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Frontotemporal lobar degeneration (FTLD) is among the most prevalent dementias of early-onset. Pathologically, FTLD presents with
tauopathy or TAR DNA-binding protein 43 (TDP-43) proteinopathy. A biallelic mouse model of FTLD was produced on a mix FVB/
129SVE background overexpressing wild-type human TDP-43 (hTDP-43) using tetracycline transactivator (tTA), a system widely used in
mouse models of neurological disorders. tTA activates hTDP-43, which is placed downstream of the tetracycline response element. The
original study on this transgenic mouse found hippocampal degeneration following hTDP-43 expression, but did not account for inde-
pendent effects of tTA protein. Here, we initially analyzed the neurotoxic effects of tTA in postweaning age mice of either sex using
immunostaining and area measurements of select brain regions. We observed tTA-dependent toxicity selectively in the hippocampus
affecting the dentate gyrus significantly more than CA fields, whereas hTDP-43-dependent toxicity in bigenic mice occurred in most other
cortical regions. Atrophy was associated with inflammation, activation of caspase-3, and loss of neurons. The atrophy associated with tTA
expression was rescuable by the tetracycline analog, doxycycline, in the diet. MRI studies corroborated the patterns of atrophy. tTA-
induced degeneration was strain-dependent and was rescued by moving the transgene onto a congenic C57BL/6 background. Despite
significant hippocampal atrophy, behavioral tests in bigenic mice revealed no hippocampally mediated memory impairment. Significant
atrophy in most cortical areas due solely to TDP-43 expression indicates that this mouse model remains useful for providing critical
insight into co-occurrence of TDP-43 pathology, neurodegeneration, and behavioral deficits in FTLD.
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Introduction
Dementias caused by frontotemporal lobar degeneration (FTLD)
constitute the third most prevalent dementia, after those caused
by Alzheimer’s disease and Lewy bodies, and are among the most

prevalent dementias of early-onset (Cairns et al., 2007). The ma-
jority of cases are characterized by behavioral and emotional
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Significance Statement

The tTA expression system has been widely used in mice to model neurological disorders. The technique allows investigators to
reversibly turn on or off disease causing genes. Here, we report on a mouse model that overexpresses human TDP-43 using tTA and
attempt to recapitulate features of TDP-43 pathology present in human FTLD. The tTA expression system is problematic, resulting
in dramatic degeneration of the hippocampus. Thus, our study adds a note of caution for the use of the tTA system. However,
because FTLD is primarily characterized by cortical degeneration and our mouse model shows significant atrophy in most cortical
areas due to human TDP-43 overexpression, our animal model remains useful for providing critical insight on this human disease.
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disturbances, primarily disinhibition and/or apathy. This pheno-
type is known as the behavioral variant frontotemporal dementia
(bvFTD; Piguet et al., 2011). Anatomically, the brains of bvFTD
patients present with atrophy in the prefrontal cortex and the
anterior temporal lobes (Cairns et al., 2007).

In the majority of bvFTD patients, abnormal precipitates of
phosphorylated and mislocalized TAR DNA-binding protein 43
(TDP-43) deposit in the brain in the form of inclusions, desig-
nated FTLD-TDP (Cairns et al., 2007; Kwong et al., 2007). The
mislocalization of TDP-43 from the nucleus to the cytoplasm is
an important step in TDP-43 aggregation and potential toxicity
(Barmada et al., 2010).

TDP-43 is a 414 aa protein with two RNA recognition motifs,
which displays a strictly nuclear localization in normal brains
(Chen-Plotkin et al., 2010; Lee et al., 2011), where it binds a large
number of RNA species (�6000) and thereby controls RNA tran-
scription, splicing and transport, and levels of microRNAs (Bu-
ratti et al., 2010; Tollervey et al., 2011; Narayanan et al., 2013).
Several mouse models have shown that overexpression of wild-
type or mutant human TDP-43 gene results in the formation of
inclusions and neuronal loss, indicating that TDP-43 pathology
contributes to FTLD (Xu et al., 2010; Cannon et al., 2012; D’alton
et al., 2014).

