyrus of surgical specimens from patients with hippocampal epilepsy. 4, High concentrations
of :mmunorpacﬁve punctate structures (arrows), suggestive of axon terminals, are present in the inner molecular (M) layer. Reaction product is
also present in the somata of some granule cells (arrowheads). B, Reaction product is present along the dendrites (arrews) of a large neuron remaining

in the polymorph layer. Scale bars, 25 um.

Reaction product was frequently present in granule cell somata
of the surgical specimens (Figs. 5C, 64) and, occasionally, could
be detected in the proximal segments of granule cell axons (Fig.
5C). In one additional case, a light band of supragranular stain-
ing, which was similar in other respects to the darker bands just
described, was present in the inner molecular layer (Dynorphin
score = 2) (Fig. 7B). In specimens from the 2 remaining TLE
cases, aberrant Dyn-IR elements were present in the granule
cell and molecular layers but were less numerous than in the
previous cases (Dynorphin score = 1). The stained elements
were most highly concentrated in the outer part of the granule

cell layer (Fig. 5B), although a few immunoreactive fibers were
scattered throughout the inner third of the molecular layer.
The patterns of dynorphin immunoreactivity in the poly-
morph and CA3 regions also differed between the TLE and
control specimens. In cases with marked cell loss in these re-
gions, dynorphin labeling was also greatly reduced (Figs. 34,
5C, 74). Even in specimens with less severe cell loss in the CA3
field (Fig. 4B), there was often substantial cell loss in the poly-
morph region, and the relatively high concentration of reaction
product in this region was no longer evident (compare Figs. 24
and 44). However, some immunoreactive elements were located
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Comparison of dynorphin immunoreactivity in the dentate gyrus of 2 patients with hippocampal epilepsy. 4, A densely stained band

(arrows) is present in the inner molecular layer of this specimen, and such staining was characteristic of the majority of surgical specimens in this
study. B, A similar, though lightly stained band (arrows) is present in this specimen from a patient who had experienced multiple seizures within

the 24 hr prior to surgery. Scale bars, 200 um.

in close proximity to neurons that remained in these regions
and were most frequently observed along their dendritic pro-
cesses (Fig. 6B). Furthermore, a few of the neurons remaining
in the hilus and CA3 regions exhibited dynorphin-like immu-
noreactivity within their cytoplasm. In this group of surgical
specimens, some variations in the staining patterns at the most
distal part of the CA3 field were also observed. In most cases,
the staining appeared to end at the border between CA3 and
CA2 (Fig. 44), as in the control specimens. However, in 3 TLE
cases, staining appeared to extend into the CA2 field (Fig. 34).
In the second group of TLE specimens with mild to moderate
cell loss, a relatively normal pattern of dynorphin-like staining
was present in the polymorph and CA3 fields (Fig. 5B), although
there appeared to be fewer neuronal somata with high concen-
trations of Dyn-IR puncta around their cell bodies and proximal
dendrites in the polymorph region.

Timm’s staining. In 7 of the 10 TLE cases in which specimens
were processed for dynorphin immunocytochemistry, blocks of
hippocampal tissue were also processed for Timm’s staining,
and the results closely paralleled those of dynorphin localization.
All cases that showed a band of dynorphin staining also exhib-
ited a lamina of Timm’s staining throughout the inner one-third
to one-fourth of the molecular layer (Fig. 8C). In these speci-
mens, relatively low amounts of staining were evident in the
polymorph and CA3 regions (Fig. 8C), and the limited staining
appeared to be related to marked cell loss in these regions. Thus,
the patterns of staining in the Timm’s and dynorphin-stained
preparations were remarkably similar (cf. Figs. 5C and 8C). In
2 cases, with only small numbers of Dyn-IR elements in the
inner molecular layer, the Timm’s staining was also confined
primarily to the granule cell and immediately adjacent supra-

