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FTLD-TDP With and Without GRN Mutations Cause Different
Patterns of CA1 Pathology
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Abstract
Heterozygous loss-of-function mutations in the GRN gene lead to

progranulin (PGRN) haploinsufficiency and cause frontotemporal

lobar degeneration with TDP-43 pathology type A (FTLD-TDP type

A). PGRN is a highly conserved, secreted glycoprotein and func-

tions in the central nervous system as a key modulator of microglial

function. Hence, altered microglial function caused by PGRN defi-

ciency may be tied to the pathogenesis of FTLD-TDP. Our previous

studies showed that haploinsufficiency of GRN mutations extends to

microglial PGRN expression in the hippocampal CA1 region. In this

study, we found that the CA1 sector was associated with less neuro-

nal loss and more frequent TDP-43 inclusions in FTLD-TDP type A

cases with GRN mutations than in sporadic cases. In addition, the

CA1 region in GRN mutation cases contained more rod-like micro-

glia, which also had reduced PGRN expression. These findings sug-

gest that the profile of TDP-43 inclusions, neuronal number, and

microgliosis in the CA1 sector of FTLD-TDP type A cases may be

influenced by GRN gene expression status.

Key Words: Frontotemporal lobar degeneration, Hippocampal scle-

rosis, Microglia, Neuroinflammation, Progranulin, TAR DNA-

binding protein 43.

INTRODUCTION
Frontotemporal lobar degeneration (FTLD) is a neuro-

pathologic process characterized by atrophy in the frontal and
temporal lobes of the brain, with the parietal and occipital
lobes usually being spared. Common proteinopathies that are
found in FTLD include either tau-positive (FTLD-tau) or TAR
DNA-binding protein 43-positive (FTLD-TDP) inclusion bod-
ies. FTLD-TDP can be classified into 4 distinct histopatho-
logic types, A–D (1).

Among the 4 types, type A cases are clinically associ-
ated with behavioral variant frontotemporal degeneration or
nonfluent/agrammatic primary progressive aphasia (PPA-G)
(2–9). FTLD-TDP type A is characterized by TDP-43-
immunopositive inclusions in the neocortex, which are mainly
localized in the upper layers, and are composed of short dys-
trophic neurites (DNs), neuronal cytoplasmic inclusions, and
lentiform to round neuronal intranuclear inclusions. In the hip-
pocampus, the CA1 region commonly has frequent TDP-43-
positive DNs; however, the number of neuronal cytoplasmic
inclusions varies in dentate granule cells (10–12). Genetically,
FTLD-TDP type A is associated with heterozygous loss-of-
function mutations in GRN (13–17).

Progranulin (PGRN), encoded by GRN, is a 63.5 kDa
cysteine-rich, secreted protein with a predicted molecular
mass of 63.5 kDa (18–20). PGRN is expressed in many pe-
ripheral tissues serving functions in cancer, inflammation, and
metabolic diseases (21, 22). In the central nervous system, it is
a growth factor (23, 24) or modulator of microglial cells (25,
26). Altered microglial function caused by PGRN deficiency
is associated with the pathogenesis of FTLD-TDP. GRN
knockout mice showed a robust increase in microglial activa-
tion and neuronal loss, and PGRN-deficient macrophages and
microglia were shown to be cytotoxic to hippocampal cells
in vitro (25, 26). In addition, human carriers of the GRN muta-
tion have increased microglial infiltration in disease-affected
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regions, for example, in the frontal and temporal cortices
(27). Our previous studies showed that haploinsufficiency of
GRN mutations extends to microglial PGRN expression in the
CA1 region of the hippocampus in patients with FTLD-TDP
with GRN mutations (28). We hypothesize that GRN haploin-
sufficiency in CA1 leads to unique neuropathology in this
region.

In this study, we aimed to evaluate the relationship be-
tween low CA1 microglial PGRN expression in the brains of
patients with FTLD-TDP with GRN mutations and other CA1
pathologies, such as neuronal loss and gliosis, TDP-43 pathol-
ogy, and density of IBA-1-positive microglia.