Here we report on a mouse model of FTLD that overexpresses
the wild-type human TDP-43 (hTDP-43) gene using the tetracy-
cline transactivator (tTA), a system widely used to model neuro-
logical disorders. Transgenic expression of tTA was used to activate
the wild-type human TDP-43 gene, which was placed downstream
of the tetracycline response element (TRE). Exposure to doxycycline
(dox), a more stable analog of tetracycline, causes a conformational
change in tTA that inhibits binding to TRE and stops the expression
of the TRE-controlled transgene. This allowed us to control when
hTDP-43 expression is turned on. A conditional transgenic system
was necessary for investigation of TDP-43 pathology because
TDP-43 has important developmental functions. TDP-43 over-
expression during early postnatal life has been determined to lead
to premature mortality (Xu et al., 2010; Cannon et al., 2012),
requiring that expression remain turned off until after weaning
age. Although the biallelic system of transgene and tTA is power-
ful, there are caveats in its use.

A recent study found that tTA exhibits its own toxicity that is
influenced by the genetic background strain of mice (Han et al.,
2012). Granule neurons of the dentate gyrus (DG) appeared most
vulnerable (Han et al., 2012; Liu et al., 2015). Our tTA and
hTDP-43 transgenic mice were bred on 129SVE and FVB back-
grounds, respectively, which are among the few mouse strains

Figure 1. Overexpression of wild-type hTDP-43 in a conditional transgenic mouse. A, Mice overexpressing wild-type hTDP-43 were produced by crossing hemizygous hTDP-43-expressing mice
with hemizygous tTA transgenic animals. The full-length hTDP-43 cDNA was placed behind a minimal CMV promoter, which contained five TREs, effectively blocking expression in hemizygous
hTDP-43 transgenic mice. By crossing these mice with mice expressing the tTA under CaMKIIa, tTA/hTDP-43 bigenic mice were created, which subsequently expressed the hTDP-43 protein
specifically in the excitatory neurons of the forebrain. The cross also produced wild-type, and tTA single transgenic mice. Administration of dox in animal diet blocks tTA from binding to TRE and
prevents hTDP-43 expression. All animals were kept on dox diet until weaning age and then either came off dox diet, which would allow tTA/hTDP-43 bigenic mice to express the hTDP-43 transgene,
or remained on dox for another 8 or 24 weeks. B, Sections cut at 40 �m were selected for examination based on their distance from bregma (2.58, 0.86,�2.54, and�3.40 mm; Paxinos and Franklin,
2001). Sections analyzed contained the following anatomical structures: dorsolateral prefrontal cortex, anterior cingulate cortex, motor cortex, somatosensory cortex, insula, piriform olfactory
cortex, granular layer of the DG, the CA fields of the hippocampus, and the entorhinal cortex.
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susceptible to neurodegeneration from tTA. Here we report on
brain atrophy in mice at 8- and 24-week postweaning ages related
to tTA expression. tTA toxicity, as measured by cortical atrophy,
appeared to be concentrated in the mid-hippocampal region, and
was dependent on the background strain of the mouse. First, the
DG exhibited significant degeneration of granule cells. The tTA
toxicity also extended to the cornu ammonis (CA) regions. Inter-
estingly, this toxicity did not lead to deficits in hippocampal de-
pendent reference memory measured by the Morris water maze.
The atrophy associated with tTA was accompanied by inflamma-
tion, activation of caspase-3 and loss of neurons. hTDP-43 ex-
erted its own toxicity in selective cortical regions, independent of
tTA expression. Our findings of cortical atrophy were corrobo-
rated by MR imaging results. Although this study adds a note of
caution for using the tTA system to generate transgenic mice, our
model remains useful for providing insight into TDP-43-specific
pathology coinciding with neocortical neuron loss and behav-
ioral deficits seen clinically in FTLD.

Materials and Methods
Animals. The inducible hTDP-43 transgenic mice were generously pro-
vided by Dr. Jada Lewis (Department of Neuroscience, University of
Florida; Cannon et al., 2012). This model uses a biallelic system of re-
sponder (hTDP-43) and effector (tTA) transgenes. In this tetracycline-
responsive regulatory system, tTA is used to activate a second transgene
of interest, i.e., the wild-type hTDP-43, which is placed downstream of
the tetracycline response element (TRE). Exposure to dox, a more stable
analog of tetracycline, in mouse diet causes a conformational change in
tTA and inhibits its binding to TRE to then stop the expression of
hTDP-43 transgene. By crossing TDP-43 WT mice with mice expressing
tTA under the calcium calmodulin kinase II � promoter (CaMKIIa),
tTA/hTDP-43 bigenic mice can be generated that express the hTDP-43
protein only in the excitatory neurons of the forebrain.