granular region (Fig. 8B). In the latter 2 cases, the aberrant
Timm’s staining in the supragranular region appeared slightly
more extensive than the dynorphin staining. However, in both
cases, the Timm’s stained specimens were obtained from more
rostral regions of the hippocampal formation, where the dentate
gyrus becomes enclosed and where specimens from control cases
also show varying degrees of Timm’s staining within the granule
cell layer. Thus, it was more difficult to evaluate the significance
of increased staining within the granule cell and innermost mo-
lecular layer in these regions. In these cases, substantial Timm’s
staining was present within the hilus and CA3 regions (Fig. 8B),
where there was less cell loss than in the previous cases.
Neuronal loss. The density of neurons in the control and TLE
surgical specimens differed significantly for each of the hippo-
campal regions analyzed (Table 1). In 8 of the 10 TLE surgical
specimens, there was marked neuronal loss in the hippocampal
fields, whereas, in 2 cases, the cell loss was more moderate.

Table 1. Comparison of neuronal densities in control and surgical
specimens.

Density (means + SEM)

Hippo-

campal  Controls Patients t values

region (n=6) (n=10) (dfy p values
PM 92.7 + 3.4 26.8 + 6.9 7.1(14)  <0.0001
CA3i 114.6 + 4.2 423 + 9.8 55(14) <0.0001
CAlo 166.2 + 5.3 70.0 £ 13.9 54(13) <0.0001

Densities are expressed as neurons per sample region of 1.5 »x 107 um® in the
polymorph (PM), CA3i, and CA3o regions.

< Student’s f-test.
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Figure 8. Comparison of Timm’s staining in specimens from a control case (4) and 2 patients with epilepsy (B, C). A, In this control specimen,
dense Timm’s staining is present in the polymorph (PM) layer, where it is frequently concentrated near some neuronal somata (arrows). Virtually
no Timm’s staining is present in the granule cell (G) and molecular (M) layers. All sections have been counterstained with cresyl violet. B, In a
surgical specimen, Timm's staining extends from the polymorph (PM) region into the granule cell (G) layer. Only a few stained elements are present
in the molecular (M) layer. C, In another surgical specimen, Timm’s staining is concentrated in the inner molecular (M) layer. Very little staining
is present in the polymorph (PM) region, where there is substantial neuronal loss. Scale bar, for all panels, 50 um.

Table 2. Relationship of dynorphin scores to neuronal densities

Neuronal density (mean + SEM)

Hippo-

campal Score 0 Score 1 Score 3 Score 0 vs 3

region (n=26) (n=2) (n=17) t value*  p value
PM 92,7 + 34 65.8 + 2.8 155+ 2.6 18.3 <0.0001
CA3i 114.6 = 4.2 89.0 + 20.5 27.9 + 6.6 10.6 <0.0001
CA3o 166.2 £ 5.3 122.5 =t 68.2 + 15.1 5.7 <0.0001

Extent of dynorphin immunoreactivity in the supragranular region is indicated by scores of 0 (absent), 1 (limited), and
3 (marked). Neuronal densities are expressed as neurons per sample region (1.5 x 107 um?) in the polymorph and inner
and outer CAJ regions.

« Student’s (-test (each 1| degrees of freedom).
" Region available for cell counts in only | case.



Additional analyses were conducted to determine the relation-
ships between the dynorphin scores and density of neurons in
each region. Student’s t-tests indicated that neuronal densities
in the groups with dynorphin scores of 0 and 3 were significantly
different in each of the 3 regions (Table 2). Comparisons of the
percentage cell loss in the 3 regions of cases with dynorphin
scores of 3 indicated that the cell loss was greatest in the po-
lymorph region (polymorph, —83%; CA3i, —76%; CA30, —59%).
The number of cases with dynorphin scores of 1 and 2 (n = 2
and n = 1, respectively) were considered too small for statistical
analysis, but the data from these cases are displayed graphically
m Figure 9. Neuronal densities in the 2 cases with dynorphin
scores of 1 were clearly different from those with dynorphin
scores of 0 and 3, particularly in the polvmorph region, where
there was no overlap of data points for the 3 groups. Thus, cases
with dynorphin scores of 1 appeared to be an intermediate group
in the amount of cell loss as well as the extent of supragranular
dynorphin staining. In contrast, the neuronal densities of the
single case with a dynorphin score of 2 did not appear to differ
from those of the group with dynorphin scores of 3 (Fig. 9).