MATERIALS AND METHODS

Human Samples
Paraformaldehyde-fixed, paraffin-embedded human

brain samples from 48 cases were acquired from the Neuropa-
thology Core of the NIA-funded Alzheimer’s Disease Center
within the Mesulam Center for Cognitive Neurology and Alz-
heimer’s Disease at Northwestern University’s Feinberg
School of Medicine. Demographic and neuropathologic data
for these cases are presented in Table 1. Five groups of cases
were included in this study: normal controls (n ¼ 6), Alz-
heimer disease (AD, n ¼ 5), AD with hippocampal sclerosis
(ADHS, n ¼ 6), and FTLD-TDP type A with or without GRN
mutations (n¼ 14 and 17, respectively). Pathologic character-
ization was made by 2 board-certified neuropathologists fol-
lowing consensus criteria (1, 2, 29, 30). Cases with GRN gene
mutations are listed in Table 2. Among these cases, the clinical
diagnosis of PPA was based on the criteria of Mesulam (31,
32), the clinical FTD diagnosis was based on the Rascovsky et
al 2011 criteria (33), and the clinical PRAD diagnosis was
based on the McKhann et al 2011 criteria (34). Subjects who
had a history of epilepsy or cerebrovascular accidents, and
who had a neuropathologic diagnosis of hippocampal ische-
mic injury, including microinfarcts, were excluded. Table 1
also includes the ABC scores of AD neuropathologic change
(35, 36) for each case. Informed consent was obtained for all
studies.

Tissue Staining
Paraffin-embedded tissue sections from the hippocam-

pus were cut to a thickness of 5 lm for immunohistochemi-
cal analysis. The staining procedure has been described in
our previous study (28). The following primary antibodies
were used: anti-IBA-1 antibody (goat polyclonal, 1:1000,
Abcam, Boston, MA), anti-PGRN antibody (mAbs, 1:100,
homemade [37, 38]), and anti-phosphorylated TDP-43 anti-
body (pS409/410-2, rabbit polyclonal, 1:2500, Cosmo Bio,
Carlsbad, CA). Biotinylated secondary antibodies (DAKO,
Carpinteria, CA) were amplified using avidin-biotin sub-
strate (ABC solution, DAKO), followed by color develop-
ment in DAB chromogen (K4007, DAKO). Control sections
were incubated either with antiserum pre-adsorbed with 1
mg/mL antigenic peptide (28) or in the absence of the pri-
mary antibody.

Semiquantitative Analysis and Statistics
Cases were examined by neuropathologists (Q.M. and

E.B.) blinded to clinical and pathologic diagnoses, as well as
GRN status. The hippocampal CA1 region of each case was
analyzed for neuronal loss and gliosis, TDP-43 pathology, and
the density of PGRN- and IBA-1-positive microglia cells. The
delineation of the hippocampus was performed according to
the previously described method (39). The density of PGRN-
positive and rod-shaped microglia was graded as none, sparse,
moderate, or frequent. Figure 1 shows examples of none,
sparse, moderate, and frequent rod-like microglia. A similar
scale was used to grade neuronal loss and gliosis and the se-
verity of TDP-43 pathology. Differences in the frequency of
neuronal loss and gliosis, rod-like microglia, PGRN-positive
microglia, and TDP-43 DNs were analyzed according to pres-
ence or absence of a GRN mutation using Fisher exact tests for
data from the CA1 region and then for subiculum (39). Differ-
ences in the frequency data of hippocampal CA1 pathology of
FTLD-TDP type A were tested by presence of a GRN muta-
tion using a Fisher exact test. Two-sample t-tests were used to
test for differences in the age of onset, age of death, and dura-
tion of disease for FTLD-TDP type A patients with Type 1
and Type 2 CA1 pathology. SAS 9.4 statistical software was
used with a p¼ 0.05 level of statistical significance.