The original homozygous TDP-43 responder on the FVB mouse strain
background were bred with wild-type FVB mice (Charles River Labora-
tories, IMSR Catalog #CRL:207; RRID:IMSR_CRL:207) to maintain the
responder colony and produce hemizygous TDP-43 animals. The ho-
mozygous tTA effector on the 129SVE mouse strain background were
bred with wild-type 129SVE mice (Taconic, IMSR Catalog #TAC:129sve;
RRID:IMSR_TAC:129sve) to maintain the effector colony and produce
hemizygous tTA mice.

Mice hemizygous for TDP-43 allele on FVB background and hemizy-
gous for tTA allele on 129SVE background were then crossbred under
dox treatment to produce monogenic and bigenic offspring of these two
alleles with mix FVB and 129SVE background. Offspring of either sex
from this cross that were used for the study included (1) hemizygous
TDP43; hemizygous tTA (tTA/hTDP-43 bigenic), (2) hemizygous tTA
(tTA single-transgenic), and (3) wild-type (WT-control).

This expression system allowed us to turn the TDP-43 transgene on
and off at varying times to explore the effect of transgene expression at
different ages (Gossen and Bujard, 1992; Cannon et al., 2012). Up until
weaning age, all offspring were kept on dox diet. Then, animals were
raised under 12 different conditions; for each genotype (WT, tTA, or
tTA/hTDP-43), animals were aged either on dox or off dox diet for 8 or
24 weeks postweaning age (Fig. 1A).

After 8 or 24 weeks of transgene expression postweaning age, animals
were deeply anesthetized with 100 mg/kg ketamine/10 mg/kg xylazine in
PBS (0.1 ml/20 g, i.p.). Mice were then perfused transcardially with phos-
phate buffer with a mixture of protease and phosphatase inhibitors. After
perfusion, brains were removed, and one hemisphere was drop-fixed in
4% paraformaldehyde in PBS overnight at 4°C followed by incubation in
20% sucrose in PBS with 0.01% sodium azide at 4°C for at least 12 h.

In addition to the mice on FVB and 129SVE mix background, the
effect of tTA transgene expression was also analyzed on C57BL/6 mouse
background. These mice were acquired from The Jackson Laboratory
(strain 3010, IMSR Catalog #JAX003010; RRID:IMSR_JAX:003010) and
aged to 8 or 24 weeks postweaning.

Figure 2. Similar pattern of hippocampal degeneration is observed in single tTA transgenic and tTA/hTDP-43 bigenic mice. Representative sections cut at 40 �m and stained for NeuN show
significant degeneration of the granular layer of the DG (arrowheads) and the CA fields of the hippocampus (arrows) in tTA single transgenic and bigenic animals (tTA/hTDP-43) off dox at 8 and 24
weeks postweaning age compared with WT mice. Loss of granular cells in DG is evident. Degeneration due to tTA and hTDP-43 expression is ameliorated with the addition of dox to the diet. Scale
bar, 200 �m.
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To confirm animal genotypes, PCR was conducted using amplifica-
tion of tail-clip DNA. Touchdown PCR was performed on a cycling
program where the annealing temperature is gradually reduced. tTA and
hTDP-43 alleles were amplified using PCR.

Mice were maintained in micro-isolator cages in barrier facilities. All an-
imal procedures were conducted in accordance with the National Institutes
of Health Guide for the Care and Use of Laboratory Animals and were ap-
proved by Northwestern University Animal Care and Use Committee.