Dispersion of granule cell somata. In addition to varying de-
grees of cell loss within the hippocampal formation, a second
frequently observed morphological alteration in the TLE spec-
imens was dispersion of the granule cell somata with a resulting
increase in the width of the granule cell layer and lower densities
of neurons in this layer (Fig. 10). Such granule cell dispersion
was observed in 8 of the 10 TLE cases and in each of the
specimens with a band of Dyn-IR structures in the inner mo-
lecular layer. The dispersion occurred in TLE cases with and
without observable granule cell loss.

History. Febrile seizures in infancy and early childhood were
the most consistent feature in the history of patients with ex-
tensive dynorphin staining in the inner molecular layer. Six of
the 8 patients with a band of Dyn-IR elements (7 darkly and 1
lightly stained band) had experienced febrile seizures or men-
ingitis- and encephalitis-associated seizures within the first 3
years of life, whereas neither of the 2 patients with more limited
dynorphin-like immunoreactivity in the supragranular layer had
such a history. The patients’ clinical histories and histological
findings are summarized in Table 3.
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Figure 9. Relationship of dynorphin scores to neuronal densities (neu-
rons/1.5 x 107 um?) in 3 hippocampal regions. Dynorphin scores in-
dicate the relative amounts of Dyn-IR structures in the inner molecular
layer: 0 = absent (O); 1 = limited (M); 3 = marked (®). Horizontal lines
indicate the mean for each group. Data from the single case with a
dynorphin score of 2 (lightly stained band in inner molecular layer) are
indicated by triangles (a), placed near the data points for dynorphin
scores of 3. These data are not included in the statistical computations.

Discussion

Supragranular localization of both dynorphin-like immuno-
reactivity and Timm’s staining in surgical specimens of the
present study suggests that reorganization of mossy fibers has
occurred in patients with TLE of the hippocampal type. Fur-
thermore, the presence of such labeling in all TLE specimens
examined indicates that morphological reorganization of the
mossy fibers may occur frequently in patients with severe hip-
pocampal epilepsy. This suggestion is consistent with prelimi-
nary reports of supragranular Timm’s staining in surgical spec-

Table 3. Summary of patient histories and neuroanatomical findings

Age at Seizure within Cell loss Granule

Case Age onset Febrile seizure or other early 48 hr prior to in PM or cell
no. (yr) Sex (yr) risk factors surgery Dyn-IR  CA3 zones dispersion

1 36 F 8 - - 3 +++ +

2 32 M 20 Febrile seizure—3 mo - 3 +++

3 29 F 7 Febrile seizure with respiratory arrest—18 mo  — 3 +4++ +

4 20 M 8 - - 3 +++ +

5 39 M 23 Head injury with loss of consciousness—3 yr - 1 ++ -

6 36 M 10 Febrile seizure—1 yr + 2 +++ +

7 30 F 11 Febrile seizure—1 yr + (small) 3 +++ +

8 19 M 1.5 Prolonged labor with forceps delivery; - 3 +++ +

meningitis, seizure— 10 mo

9 27 M 13 Forceps delivery; twin gestation + 1 ++ -

10 24 M 3 Viral encephalitis with coma, seizure—3 yr + 3 +++ +

+++, marked cell loss; ++, mild to moderate cell loss; +, present; —, absent.

Summary of Dyn-IR scale (see text for detailed description): 3 = dense band in inner molecular layer, 2 = light band in inner molecular layer, 1 = immunoreactive

elements confined primarily to granule cell layer.
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Figure 10. Comparison of the distribution of granule cells in cresyl violet-stained sections from a control case (4) and patients with hippocampal
epilepsy (B, O). A, In this control specimen, the granule cell somata form a compact layer (G) with relatively even upper and lower borders. A few
scattered neurons are evident in the molecular layer (M), but most do not resemble granule cells and may be local circuit neurons. B, In this surgical
specimen, the granule cells appear more dispersed than in control specimens, and many neurons resembling granule cells (arrows) are present in
the molecular layer (M). C, In another surgical specimen, the upper border of the granule cell layer (G) is not clearly defined, and some presumptive
granule cells in the molecular layer (M) appear to be aligned in columns (arrows). Scale bar, for all panels, 50 um.

imens from patients with TLE by 2 other groups of investigators
(Babb et al., 1988a, b; Cascino et al., 1988).