RESULTS
Our previous studies showed that haploinsufficiency of

GRN mutations extends to microglial PGRN expression in the
CA1 region of the hippocampus (28). We then postulated that
the hippocampal CA1 region of the brain with GRN mutations
may demonstrate other region-specific neuropathologies. We
first compared the neuronal loss and gliosis in the CA1 region
and subiculum between FTLD-TDP cases with and without
GRN mutations. As previously reported, hippocampal sclero-
sis (HS), which is characterized by severe neuronal loss and
gliosis in both the hippocampal CA1 region and subiculum, is
seen in 79% of FTLD-TDP type A patients (40, 41). To our
surprise, in FTLD-TDP type A with GRN mutations, the neu-
ronal loss and gliosis in CA1 versus subiculum was not syn-
chronized; CA1 typically appeared intact or had only mild
neuronal loss, while its adjacent subiculum showed severe
neuronal loss and gliosis. In addition, neuronal loss and gliosis
in the CA1 region followed a dichotomous severity distribu-

TABLE 1. Sample Demographics

Neuropathologic Diagnosis Number of

Cases

Gender,

M/F

Age at Death

(Mean 6 SD)

CON 6 3/3 77.8 6 7.8

AD 5 2/3 77.3 6 8.4

ADHS 6 2/4 78.3 6 5.2

FTLD-TDP type A 17 9/8 74.0 6 11.8

FTLD-TDP type A with

GRN mutation

14 8/6 63.1 6 5.2

AD, Alzheimer disease; ADHS, AD with hippocampal sclerosis; CON, normal con-
trol; FTLD-TDP type A, FTLD-TDP type A without GRN mutation.
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TABLE 2. Study Subjects With Identified GRN Mutations

Case Sex Clinical

Diagnosis

ADNC Score

(A, B, C)

Age at Death

(Years)

Symptom Duration

(Years)

GRN Mutation

1 M FTD 0, 1, 0 53 3.0 IVS6þ 2 del TGAG

2 M FTD 0, 1 , 0 61 2.0 c.1477C>T

3 M FTD 0, 1, 0 64 6.5 IVS6þ 2 del TGAG

4 F PPA 1, 1, 0 61 4.0 c.675_676delCA

5 F PPA 1, 1, 2 67 6.0 c.1477 C > T

6 F PPA 0, 0, 0 56 6.0 c.910_911insTG

7 M PPA 0, 0, 0 61 8.0 c.5913 A > G

8 M PPA 0, 0, 0 64 4.0 c.3240C>T

9 F PRAD 0, 1, 0 62 7.0 c.102delC

10 M PPA 0, 0, 0 70 4.0 c.�8þ 3A>G

11 M PPA 0, 0, 0 65 8.0 c.385_388del

12 M FTD 0, 1, 0 63 6.0 c.1317delC

13 F PPA 1, 1, 1 74 7.0 c.1477C>T

14 F FTD 0, 0, 0 65 8.0 c.675_676delCA

ADNC, Alzheimer disease neuropathologic change; FTD, frontotemporal dementia; PPA, primary progressive aphasia; PRAD, probable Alzheimer disease.

FIGURE 1. Illustrations of none (A), sparse (B), moderate (C), and frequent (D) IBA-1-positive rod-like microglia. In this paper,
we specifically defined a rod-shaped microglial cell as 1 having a cell length equal to or more than 40 mm. Arrow, rod-shaped
microglial cell. Bar: 50 mm.
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tion, being either mild or severe. Specifically, only 4 out of 14
FTLD-TDP type A with GRN mutation cases showed severe
neuronal loss and gliosis in CA1, with the remaining 10 show-
ing only mild neuronal loss and gliosis in that region. How-
ever, the majority of these cases (i.e. 12 out of 14) showed
severe neuronal loss and gliosis in the subiculum, with the
remaining 2 showing mild neuronal loss and gliosis in both the
subiculum and CA1. However, in the 17 FTLD-TDP type A
without GRN mutations, 13 cases showed severe neuronal loss
and gliosis in both the subiculum and CA1, while the remain-
ing 4 cases showed mild neuronal loss in both regions (Table 3;
Fig. 2). Mild or no neuronal loss and gliosis in the CA1 region
was significantly associated with GRN mutations (Fisher exact
test p ¼ 0.01). The hippocampal CA3 region showed no obvi-
ous neuronal loss and gliosis in FTLD-TDP type A cases, both
those with and without GRN mutations.