Figure 3. Quantitative analysis of degeneration in the dentate gyrus. A, Mice expressing only the tTA transgene off dox show significant atrophy in the DG in the mid-hippocampal subregion
(represented in bregma �2.54 mm), which spreads to posterior hippocampus (represented in bregma �3.40 mm) at 8 weeks postweaning age. tTA/hTDP-43 bigenic mice off dox display an
identical pattern of atrophy at 8 weeks to tTA single transgenic off dox mice. At 24 weeks postweaning age, tTA and tTA/hTDP-43 transgenic mice show increased levels of atrophy compared with
WT mice. However, tTA/hTDP-43 bigenic mice show no significant difference compared with tTA transgenic mice. Treatment with dox ameliorated the atrophy in DG in these cohorts of mice.
B, Posterior regions of the DG in bigenic mice off dox show smaller but similar patterns of atrophy compared with the mid-hippocampal region. n � 4 – 8 mice for all genotypes; circles represent
individual data points, horizontal lines represent the mean. *p � 0.027– 0.011, **p � 0.01, ***p � 0.001; one-way ANOVA followed by Bonferroni’s multiple-comparison test post hoc.
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Immunohistochemistry. Frozen coronal whole hemisphere sections of
fixed brains were cut at a thickness of 40 �m in a 1 in 12 series using a
freezing microtome and collected in a 12-well plate containing 0.1 M

phosphate buffer with azide. Series of sections were then stained im-
munohistochemically using the avidin-biotin-peroxidase method,
employing the Vectastain Elite ABC kit (Vectastain Laboratories, Cat-

alog #PK-7100; RRID:AB_2336827). Antibodies to neuronal nuclear
protein (NeuN; 1:2000; Milipore, Catalog #MAB377; RRID:
AB_2298772), glial fibrillary acidic protein (GFAP; 1:1500; Sigma-
Aldrich, Catalog #G9269; RRID:AB_477035), ionized calcium-binding
adapter molecule 1 (Iba1; 1:1500; Abcam, Catalog #ab178846; RRID:
AB_2636859), and cleaved caspase-3 (1:500; Abgent, Catalog #AP3725a;

Figure 4. Degeneration in the CA fields of the hippocampus. A, The mid-hippocampal CA fields (represented in bregma �2.54 mm) exhibit significant atrophy in both tTA single transgenic off
dox and tTA/hTDP-43 bigenic off dox mice at 8 and 24 weeks postweaning age. The atrophy in the CA fields of the hippocampus in bigenic mice appears similar to tTA single transgenic mice.
Treatment with dox in diet eliminates atrophy in the CA fields observed in both tTA single transgenic off dox and tTA/hTDP-43 bigenic off dox mice. B, Atrophy is attenuated in the posterior regions
(represented in bregma �3.40 mm) of the CA fields at both 8 and 24 weeks postweaning age. n � 4 – 8 mice for all genotypes; circles represent individual data points, horizontal lines represent
the mean. *p � 0.049 – 0.019, **p � 0.01, ***p � 0.001; one-way ANOVA followed by Bonferroni’s multiple-comparison test post hoc.
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RRID:AB_10665003) were used. Stained sections were mounted on
charged slides, dehydrated in graded alcohols, cleared in xylene, and
coverslipped using Sub-X mounting medium.

Cortical area measurements. Micrographs of each mounted section
were acquired at 1� magnification and selected for quantitative analysis
based on the presence of anatomical regions of interest. Approximately
four sections from each brain were selected based on coordinates from
bregma (Paxinos and Franklin, 2001), representing the prefrontal cortex
(bregma 2.58 mm), cingulate cortex (bregma 0.86 mm), motor and so-
matosensory cortices (bregma 0.86 mm), insula (bregma 0.86 mm), piri-
form olfactory cortex (bregma 0.86 mm; �2.54 mm), entorhinal cortex
(bregma �2.54 mm; �3.40 mm), DG and CA1–3 fields of the hippocam-
pus (bregma �2.54 mm; �3.40 mm). As a control region, which does
not show degeneration in FTLD, the cerebellum (bregma �6.55 mm)
was also included in this analysis. The boundaries of each cortical region
were determined according to the stereotaxic atlas of Paxinos and Frank-
lin (2001; Fig. 1B). Four to five animals were examined for each age and
genotype. Area measurements of cortical regions were obtained using
ImageJ software to evaluate cortical atrophy. The identities of mouse
genotypes were unknown to the person conducting this analysis. Each
region was quantified twice and the two measures were averaged to en-
sure consistency and accuracy of analysis.

Unbiased stereological quantitation. Unbiased stereological quantita-
tion was conducted to determine the total counts of NeuN-immunoreactive
neurons, quiescent and activated microglia recognized by Iba1, and as-
trocytes expressing GFAP in the dentate gyrus. The granule cell layer of
the dentate gyrus was quantified. For each genotype, five animals were
assessed using the optical fractionator method in the StereoInvestigator
software (MBF Bioscience; RRID:SCR_002526). The observer was blind
to animal number and genotype throughout the quantitation process.
The boundaries of the dentate gyrus was delineated at 4� magnification,
and counting was performed at 60�.

