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Abstract

Severe neuronal loss in the hippocampus, that is, hippocampal sclerosis (HS), can be seen in 3
main clinical contexts: dementia (particularly frontotemporal lobar degeneration [FTLD]),
temporal lobe epilepsy (TLE), and hippocampal ischemic injury (H-1). It has been suggested that
shared pathogenetic mechanisms may underlie selective vulnerability of the hippocampal
subfields such as the CA1 in these conditions. We determined the extent of neuronal loss in cases
of HS-FTLD (n = 14), HS-TLE (n = 35), and H-I (n = 20). Immunochistochemistry for zinc
transporter 3 was used to help define the CA3/CA2 border in the routinely processed human
autopsy tissue samples. The subiculum was involved in 57% of HS-FTLD, 10% of H-I, and 0% of
HS-TLE cases (p < 0.0001). The CA regions other than CA1 were involved in 57% of HS-TLE,
30% of H-I, and 0% of HS-FTLD cases (p=0.0003). The distal third of CA1 was involved in 79%
of HS-FTLD, 35% of H-I, and 37% of HS-TLE cases (p = 0.02). The distal third of CA1 was the
only area involved in 29% of HS-FTLD, 3% of HS-TLE, and 0% of H-I cases (p = 0.019). The
proximal-middle CA1 was the only area affected in 50% of H-I, 29% of HS-TLE, and 0% of HS-
FTLD cases (p = 0.004). These findings support heterogeneity in the pathogenesis of HS.
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INTRODUCTION

The histopathologic finding of hippocampal sclerosis (HS) can be seen in association with
dementia (particularly frontotemporal lobar degeneration [FTLD]), temporal lobe epilepsy
(TLE), and hippocampal ischemic injury (H-I). The CA1 subregion of the hippocampus is
selectively vulnerable to HS regardless of the etiology; other subregions can also be
affected. For example, the CA4 subregion is involved in a subset of TLE cases (1-3), but
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involvement of this subregion is relatively uncommon in FTLD and H-I (4). However, it is
unclear to what extent the anatomic distribution of HS can help in the differential diagnosis
of the underlying condition in autopsy neuropathology. In this study, our first goal was to
address this question by directly comparing the distribution of HS in cases of FTLD, TLE,
and H-I. Our second goal was to contribute to the understanding of the pathogenesis of HS.
If the distribution of HS is different the 3 conditions, this would argue that the pathogenetic
pathways leading to HS do not converge on common processes such as excitoxicity,
proteasomal dysfunction, and ischemia in these conditions.

Autopsy studies have reported the prevalence of HS in the elderly to range between 0.4%
and 26% (5). The wide range in the reported prevalence is likely caused by factors such as
the age of the population studied, precise histopathologic definition of HS, and whether
neuronal loss in the context of Alzheimer disease (AD) is also considered HS. Alzheimer
disease is almost always associated with some loss of hippocampal pyramidal neurons, and,
rarely, hippocampal neuronal loss in AD can be severe and resemble HS. Severe neuronal
loss in AD is typically associated with frequent “ghost” or extracellular neurofibrillary
tangles, which suggests that the neurons died secondary to the AD pathology. Whether
neuronal loss in such AD cases should be considered to represent combined AD and HS or
simply AD is largely a semantic issue. In this study, we excluded cases with significant AD
pathology. Furthermore, we elected to define HS as very severe, near-total loss of neurons
involving a part or all of any of the hippocampal subfields in the clinical context of either
dementia or TLE.

Ischemic injury to the brain often results in neuronal loss in the hippocampus, which is
selectively vulnerable to ischemia. Histologically, the earliest finding is acute anoxic-
ischemic injury (red neuron change). Later, H-l may result in 2 types of histologic
alterations. In the first type, H-I takes the form of a classic microinfarct with cavitation,
foamy macrophages, and prominent capillaries. If the ischemic injury is more insidious, a
second type of histologic alteration results, consisting of neuronal dropout without cavitation
and with a histologic picture similar to HS-FTLD and HS-TLE (4, 6).

In large longitudinal studies, HS in the elderly was not associated with an increased
incidence of systemic cardiovascular risk factors such as hypertension, transient ischemic
attacks, or smoking (5). However, depending on the study, HS showed a weak association (p
< 0.05) with either large or lacunar infarcts elsewhere in the brain (5), leaving open the
possibility that ischemic injury may contribute to the pathogenesis of HS in some elderly
patients.