We then examined the whole microglial population in
the CA1 region of different diseases. The whole microglial
population can be revealed by IBA-1 immunostaining (42–
44). IBA-1-positive microglia showed morphologic heteroge-
neity in the hippocampus (Fig. 3), consistent with findings pre-
viously described by Bachstetter et al (45). Specifically,
ramified microglial cells were mainly seen in the hippocampi
of brains from normal control and AD patients; hypertrophic
microglial cells were more commonly seen in the hippocampi
of ADHS and FTLD-TDP type A without GRN mutation pa-
tient brains (Fig. 3). Rod-shaped microglia, which are charac-
terized by a narrow cell body and few planar processes, were
sparse in all disease groups, though that they were more fre-
quent in the FTLD-TDP type A with GRN mutations group

(Fig. 3). In addition, rod-shaped microglia in the CA1 region
of FTLD-TDP type A with GRN mutations brains were longer
than in FTLD-TDP type A without GRN mutation brains, and
formed trains of cells (Fig. 3F). To make microglial semiquan-
tification easier, in this study, we only counted rod-shaped
microglial cells in which cell length was equal to or more than
40 mm. The density of rod-shaped microglia was graded as
none, sparse, moderate, or frequent, as illustrated in Figure 1.
The frequency of rod-shaped microglia followed a dichoto-
mous distribution in the hippocampal CA1 region as well, that
is cases falling into the moderate category were rare. Frequent
rod-shaped microglia were present in 10 out of 14 cases of
FTLD-TDP type A with GRN mutations and sparse rod-
shaped microglia were seen in the remaining 4 of these cases
(Table 3). Conversely, rod-shaped microglia were frequent in
only 4 out of 17 and sparse in 13 out of 17 FTLD-TDP type A
without GRN mutations cases (Table 3). Immunostains with
anti-PGRN antibody were performed in parallel to reveal
PGRN-immunopositive microglia. The morphology of
PGRN-positive microglia has been described in our previous
work (28). The quantification of PGRN-positive microglia
showed that hippocampal CA1 in FTLD-TDP type A with
GRN mutations had sparse PGRN-positive microglial cells in
10 out of 14 cases and moderate PGRN-positive microglial
cells in 4 out of 14 cases. The CA1 region in FTLD-TDP type
A without GRN mutations brains had frequent PGRN-positive
microglia in 13 out of 17 cases and sparse to moderate PGRN-
positive microglial cells in 4 out of 14 cases (Fig. 4; Table 3).
The CA1 region in ADHS brains had frequent PGRN-positive
microglia (Fig. 4). Frequent rod-like microglia and sparse

FIGURE 2. Hematoxylin and eosin stains reveal unsynchronized neuronal loss in the CA1 region and subiculum of brains with
GRN mutations. Neuronal loss is mostly mild in the CA1 region (A), severe in the subiculum (B), and minimal in the CA3 region
(C) of FTLD-TDP type A with GRN mutation (GRNþ/�) brains. However, neuronal loss is severe in both the CA1 region (D) and
subiculum (E), and minimal in the CA3 region (F) of FTLD-TDP type A without GRN mutation brains (FTLD-TDP type A). Bar:
50 mm.
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PGRN-positive microglia were significantly associated with
GRN mutations (Fisher exact test p� 0.01).

We next compared the density of the TDP-43-positive
DNs in the CA1 region between FTLD-TDP cases with and
without GRN mutations. DNs are abnormal neuronal processes
with aberrant sprouting, dystrophic expansion, and accumula-
tion of abnormal protein aggregates (46). Consistent with the
previous study (11), frequent TDP-43-positive DNs were
more commonly found in the brains of patients with FTLD-
TDP type A with GRN mutations than in those of FTLD-TDP
type A without GRN mutations; the area of frequent DNs was
typically well demarcated and limited to the CA1 region
(Fig. 5A, B). The severity of TDP-43-positive DNs in the CA1
region showed a dichotomous distribution. Most cases showed
either sparse neurites or frequent neurites. Ten out of 14 cases
of GRN mutations showed frequent DNs, while only 4 out of
17 of the cases without GRN mutations showed frequent DNs
(Table 3). Frequent TDP-43-positive DNs were significantly
associated with GRN mutations (Fisher exact test p ¼ 0.01).
The CA1 region of FTLD-TDP type A without GRN muta-
tions showed only sparse TDP-43-positive DNs (Fig. 5C).
TDP-43-positive neuronal cytoplasmic inclusions were rare in
the hippocampal CA1 region in FTLD-TDP type A both with
and without GRN mutations. Inter-rater reliability was
tested, which showed high inter-rater reliability with neuronal
loss and gliosis, TDP-43 DNs, and IBA-1-positive rod-like
microglia matching perfectly, and PGRN-positive microglia
having a weighted Cohen’s Kappa of 0.86 (CA1) and 0.78
(subiculum), which is very good and good agreement,
respectively.