In vivo MRI. All MRI (magnetic resonance imaging) procedures were
performed by Northwestern University’s Center for Advanced Molecular
Imaging. Bigenic mice on or off dox aged for 8 weeks following weaning

and anesthetized in an induction chamber with 3% inhaled isoflurane in
oxygen were transferred to a dedicated animal imaging bed with 1% isoflu-
rane delivered via nosecone. Temperature support was provided via a warm
water-circulating blanket, and respiration was monitored using a pneumatic
pressure sensor pillow placed under the abdomen (SA Instruments).

Mice were imaged on a 9.4T Bruker BioSpec MRI system (Bruker
BioSpin) using a 40 mm quadrature volume coil. Localizer images were
acquired, and then shimming over the brain was performed using a field
map-based algorithm (MAPSHIM). 3D images of the brain were ac-
quired using a respiratory gated 3D gradient echo sequence (FLASH)
with TR/TE/� � 40 ms/10 ms/8°, a 20 � 16.7 � 20 mm 3 field-of-view,
and a matrix size of 166 � 139 � 66 for an isotropic resolution of 120
�m 3. Three repetitions of this sequence were acquired and averaged to
generate adequate signal-to-noise ratio. The nominal scan time was 15
min per repetition, which increased to �25 min after allowing for gating
efficiency.

Manual MRI segmentation of hippocampus and insular cortex. Scans
were opened with the ROI Editor component of the DTI Studio software
suite (Jiang et al., 2006). ROI Editor allows for manual segmentation of
regions-of-interest (ROIs), and calculates the area of the ROIs in indi-
vidual slices from MRI. Additionally, it allows for the visualization of
ROIs overlaid on the scans in axial, sagittal, and coronal planes, so that
contiguity of the scans can be ascertained. The hippocampus and insular
cortex, which showed reductions in area in our histological analysis, in
accordance to a stereotaxic atlas (Paxinos and Franklin, 2001), were an-
alyzed. The hippocampus traversed twenty 0.12-mm-thick coronal
slices, and the insular cortex traversed 27 of these slices. Segmentation
was performed by an investigator who was blind to the dox treatment
status of the experimental animals. For assessment of reliability, segmen-
tation of the insular cortex in four scans was repeated on the day follow-
ing the initial segmentation, and entire hippocampal volumes were
delineated for all 12 scans. Areas of single slices through the midsagittal
plane were used as proxies for total brain volume.

Morris water maze. To test hippocampus-dependent memory, the ref-
erence memory version of the Morris water maze was used (Morris et al.,

Figure 5. The insula displays atrophy exclusively in TDP-43-expressing bigenic mice. Representative sections stained for NeuN demonstrate degeneration in the insula in tTA/hTDP-43 bigenic
mice off dox at 8 or 24 weeks postweaning age. Decrease in neuronal density is clearly visible qualitatively in the insula. Toxicity appears to be hTDP-43-specific because degeneration is rescued in
bigenic mice that remain on dox and no atrophy is seen in tTA single transgenic mice off dox diet. Photomicrographs on the right (scale bar, 200 �m) are from the boxed area on the left (scale bar,
500 �m). *Signify regions of significant neuronal loss.
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1982). Animals were aged 8 or 24 weeks
postweaning on or off dox diet and tested four
times per day over a 6 d period with intertrial
intervals of 1 h (Lindner et al., 1992). For this
test, the first 3 d were used as training days.
Initially, a platform protruded out of the sur-
face of the water. Once the mouse was able to
locate the platform, training continued but the
platform was submerged. The final 3 d were
used as test days. During this time the water in
the maze was opaque and the platform was
submerged. The platform remained in the
same location throughout testing, but the
starting position varied for each trial. Time
spent locating the platform was used as a mea-
sure of reference memory. In each testing trial,
the maximum swim time allowed was 120 s.