Although the mechanisms underlying the selective vulnerability of hippocampal neurons are
not completely understood, there are 2 established hypotheses that are worth mentioning. In
hypoxic-ischemic injury, there is strong evidence supporting a role for glutamate
excitotoxicity in the selective vulnerability of the CAL subregion over other subregions such
as the CA3. This evidence includes hippocampal organotypic slice culture studies showing
that CA1 neuronal death is prevented by NMDA and AMPA receptor antagonists, much
larger intraneuronal increases in NMDA-induced Ca*™ are observed in CA1 compared with
CA3 neurons (7), and there is a higher density of polyamine-sensitive NMDA receptors in
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CAL1 compared with CA3 (8). Another hypothesis that might explain the vulnerability of the
CAL subregion not only in hypoxic-ischemic injury but also in neurodegenerative diseases
argues that the CAL is particularly vulnerable to impaired protein degradation by the
proteasome. Proteasomal dysfunction is implicated in these conditions because of the
observed accumulation of misfolded and ubiquitinated proteins in neurons (9). In
hippocampal slice cultures, proteasomal inhibition results in a selective neuronal death in the
CAL, and this neuronal death can be prevented by modulating apoptotic signal transduction
pathways (10).

To our knowledge, this is the first study in which the anatomic extent of HS was directly
compared among FTLD, TLE, and H-I cases in rigorously defined hippocampal subfields.
Our novel findings include observations that the distal third of CA1 (CA1-dist) and
prosubiculum are the areas most commonly involved in FTLD, whereas the proximal (CA1-
prox) and middle CA1 (CA1-mid) are more likely to be involved in TLE and H-I. We also
demonstrate that labeling of the hippocampal mossy fibers by immunohistochemistry for
ZNT3, a zinc transporter associated with zinc-containing synaptic vesicles, is helpful in
defining the border between CA3 and CA2 in routinely processed formalin-fixed human
autopsy tissue.

MATERIALS AND METHODS

Cases

The study included autopsy brains with HS-FTLD (n = 14; all with TAR-DNA binding
protein 43 [TDP-43] or fused in sarcoma inclusions, no significant AD pathology, and a
history of dementia), HS-TLE (n = 35; with a history of TLE), and H-I (n = 20; either
severe hippocampal neuronal loss with a clinical history of an ischemic episode or histologic
evidence of ischemic neuronal injury). The median ages were 69.5 years (range, 47-99
years), 41 years (6-65 years), and 51 years (7-85 years) in the HS-FTLD, HS-TLE, and H-I
groups, respectively. The tissue was obtained from the archives of the Division of
Neuropathology, Department of Pathology and Brain Bank of the Alzheimer Disease Center,
UT Southwestern Medical Center, Dallas, Tex. A letter was received from the UT
Southwestern Medical Center Institutional Review Board stating that studies on autopsy
tissue do not require an institutional review board approval.

The H-1 group consisted of cases with a clinical history of an ischemic event such as cardiac
arrest and the finding of severe hippocampal neuronal death at autopsy. Although
hippocampal cavitary infarcts have not been considered to represent HS in most previous
studies, we included H-I cases with either neuronal dropout alone or neuronal dropout with
cavitation; the rationale for this was that both histologic patterns represent H-I and provide
information on the distribution of H-I. Microscopically, the H-I cases showed areas with
frequent red neuron change (prominent cytoplasmic eosinophilia associated with nuclear
pyknosis) or severe neuronal dropout that was histologically indistinguishable from HS (Fig.
1). Of note, some of the cases in the H-I group had hippocampal cavitation (i.e. infarcts) in
addition to neuronal loss and, therefore, would not meet a definition of HS that excludes
cavitation (11). An H-I case with necrosis involving the entire medial temporal lobe and all
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hippocampal subfields was excluded because it would not provide information on
selectively vulnerable hippocampal subfields.

All of the HS-FTLD cases with TDP-43-positive inclusions had TDP-43—positive inclusions
and neurites in the hippocampus. In the oldest 3 cases (aged 86, 86, and 99 years), the
TDP-43 pathology was limited to the hippocampus; in the remaining 11 HS-FTLD cases,
TDP-43 pathology was also present in the frontal neocortex. Recently, it has been suggested
that HS in the oldest old with dementia represents a separate disease, that is, “HS-Aging”
(5). The precise clinical and pathologic criteria that define HS-Aging and distinguish it from
FTLD-TDP await elucidation by additional studies.