We then grouped the CA1 pathology of FTLD-TDP-43
cases into Type 1 and Type 2 (Table 4). FTLD-TDP-43 Type
1 pathology is defined as having mild neuronal loss and glio-
sis, frequent TDP-43 DNs, frequent rod-shaped microglia, and

sparse PGRN-positive microglia. On the contrary, FTLD-
TDP-43 Type 2 pathology has severe neuronal loss and glio-
sis, sparse TDP-43 DNs, sparse rod-shaped microglia, and fre-
quent PGRN-positive microglia. Interestingly, 10 out of 14 of
FTLD-TDP type A with GRN mutation cases showed FTLD-
TDP-43 Type 1 CA1 pathology, while the majority (13 out of
17) of FTLD-TDP type A without GRN mutation cases
showed FTLD-TDP-43 Type 2 CA1 pathology (Table 5).
FTLD-TDP-43 Type 1 CA1 pathology was significantly asso-
ciated with GRN mutations (Fisher exact test p¼ 0.01).

Lastly, clinicopathologic correlation revealed that
FTLD-TDP type A cases with Type 1 CA1 pathology had a
younger age of onset (p < 0.05), and age of death (p < 0.01)
than FTLD-TDP type A patients with Type 2 pathology (Ta-
ble 6). However, the disease duration, which is a variable that
is subject to bias as it is based on historical report, showed no
significant differences between the 2 groups (p > 0.05). The
correlation between CA1 pathology and Clinical Dementia
Rating (CDR) score (47) 1 year before death was evaluated in
12 cases for which CDR scores were available (Table 7).
There were no differences in CDRs 1 year before death be-
tween cases with Type 1 and Type 2 pathology, and all cases
showed severe dementia.

DISCUSSION
In this study, we found a unique CA1 pathology in

FTLD-TDP type A with GRN mutations. In contrast to HS,
which is seen in 79% of cases with sporadic FTLD-TDP type
A (40, 41), the CA1 of those with FTLD-TDP type A with
GRN mutations showed more viable neurons, more TDP-43
DNs, and more rod-like microglia, whereas the CA1 of cases
with sporadic FTLD-TDP type A showed less viable neurons,
less TDP-43 DNs, less rod-like microglia, and higher CA1
microglial PGRN expression.

TABLE 3. Evaluating Neuropathological Associations of GRN Mutations in Hippocampal CA1 and Subiculum Regions Using Fisher
Exact Tests

CA1 Subiculum

No GRN Mutation GRN Mutation No GRN Mutation GRN Mutation

N n (%) N n (%) p N n (%) N n (%) p

Neuronal loss 17 14 0.01 17 14 0.66

Mild 4 (23.53) 10 (71.43) 4 (23.53) 2 (14.29)

Severe 13 (76.47) 4 (28.57) 13 (76.47) 12 (85.71)

TDP-43 DN 17 14 0.01 17 14 NA

Sparse 13 (76.47) 4 (28.57) 17 (100.00) 14 (100.00)

Frequent 4 (23.53) 10 (71.43) 0 (0.00) 0 (0.00)

Rod-like microglia 17 14 0.01 17 14 NA

Sparse 13 (76.47) 4 (28.57) 17 (100.00) 14 (100.00)

Frequent 4 (23.53) 10 (71.43) 0 (0.00) 0 (0.00)

PGRNþ microglia 17 14 <0.01 17 14 0.81

Sparse 1 (5.88) 10 (71.43) 4 (23.53) 2 (14.29)

Moderate 3 (17.65) 4 (28.57) 1 (5.88) 0 (0.00)

Frequent 13 (76.47) 0 (0.00) 12 (70.59) 12 (85.71)