Statistical analyses. Numbers of animals per
group are indicated in figure legends. Graph-
Pad Prism (RRID:SCR_002798) was used for
most statistical analysis except for MRI imag-
ing volume results, for which the SPSS software
was used (IBM; RRID:SCR_002865). The sta-
tistical significance between means of experi-
mental and control groups was determined
using the two-tailed Student’s t test. For com-
parisons involving more than two groups,
one-way or two-way ANOVA were used as ap-
propriate, followed by Bonferroni’s multiple-
comparison post hoc tests. Data are presented
as measures for each animal and group means,
and p � 0.05 was considered significant. Ste-
reological data were similarly analyzed using
one-way ANOVA followed by Bonferroni’s
multiple-comparison post hoc tests.

Results
We report on a biallelic mouse model that
uses tTA to drive the expression of human
TDP-43 allele. This model system results
in overexpression of hTDP-43 and forma-
tion of round intracytoplasmic inclusions
(Cannon et al., 2012). However, the effect
of tTA expression in this mouse model
had not been investigated. We obtained
brains from monogenic and bigenic off-
spring of these two alleles to determine
independent toxicity due to expression of
tTA and hTDP-43 (Fig. 1A). Animals were
aged to 8 and 24 weeks postweaning while
remaining on or off dox diet. We investi-
gated atrophy as an indicator of neurode-
generation in the hippocampus, cortical
limbic areas, and several neocortical re-
gions in these animals (Fig. 1B).

Neurodegeneration due to tTA
tTA toxicity in hippocampal subregions
In accordance with past studies (Han et
al., 2012), hippocampal degeneration was
observed in single tTA transgenic and
tTA/hTDP-43 bigenic mice. A tTA-de-
pendent toxicity emerged where tTA ex-
pression led to degeneration of the
hippocampus, in particular thinning of
the molecular layer of the DG and the py-

Figure 6. hTDP-43 overexpression causes degeneration in the insula and piriform cortex. A, Atrophy is observed in the insula of bigenic
mice (tTA/hTDP-43) off dox overexpressing hTDP-43 at 8 or 24 weeks postweaning age. Note that the insula does not show signs of atrophy
due to tTA expression alone. B, Bigenic mice off dox display significant atrophy in the anterior portion of the piriform cortex (represented in
bregma 0.86 mm) at 8 or 24 weeks postweaning age with no tTA-dependent toxicity in this cortical region. C, Posterior area of the piriform
cortex (represented in bregma �2.54 mm) in bigenic mice also shows significant atrophy at 8 or 24 weeks postweaning age. tTA expres-
sion alone causes no significant atrophy. n�4 – 8 mice for all genotypes; circles represent individual data points, horizontal lines represent
the mean. *p�0.034 – 0.011, **p � 0.01, ***p � 0.001; one-way ANOVA followed by Bonferroni’s multiple-comparison test post hoc.
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ramidal cell layer of the CA fields. Inter-
estingly, the degeneration was rescuable
with dox in the mouse diet (Fig. 2). Using
NeuN-stained coronal sections, we ana-
lyzed the area of the DG in sections at the
mid-hippocampal formation harvested at
8 and 24 weeks postweaning age. We
quantified the area of the DG in bigenic,
tTA single transgenic and WT mice on or
off dox diet (Fig. 3). The area of the DG in
tTA mice off dox was 44% smaller than
in age-matched WT mice at 8 weeks
postweaning age (p � 0.001). Further-
more, tTA-expressing mice demonstrated
a 30% reduction in area of the DG com-
pared with tTA mice that received dox
throughout the experiment at 8 weeks
postweaning age (p � 0.027). Degenera-
tion of DG associated with tTA toxicity
was more concentrated in the mid-
hippocampal region and, to a lesser ex-
tent, in the posterior region of the DG in
tTA mice off dox compared with age-
matched WT mice at 8 weeks postweaning
age (p � 0.05). Similar patterns of atro-
phy were obtained at 24 weeks postwean-
ing age in the mid-hippocampal (p �
0.001) and posterior hippocampus (p �
0.05). However greater levels of atrophy
were observed at later ages.