Evaluation of HS and Ischemic Injury

The extent of HS, defined as near-total loss of hippocampal neurons, was evaluated in
hematoxylin and eosin (H&E)—stained sections at the level of the lateral geniculate nucleus.
Gliosis with only mild to moderate neuronal loss was not considered to be HS.

The CA1 region was divided into proximal (CA1-prox), middle (CA1-mid), and distal
(CAL-dist) thirds arbitrarily, that is, the division was not based on anatomic landmarks.
Rather, the CAL region was divided into 3 roughly equal parts. The borders of CA1, CA2,
CA3, CA4, and subiculum were outlined primarily based on H&E histology (12, 13). The
CA2 region is usually narrower and more densely populated than the CA3 region. The CAl
region is wider and more sparsely populated than the CA2 region. The subiculum proper is
usually somewhat wider than CA1 and characterized by an undulating layer of neurons on
the side facing the dentate gyrus; this layer breaks into separate islands of neurons in the
presubiculum. The border between CA1 and subiculum is typically oblique.
Immunohistochemistry and special stains were used as supporting studies in individual
cases.

The term “prosubiculum” was used to denote the proximal segment of the subiculum that
overlaps with the CAL; our usage of the term is similar to that of Rosene and VVan Hoesen
(14) but differs from that of Lorente de No (15), who used this term to refer to a large
segment that is currently considered to correspond to the subiculum proper (16). The
justification for the term “prosubiculum” has been questioned by some authors who have
maintained that prosubiculum is simply a part of the subiculum proper with no
distinguishing features (16). Very recently, however, Ding (17) published a comprehensive
study of the subicular complex, clearly demonstrating that prosubiculum is a separate
subfield, with its unique neurochemical and cytoarchitectonic features, protein expression
profile, and connections to the amygdala.

To our knowledge, there are no robust immunohistochemical markers or stains that would
aid in defining the CA1/subiculum border and that would work consistently on routinely
processed paraffin sections of the adult human autopsy brain. Enzyme histochemistry for
acetylcholinesterase was recently reported to highlight the prosubiculum (the most proximal
segment of the subiculum) in the monkey brain, but this stain requires frozen sections (17).
However, the border between the CA1 and the subiculum (prosubiculum) can be readily
identified on H&E- or Nissl-stained sections in most cases (16). The CAl/subiculum
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boundary is typically characterized by a marked widening of the pyramidal cell layer. The
boundary is oblique, with an angle that varies greatly from one brain to another. Sometimes,
the oblique CA1/subiculum boundary corresponds to a narrow neuron-free zone containing
only glial cells; this neuron-free zone is a normal variation (16) and should not be confused
with focal HS. The external (superficial) edge of the pyramidal cell layer typically has an
undulating shape in the subiculum proper that is absent or less prominent in the CA1. In
addition, the external pyramidal cells are smaller and more clustered in the subiculum proper
compared with those in the CAL; these small neurons break out to form spherical islands
(layer I1) in the distal part of the subiculum (presubiculum).

We did not include the presubiculum in the study because it is much less commonly
involved by HS than the included regions. In addition, including more regions would have
weakened the statistical analysis.

We use the term “CA4” for the pyramidal cells that are enclosed by the dentate gyrus, which
is consistent with the use of this term by Lorente de No in some of his illustrations;
however, in other illustrations, he applied the term “CA4” to the polymorphic layer of the
dentate gyrus (15, 16).

Immunohistochemistry

Formalin-fixed, paraffin-embedded blocks of autopsy brain tissue (4 Km thick) were
deparaffinized. Immunohistochemistry for ZNT3 was performed in some cases to define the
border between the CA3 and the CA2. For antigen retrieval, the sections were placed in CC1
solution (Ventana Medical Systems, Tucson, AZ) and heated at 95°C for 30 minutes. The
sections were exposed to a rabbit polyclonal antibody to human ZNT3 (BMP094; MBL
Corp., Woburn, MA) at a dilution of 1:2000 for 32 minutes. The signal was developed with
the ultraView Universal DAB Detection system (Ventana Medical Systems). The
immunostaining procedure was performed using the Benchmark Ultra automated stainer
(Ventana Medical Systems).