Since the extent of aberrant staining varied among the cases,
we considered neuroanatomical and clinical findings that might
be associated with the different patterns. First, the amount of
cell loss clearly differed in TLE specimens showing the 2 major
patterns of dynorphin staining. All TLE specimens in this study
had some cell loss within the hippocampal formation, but this
cell loss was most severe in the group with extensive dynorphin
staining in the inner molecular layer, whereas it was more mod-
erate in the 2 specimens with limited supragranular labeling. In
both groups, cell loss was greatest in the polymorph region.
These findings are very similar to those of experimental studies
in rats, in which supragranular Timm’s staining was associated
with loss of neurons in the CA4 region (Zimmer, 1973, 1974;

Nadler et al., 1980; Laurberg and Zimmer, 1981); and the extent
of supragranular staining was correlated with the severity of cell
loss in CA4 (Tauck and Nadler, 1985).

The question of whether cell loss is necessary for stimulation
of mossy fiber sprouting cannot be addressed in the present study
since all specimens had some hippocampal cell loss. However,
Babb et al. (1988a, b) found that supragranular Timm’s staining
occurred only in cases with neuronal loss in the hippocampus
and that the density of Timm’s staining was significantly cor-
related with a loss of pyramidal neurons in CA3, although there
was a trend toward correlation with a loss of neurons in CA4.
In contrast, Cascino et al. (1988) found Timm’s stained elements
in the supragranular regions of patients with no overt cell loss
in the hippocampus, as well as patients with the typical patterns
of cell loss associated with hippocampal sclerosis. Likewise,



Represa et al. (1989b) found an increase of kainic acid binding,
thought to be associated with mossy fiber terminals, in the su-
pragranular region of children with epilepsy of several different
types who showed no histological evidence of hippocampal le-
sions.

Despite the apparent relationship between the extent of cell
loss and mossy fiber sprouting in the present study, there are 2
important reasons for caution in interpreting these findings.
First, it is generally impossible to examine the entire hippocam-
pal formation in surgical TLE specimens and, while little neu-
ronal loss may be evident in one coronally sectioned block of
tissue, greater cell loss may be present at another rostral-caudal
level. Such loss could provide the stimulus for mossy fiber re-
organization at distant levels of the hippocampal formation since
experimental findings in rats indicate that neurons in the hilar
region project to granule cells at different rostral-caudal levels
of the dentate gyrus (Zimmer, 1971; Fricke and Cowan, 1978;
Swanson et al., 1978; Laurberg, 1979; Amaral and Insausti,
1989). Second, it is possible that mossy fiber sprouting is related
to loss of a particular class of neurons that innervates the inner
molecular layer, and that even a small loss of neurons, provided
they were of this type, could provide a potent stimulus for mossy
fiber sprouting. One particularly good candidate for such neu-
rons is the mossy cell that normally receives a large input from
mossy fibers (Amaral, 1978; Ribak et al., 1985; Claiborne et al.,
1986). Since most of these neurons are located in the polymorph
layer (Scharfman and Schwartzkroin, 1988; Amaral and In-
sausti, 1989), it is likely that many of them were lost in the
specimens examined in the present study. Loss of mossy cells
could provide a particularly strong stimulus for mossy fiber
reorganization since it would remove a major target of the mossy
fibers and their collaterals and, simultaneously, produce sub-
stantial deafferentation of the inner zone of the molecular layer
(Amaral and Campbell, 1986). Previous studies in experimental
animals have suggested that deafferentation is the more effective
stimulus for mossy fiber sprouting (Laurberg and Zimmer, 1981),
but the combined effects of loss of a target structure and the
creation of vacant synaptic sites through deafferentation might
be especially potent. deLanerolle et al. (1988) have also sug-
gested that a loss of hilar mossy cells occurs in human surgical
specimens with typical hippocampal sclerosis and have de-
scribed an anomalous neuropeptide Y-positive plexus in the
inner molecular layer of these patients. The investigators suggest
that the loss of mossy cell terminals in the inner molecular layer
leads to growth of neuropeptide Y-positive fibers into this re-
gion. Thus, it appears that reorganization of several neurochem-
ically defined systems may occur in hippocampal epilepsy, and
it will be important to determine the physiological effects of
each of these systems and their relative influence in the pro-
duction of epileptiform activity.