DN, dystrophic neurites.
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FIGURE 3. IBA-1-positive microglia in the hippocampi of brains with different diseases. Sparse IBA-1-positive, rod-shaped
microglia are present in the CA1 region in normal controls (CON, A), in Alzheimer disease (AD, B), in AD with hippocampal
sclerosis (ADHS, C), and in FTLD-TDP type A without GRN mutations (FTLD-TDP type A, D), and are frequent in FTLD-TDP type A
with GRN mutations (GRN, E and F). The rod-like microglia in FTLD-TDP type A with GRN mutations form end-to-end alignments
(F). Bar: 50 mm.
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FIGURE 4. PGRN-positive microglia in the hippocampi of brains with different diseases. Sparse PGRN-positive microglia are
present in the CA1 region in normal controls (CON, A) and in FTLD-TDP type A with GRN mutations (GRNþ/�, B). Frequent
PGRN-positive microglia are found in the CA1 region in Alzheimer disease with hippocampal sclerosis (ADHS, C) and FTLD-TDP
type A without GRN mutations (FTLD-TDP type A, D). Bar: 50 mm.

FIGURE 5. Frequent TDP-43 dystrophic neurites (DNs) in the CA1 region of the brain with FTLD-TDP type A with GRN mutations
(A, B). Sparse TDP-43 DNs in the CA1 region of the brain with FTLD-TDP type A without GRN mutations (C). Bar in A, 500 mm;
bar in C, 20 mm for B and C.
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Similar to the previous study (11), we found (i) frequent
TDP-43-positive DNs in hippocampal CA1 were significantly
associated with GRN mutations; and (ii) dichotomous severity
of distribution of the DNs and neuronal loss in the CA1 region.
In this study, we expand upon prior findings and demonstrated
that in FTLD-TDP type A with GRN mutation brains, frequent

TDP-43-positive DNs in the hippocampus corresponded
closely to the area affected by mild neuronal loss, instead of
severe neuronal loss and gliosis. We also found (i) non-
synchronized neuronal loss and gliosis in the CA1 region and
subiculum of patients with FTLD-TDP type A with GRN
mutations; (ii) dichotomous severity distribution of the rod-
shaped microglia and PGRN-positive microglia; and (iii) fre-
quent rod-shaped microglia and sparse PGRN-positive micro-
glia in the hippocampus corresponding closely to the area
affected by mild neuronal loss.

PGRN has been found to be associated with neurite out-
growth and neuroinflammation in the central nervous system
(24, 48–52). PGRN is constitutively expressed and secreted in
microglia (26, 53) and carries out an anti-inflammatory role:
the absence of PGRN in microglia causes increased produc-
tion and release of proinflammatory cytokines in response to
an inflammatory stimulus (26, 53). Brains of GRN knockout
mice displayed greater activation of microglia and astrocytes
than aged wild-type mice (25). In addition, PGRN-deficient
macrophages and microglia were cytotoxic to neurons in the
hippocampus and substantia nigra (25). Furthermore, Lui et al
recently reported that GRN knockout mice showed substantial
dysregulation of microglial complement gene expression and
of lysosome maturation (54). Their findings were associated
with evidence of loss of inhibitory synapses from parvalbumin-
positive neurons in the ventral thalamus. Similarly, human
GRN mutation carriers showed increased microglia infiltration
in diseased brain regions, most prominently in the frontal and
temporal cortices, which paradoxically led to increased levels
of GRN mRNA transcription (27). These results indicated that
PGRN deficiency is associated with overactivation of micro-
glia and astrocytes, as well as with neuronal cytotoxicity.

Our previous studies demonstrated that GRN mutants
had lower microglial PGRN expression in hippocampal CA1
than patients with FTLD-TDP type A without GRN mutations
and with ADHS (28). Hence, we predicted that the CA1 of
GRN mutants would show worse neuronal loss due to the neu-
rotoxicity of microglial PGRN deficiency. However, surpris-

TABLE 4. Classification of Hippocampal CA1 Pathology

Type 1 Type 2

Neuronal loss Mild Severe

TDP-43 neurites Frequent Sparse

PGRN-positive microglia Sparse Frequent

IBA-1-positive rod-like microglia Frequent Sparse

TABLE 5. Hippocampal CA1 Pathology of FTLD-TDP Type A
With or Without GRN Mutations Using a Fisher Exact Test