Immunohistochemistry for choline acetyltransferase (ChAT) was performed in some cases
to delineate the border between the CA2 and the CA1. For antigen retrieval, the sections
were placed in a Pascal programmable pressure cooker (Dako, Carpinteria, CA) containing
Reveal Decloaker solution (Biocare Medical, Concord, CA), with the target temperature and
time set to 125°C and 30 seconds, respectively. The sections were exposed to a rabbit
polyclonal antibody to ChAT (AB143; Millipore, Billerica, MA) at a dilution of 1:400 for
32 minutes. The signal was developed with the Envision Plus Rabbit detection system
(Dako). The immunostaining procedure was performed using the Autostainer Plus (Dako).

Hirano Silver Staining

Hirano silver staining was performed in some cases as an aid in defining the border between
the CA1 and the subiculum. The staining was performed according to a published method
(18).
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Statistical Analysis

RESULTS

The frequencies of involvement in the 3 diagnostic groups were compared using the
Freeman-Halton extension of the Fisher exact probability test for 2-row x 3-column
contingency tables. A Web-based calculator was used to compute the 2-tailed p values
(http://www.vassarstats.net/fisher2x3.html). The level of significance was set at p = 0.05.

Immunohistochemistry for ZNT3, which labels the hippocampal mossy fibers extending
from the dentate to the CA3, worked consistently and was found to be helpful for defining
the border between the CA3 and the CA2 (Fig. 2). Immunohistochemistry for ChAT was
helpful in delineating the border between the CA2 and the CA1 because there is a drop in
ChAT level that occurs at the border between the CA2 and the CAL1. However,
immunohistochemistry for ChAT did not work as consistently as that for ZNT3. The Hirano
silver stain was helpful in some cases in defining the border between the CA1 and the
subiculum by highlighting a bundle of axons that ends at this border, but this was not a
consistent finding (Fig. 2).

The subiculum (either prosubiculum only or both prosubiculum and subiculum proper) was
involved in 57% of HS-FTLD, 10% of H-I, and 0% of HS-TLE cases (p < 0.0001; Fig. 3).
The CA regions other than CA1, most often CA4 and CA3, were involved in 57% of HS-
TLE and 30% of H-I cases but never in HS-FTLD (p = 0.0003). Because there were cases
where CA4 was involved without CA3 and vice versa, these percentages are higher than the
numbers shown for the individual regions in Figure 3. The CAl-dist region was involved in
79% of HS-FTLD, 35% of H-1, and 37% of HS-TLE cases (p = 0.02). The CAl-dist region
was the only area involved in 29% of HS-FTLD, 3% of HS-TLE, and 0% of H-I cases (p =
0.019). The CAl-prox region was the area most likely to be affected in H-I (85%). The
region extending from the CA1-prox to the CA1-mid was the only area involved in 50% of
H-I, 29% of HS-TLE, and 0% of HS-FTLD cases (p = 0.004).

DISCUSSION

As expected, the CA1 region was the area most commonly involved by HS in HS-FTLD,
HS-TLE, and H-I. Our study uncovered differences in the extent of involvement of the
CAl-prox and the CA1-dist as well as the likelihood of involvement of hippocampal
subregions other than the CA1 (Fig. 3). Although some of these findings, such as the
involvement of the CA4-CA3 regions in a subset of TLE cases, have been established in
previous literature (1, 2), to our knowledge, this is the first study where the anatomic extent
of HS was directly compared among FTLD, TLE, and H-I cases in rigorously defined
hippocampal subfields.