A second neuroanatomical difference between specimens with
extensive and more limited supragranular labeling was the pres-
ence of granule cell dispersion. Each TLE specimen with exten-
sive staining in the inner molecular layer had substantial granule
cell dispersion, whereas the 2 cases with more limited supra-
granular staining showed a normal pattern of granule cell align-
ment. No description of granule cell dispersion has been found
in previous studies of experimental animals or human tissue,
and a more detailed analysis of this phenomenon is in progress.
There are several reasons to suspect that this alteration and
extensive supragranular mossy fibers could be related. For ex-
ample, the abnormal position of granule cells could lead to
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misalignment of both the afferent and efferent connections of
these neurons, and, as a consequence, one might expect altered
laminar patterns of numerous substances in the molecular layer
of such tissue. Furthermore, the axons and axon collaterals of
these neurons might be attracted to postsynaptic sites in the
inner molecular layer. Indeed, Ramén y Cajal (1893) described
some displaced granule cells in the molecular layer of the normal
rabbit dentate gyrus and demonstrated that their axon collaterals
were distributed within the inner molecular layer. The present
pattern of granule cell dispersion might be viewed as an exag-
geration of the small number of granule cells that are normally
present in the molecular layer (Ramoén y Cajal, 1893; Laurberg
and Zimmer, 1981; McGinty et al., 1983), with a resultant in-
crease in the number of mossy fiber axons that might be attracted
to synaptic sites in the inner molecular layer. However, it is
unlikely that mossy fibers of displaced granule cells were entirely
responsible for the supragranular dynorphin and Timm’s stain-
ing. Presumably, mossy fibers or their collaterals in the hilus
and CA3 region also form recurrent projections that penetrate
the granule cell layer and enter the inner molecular layer (Nadler
et al., 1980; Laurberg and Zimmer, 1981).

A third difference between the cases with extensive and lim-
ited reorganization of the mossy fibers in TLE specimens was
the clinical characteristics of the seizures. All 8 patients with a
band of Dyn-IR elements in the inner molecular layer had elec-
troclinical signs consistent with predominant involvement of
medial temporal lobe structures, i.e., hippocampus (Dreifuss et
al., 1985). In contrast, the 2 patients with more limited supra-
granular staining had electroclinical signs indicating greater in-
volvement of lateral than medial temporal lobe structures, as
was confirmed by routine neuropathological studies. These ob-
servations were also consistent with greater hippocampal cell
loss in the first group of patients.

This study has focused on alterations in the /ocation of Dyn-
IR elements in TLE specimens, but previous studies of exper-
imental seizure models suggest that the intensity of dynorphin
immunoreactivity (Lason et al., 1983; Przewlocki et al., 1983;
Iadarola et al., 1986; Kanamatsu et al., 1986a, b; Gall, 1988)
and zinc labeling (Sloviter, 1985; Frederickson et al., 1988) can
also vary according to the prior seizure history. In the present
study, there was only one case in which prior seizure activity
may have led to a detectable decrease in the intensity of staining
in the inner molecular layer. The patient had experienced 2-3
complex partial seizures within the 48 hr preceding surgery, and,
while there were discernible bands of dynorphin immunoreac-
tivity and Timm’s staining in the inner molecular layer, they
were more lightly labeled than in other TLE specimens. Other
morphological features of the tissue were similar to those of
patients with a dense band of dynorphin staining and included
marked cell loss and dispersion of the granule cells. These ob-
servations are consistent with the suggestion that reorganized
supragranular fibers were present in this patient and were ac-
tivated during seizure activity, resulting in a sufficient release
of dynorphin and zinc to reduce their content in the terminals,
and, thus, lead to reduced dynorphin and Timm’s staining.