GRN Mutation No GRN Mutation p

Type 1 10 (0.71) 4 (0.24) 0.01

Type 2 4 (0.29) 13 (0.76)

TABLE 6. Mean 6 Standard Deviation Value of Age at Onset,
Age at Death and Duration of FTLD-TDP Type A Cases With
Type 1 or Type 2 CA1 Pathology

Type 1 (n ¼ 14) Type 2 (n ¼ 17)

Age at onset (years) 56.4 65.3* 65.2 6 10.8

Age at death (years) 62.9 6 5.6** 73.7 6 12.1

Duration (years) 6.5 6 2.8 8.0 6 4.3

*p < 0.05.
**p < 0.01, Type 1 versus Type 2 pathology.

TABLE 7. Clinical and Pathologic Features of a Subset of FTLD-TDP Type A Cases With or Without GRN Mutations

GRN Mutation Sex Clinical Dx Death (Years) Disease Duration (Years) CDR Global CDR Memory CA1 Pathology

c.910_911insTG F PPA 56 6.0 3 3 Type 1

c.102delC F PRAD 62 7.0 3 3 Type 1

c.�8þ 3A>G M PPA 70 4.0 3 3 Type 1

c.1317delC M FTD 63 6.0 3 3 Type 1

c.1477C>T F PPA 74 7.0 3 3 Type 2

– F FTD 80 11 3 3 Type 2

– M LBD 73 6 3 3 Type 2

- F PPA 69 10 3 3 Type 2

– F PPA 58 4 3 3 Type 2

– F PRAD 84 9 3 3 Type 2

– M PRAD 96 14 2 3 Type 2

– M CBS 82 11 3 3 Type 2

-, no GRN mutations.
CBD, corticobasal syndrome; CDR, Clinical Dementia Rating; FTD, frontotemporal dementia; LBD, Lewy body disease; PPA, primary progressive aphasia; PRAD, probable

Alzheimer disease.
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ingly, the CA1 of FTLD-TDP type A with GRN mutations
showed more viable neurons with more TDP-43 neurites,
whereas sporadic TDP-A was associated with fewer neurons
and fewer TDP-43 neurites. In other words, being intraneuro-
nal, TDP-43 did not stay around when the neuron died. Does
this mean that GRN mutations are protective of TDP-43 neuro-
toxicity when compared to sporadic TDP-43 disease? Even
more puzzling is that homozygous GRN mutations may have
an even slower neurotoxic effect, causing neuronal lipofusci-
nosis, which in the case of Kufs disease may be quite indolent
(55). But, if that is the case, why does GRN mutation cause
FTLD-TDP at all? Maybe the real disease is in the rod-shaped
microglia. A recent publication demonstrated that rod-shaped
microglia are uniquely present in the brains of patients with
neurodegenerative diseases, including AD, HS-aging, and
Lewy body disease (45). Studies on rod-shaped microglia are
rare, and little is known about their functions (56). In this
study, we present the novel association between PGRN defi-
ciency and frequent rod-shaped microglia and other neuro-
pathological features in the CA1 region of GRN mutant brains.
Future clinicopathologic studies can help further elucidate the
mechanistic functions of rod-shaped microglia.

Clinicopathologic correlation revealed that FTLD-TDP
type A patients with Type 1 CA1 pathology died at a younger
age than FTLD-TDP type A patients with Type 2 pathology.
This finding, together with the milder neuronal loss and gliosis
in Type 1 pathology, suggested that Type 1 CA1 pathology
might represent an early stage of Type 2 pathology. However,
those cases for which CDRs are available, with either Type 1
or Type 2 CA1 pathology, all showed severe dementia and
equivalent CDRs 1 year before death. In addition, the disease
duration showed no significant differences between these 2
groups. These results may actually suggest that Type 1 CA1
pathology constitutes a different type rather than reflecting a
function of extent.

In conclusion, unique CA1 pathology in the brains of
patients with FTLD-TDP type A with GRN mutations will
provide important insights into the pathogenesis of hippocam-
pal pathology of FTLD-TDP type A with or without GRN
mutations and may facilitate the future development of
PGRN-based treatments for dementia.
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