The novel findings included the observations that the CA1-dist and the prosubiculum were
the areas that are most commonly involved in FTLD, whereas the CAl-prox and the CA1-
mid were more likely to be involved in TLE and H-I (Fig. 3). The area most commonly
involved in ischemic injury is the CAl-prox (Fig. 3). Interestingly, the prosubiculum was
occasionally involved even in the absence of CAl involvement in FTLD; this finding
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underlines the specific vulnerability of the prosubiculum for HS in FTLD. A similar finding
was previously reported in FTLD with motor neuron disease (FTLD-MND) by Nakano, who
described depletion of neurons in the CAl-subiculum border zone in the rostral
hippocampus (level of the pes hippocampi) (19). This lesion usually disappeared at more
caudal levels of the hippocampus. In our series, 2 of the 3 FTLD-TDP cases with HS limited
to the prosubiculum at the level of the lateral geniculate nucleus had no history of motor
neuron disease (a detailed clinical history was unavailable in the third case), which suggests
that the prosubiculum is highly vulnerable to HS in FTLD in general and not only in FTLD-
MND. In a post hoc analysis, we examined the prevalence of HS in the anterior
hippocampus of our FTLD cases and found that HS was present in 50% (21 out of 42) of
FTLD cases in the anterior hippocampus compared with 31% (14 out of 45) in the posterior
hippocampus (p = 0.08, not significant). Hippocampal sclerosis limited to the prosubiculum
occurred in 24% of the FTLD cases with HS in the anterior hippocampus and in 21% of the
FTLD cases with HS in the posterior hippocampus (not significant). Because we only had 2
FTLD-MND cases, we could not determine the distribution and prevalence of HS in cases
with MND versus cases without MND.

The differential vulnerability of the CA1-prox compared with the CA1-dist found in this
study is surprising because CAL is traditionally considered a single homogeneous subregion
of the hippocampus. Further studies are needed to characterize the differences in
neurochemistry and gene expression that might potentially underlie the differential
vulnerability of the CAl-prox and the CAl-dist. The differences that have been uncovered
to date include the finding that certain glial cell line—derived neurotrophic factor family
ligands and receptors are preferentially expressed in the CA1-prox compared with the CA1-
dist (20, 21).

We found that labeling of the hippocampal mossy fibers by immunohistochemistry for
ZNT3 was helpful in defining the border between CA3 and CA2 in routinely processed
formalin-fixed human autopsy tissue (Fig. 2). Immunohistochemistry for ZNT3 has been
previously used to stain the hippocampal mossy fibers in the mouse brain (22). The
traditional method for staining the hippocampal mossy fibers is Timm stain for zinc, which
requires treating the tissue with sulfide before fixation and is, therefore, unsuitable for
routinely processed formalin-fixed human tissue (23).

We found that different hippocampal subfields and CAL subsegments are preferentially
involved in FTLD, TLE, and ischemic injury, suggesting that the pathogenesis of HS is at
least to some extent different in these conditions. There is little doubt that release of
glutamate in the extracellular space (excitotoxicity) plays an important role in hippocampal
neuronal death in epilepsy. Although the distributions of glutamate receptor subtypes in the
normal human hippocampus (24-26) do not appear to explain the selective vulnerability of
the CA1-prox and the CA1-mid reported in the current study, this leaves open the possibility
that the distributions of glutamate receptors could be altered in disease states compared with
normal. Only limited studies addressing this possibility have been performed. In a receptor
autoradiography study of the human hippocampus, highest binding for glutamate, NMDA,
and AMPA receptors was seen in the molecular layer of the dentate gyrus and throughout
CAL in specimens of hippocampi from subjects without epilepsy, subjects with epilepsy
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caused by an extrahippocampal tumor, and subjects with TLE (26). Binding for kainate
receptors was highest in CA3 (26).

As in TLE, there is strong evidence that excitotoxicity contributes to hippocampal neuronal
death after a hypoxic insult. For example, a recent study showed a highly significant
protection from hypoxic injury in all hippocampal subfields (CA1-CA4 and dentate gyrus)
in GluK4 receptor—knockout mice (27). However, the precise mechanism mediating this
widespread hippocampal neuroprotection is not clear because the expression of the GluK4 is
concentrated in CA3 (27). In another animal experiment, a neonatal hypoxic insult resulted
in an early (i.e. 6 hours after hypoxic insult) and nearly total loss of glial glutamate
transporters throughout CA1, CA2, and CA3 but not in the dentate gyrus granule neurons,
which corresponded to the areas of subsequent neuronal injury (28). The connection of these
results to the more restricted areas of selective vulnerability in the adult human
hippocampus, as observed in our study, is unclear.