The functional significance of mossy fiber reorganization in
the human hippocampal formation will depend, in large part,
on the circuitry that is established. An electron microscopic
study has provided evidence for synaptic contacts between re-
organized mossy fiber terminals and granule cell dendrites in
the rat (Frotscher and Zimmer, 1983). Since the mossy fibers
are normally excitatory, a monosynaptic recurrent excitatory
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path is presumably created that could contribute to increased
excitability and synchronous firing of the granule cells and, thus,
facilitate seizures. Indeed, physiological and behavioral studies
in kainic acid-treated rats favor this suggestion. Tauck and Nad-
ler (1985), in extracellular studies of hippocampal slices, found
that only slices from animals with clear evidence of recurrent
mossy fiber collaterals showed multiple population spikes in the
granule cell layer in response to hilar stimulation. In addition,
Cronin and Dudek (1988) found that kainic acid-treated rats
which exhibited chronic seizures had significantly more sprout-
ing than treated animals which did not have seizures. These
observations suggest that reorganized mossy fibers are func-
tional but potentially maladaptive and may contribute to the
initiation and propagation of seizure activity.

However, Timm’s staining of mossy fibers in the supragran-
ular region of human hippocampus is not pathognomonic of
epilepsy for such staining has also been described by Cassell
and Brown (1984) in 3 cases that were 72 years of age or older
but had no known neurological disorders. Neuroanatomical
changes and clinical events that might relate to the supragranular
staining in these patients were not identified. We did not observe
such staining in a 71-year-old control case. It is likely that in
humans, as in experimental animals, different types of alter-
ations in the afferent input to the hippocampal formation can
stimulate mossy fiber sprouting. The functional result of such
reorganization will depend on the entire synaptic circuitry of
the region. Thus, it is critical to learn more about target cells
and subsequent links in the pathway from the granule cells. In
each of the TLE specimens examined, some neurons in the CA3
field that could provide the next link in the pathway were re-
tained, These neurons appeared to receive a mossy fiber input,
as indicated by the presence of dynorphin-like immunoreactiv-
ity and Timm’s staining near their cell bodies and proximal
dendrites. Furthermore, the presence of Dyn-IR structures with-
in the CA2 field of some cases suggested that additional aberrant
connections might exist.

The physiological effects of dynorphin in the putative reor-
ganized circuit are now of particular interest. Dynorphin pep-
tides are apparently released from mossy fiber terminals along
with glutamate and modulate synaptic activity through pre- or
postsynaptic mechanisms (Chavkin et al., 1983; Terrian et al.,
1988), but both excitatory and inhibitory effects have been de-
scribed in the CA3 region of the normal rat hippocampus (Gruol
et al., 1983; Moises and Walker, 1985; Iwama et al., 1986).
Thus, either pro- or anticonvulsant effects of dynorphin in the
dentate gyrus could be postulated (Siggins et al., 1986; Tortella,
1988).

The fundamental finding of the present study is that mor-
phological reorganization of the presynaptic components of a
major neuronal pathway can occur in Auman epileptic tissue.
Sprouting of hippocampal mossy fibers in humans, also sug-
gested by the findings of several other groups of investigators
(Babb et al., 1988b; Cascino et al., 1988; Represa et al., 1989b),
supports an earlier hypothesis that there is neuronal plasticity
of both axonal and dendritic elements in the cerebral cortex and
hippocampus of patients with epilepsy (DeLorenzo and Glaser,
1981). Recently, alterations in the distribution of glutamate re-
ceptor ligands and markers of the cholinergic system have also
been described in the hippocampal formation of patients with
TLE (Geddes et al., 1987; Green, 1987). Considered together,
these findings emphasize the need for more dynamic views of
the functional circuitry of involved brain regions in epilepsy.

Some forms of epilepsy may result not only from deficits in the
system, due to neuronal loss, but also from reorganization of
connections between remaining neurons.

Note added in proof: Since this paper was accepted for publi-
cation, deLanerolle et al. (1989) and Sutula et al. (1989) have
provided additional evidence for neuronal reorganization in hu-
man TLE.
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