To our knowledge, the distribution of glutamate receptor subtypes has not been studied in
FTLD, which leaves open the possibility that altered distribution of these receptors could
potentially explain the selective vulnerability of the CA1-dist and prosubiculum to HS in
FTLD. In addition to excitotoxicity, alternative promising hypotheses on hippocampal
selective vulnerability in ischemic injury and neurodegenerative diseases include
impairment of protein degradation secondary to proteasomal stress (29).

Interestingly, the prosubiculum, a region that we found to be selectively vulnerable to HS in
FTLD, is characterized by a unique neurochemical and gene expression profile as well as
dense amygdalo-hippocampal terminal projections (17). These projections to the
prosubiculum originate in the basal nucleus of the amygdala, express acetylcholinesterase,
and do not significantly extend to the adjacent subiculum proper or CA1 (17). Future studies
should look for a possible correlation between neuropathologic alterations such as TDP-43
inclusions in the basal nucleus of the amygdala and HS involving the prosubiculum in
FTLD.
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FIGURE 1.
An example of a case classified as hippocampal ischemic injury. A remote microinfarct

(arrows) in the proximal CA1 of a subject with a clinical history of multiple strokes.
Hematoxylin and eosin; original magnification: 40x. Scale bar = 200 pm.
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FIGURE 2.
Immunohistochemical and special stains can be helpful in delineating the hippocampal

subfields in some cases. (A-C) Sections of the hippocampus without hippocampal sclerosis
in a 90-year-old man. The border between CA2 and CA1 can be recognized based on the
widening of the pyramidal cell layer when moving from CA2 to CA1 (A).
Immunohistochemistry for ZNT3 highlights the mossy fibers extending from the dentate
gyrus to CA3 but not CA2 (B), thus delineating the border between CA3 and CA2 (arrow).
Immunohistochemistry for choline acetyltransferase (ChAT) shows a decrease in staining
from CA2 to CA1 (C), which confirms the location of the border between CA2 and CAl
(arrow). (D-F) Sections of the hippocampus with hippocampal sclerosis (mesial temporal
sclerosis) in a 44-year-old man with a history of temporal lobe epilepsy. Severe loss of
neurons is limited to CA1, whereas CA2 is spared ([D] H&E). An arrow points to the border
between CA2 and CA1 (D). Immunohistochemistry for ZNT3 highlights the border between
CA3 and CA2 ([E] arrow). The subiculum is spared from severe neuronal loss ([F] H&E),
which makes the oblique border between CA1 and the subiculum (dashed line) stand out. In
this case, the CAl/subiculum border coincides with the termination of a strip of white matter
in the overlying stratum lacunosum-moleculare (arrow); this strip may contain the Schaffer
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collaterals that extend from CA3 to CA1 but not subiculum. (G-I) Hippocampus of a 79-
year-old woman with frontotemporal lobar degeneration with TDP-43—positive inclusions
(FTLD-TDP); the prosubiculum is severely affected by neuronal loss and gliosis, whereas
CAL and the subiculum proper are relatively spared ([G] H&E). The border between CAl
and the prosubiculum is indicated by a dashed line (G). A Hirano silver stain highlights a
bundle of axons in the overlying stratum lacunosum-moleculare (H); the bundle of axons
terminates at the CAl/prosubiculum border (arrow), suggesting that some of the axons
represent Schaffer collaterals. A higher magnification view of the CAl/prosubiculum border
([1] dashed line) shows relative sparing of neurons in CAZL, which contrasts with the severe
neuronal loss and gliosis in the prosubiculum. Original magnification: (A-F) 20x; (G-H)
40x%; (1) 100x. Scale bars = (F) 200 um in (A—F); (H) 100 um in (G, H); (1) 40 um.
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FIGURE 3.
Heat map showing the likelihood of involvement of hippocampal subfields by hippocampal

sclerosis (HS), defined as severe neuronal loss, in frontotemporal lobar degeneration with
HS (HS-FTLD), temporal lobe epilepsy with HS (HS-TLE), and hippocampal ischemic
injury (H-1). HS-FTLD is distinguished from the other two groups by a higher likelihood of
involvement of the CA1-dist and the subiculum. In both HS-TLE and H-I, the region
extending from the CA1-prox to the CA1-mid was the area most commonly affected.
Involvement of CA3 and CA4 was also common in HS-TLE but relatively infrequent in H—
I. See Results for p values. dist, distal; presubic, presubiculum; prosubic, prosubiculum;
prox, proximal.
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