We also found significant degenera-
tion in CA1–3 of the hippocampus in tTA
single transgenic mice (Fig. 4). Similar to
the DG, toxicity in the CA fields was con-
centrated in the mid-hippocampal region
and was present at 8 (p � 0.05) and 24
weeks (p � 0.05) postweaning age com-
pared with WT control mice on or off dox
diet. No toxicity was observed in the CA
fields in tTA-expressing mice off dox
when a more posterior region of the hip-
pocampus was examined (p � 0.05).

tTA toxicity in other limbic structures
Given the toxicity due to expression of
tTA in the hippocampus, a core limbic
structure, we also examined potential tox-
icity of tTA in other limbic cortical areas
(Fig. 5). The insula (p � 0.05), entorhinal
cortex (p � 0.05), cingulate cortex (p �
0.05), and piriform olfactory cortex (p �
0.05) were examined at 8 and 24 weeks
postweaning age in animals on or off dox
diet (Fig. 6). No atrophy was observed in
any of these cortical areas in tTA single
transgenic mice compared with wild-type
control mice. (Fig. 7).

tTA toxicity in neocortical regions
Next we examined potential degeneration
due to tTA in neocortical regions. The
dorsolateral prefrontal cortex, motor cor-
tex and somatosensory cortex were exam-
ined in mice at 8 or 24 weeks postweaning

Figure 7. hTDP-43 overexpression leads to degeneration in the posterior entorhinal cortex but not the cingulate cortex. A, Area
measurement analysis of the anterior region of the entorhinal cortex (represented in bregma �2.54 mm) shows no atrophy due
to hTDP-43 or tTA overexpression at either 8 or 24 weeks postweaning age. B, The posterior region of the entorhinal cortex
(represented in bregma �3.40 mm) displays significant cortical atrophy due to hTDP-43 but not tTA overexpression in 24 weeks
postweaning age bigenic mice. C, The cingulate cortex (represented in bregma 0.86 mm) is unaffected by hTDP-43 or tTA overex-
pression at both 8 and 24 weeks postweaning ages. n � 4 – 8 mice for all genotypes; circles represent individual data points,
horizontal lines represent the mean; **p � 0.01, ***p � 0.001, one-way ANOVA followed by Bonferroni’s multiple-comparison
test post.
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age on or off dox (Fig. 8). No significant atrophy was observed in
tTA single transgenic mice compared with wild-type animals
(Fig. 9; p � 0.05 for all comparisons).

Degeneration due to hTDP-43
Next, we explored the possibility that tTA-dependent toxicity in
our mice is selective to the hippocampus, whereas hTDP-43-
dependent toxicity is selective to cortical regions (Cannon et al.,
2012). We predicted this outcome based on the fact that atrophy
of the hippocampus is not a characteristic feature of FTLD (Jo-
sephs, 2008). Hippocampal neuronal damage is usually linked to
episodic memory deficits that are seen in Alzheimer’s disease.
FTLD commonly causes apathy, loss of emotional control, and
language dysfunction, which are attributable to degeneration of
frontal and temporal cortices, including limbic structures other
than the hippocampus (Brettschneider et al., 2014).

Degeneration in hippocampal subregions of bigenic mice
tTA/hTDP-43 bigenic mice off dox displayed significant degen-
eration in the DG compared with WT mice as well as tTA-
expressing mice on dox diet. (Fig. 3). There appeared to be
specific loss of granule cells within the granular layer of the DG at
both 8 and 24 weeks postweaning age (Fig. 2). Atrophy observed
at 8 weeks continued at 24 weeks postweaning age with significant
reduction of 55% in the area of DG in bigenic mice off dox com-
pared with age-matched WT mice (8 weeks: p � 0.001, F(5,36) �
11.41; 24 weeks: p � 0.001, F(5,30) � 19.05). The DG degeneration
affected more of the mid-region (bregma �2.54 mm) than pos-
terior region (bregma �3.40 mm) of the hippocampus (Fig. 3).
Interestingly, there was small but significant atrophy in DG of
posterior hippocampal regions in bigenic animals off dox at 24
weeks postweaning age compared with WT animals, indicating
that TDP-43 expression may result in additional toxic effects in

this region (p � 0.022, F(5,27) � 48.13; Fig. 3). Furthermore, the
examination of the CA fields revealed results comparable to those
obtained for DG. Both bigenic and tTA mice off dox showed a
statistically significant loss of CA1–3 area compared with WT
mice at 8 and 24 weeks of expression (8 weeks: p � 0.001, F(5,31) �
10.61; 24 weeks: p � 0.01, F(5,31) � 28.94; Fig. 4). Overall, atrophy
seen in the hippocampus in bigenic and tTA single transgenic
mice was rescuable when animals were fed dox diet (Figs. 3, 4).

Degeneration in other limbic regions of bigenic mice
A common clinical feature of FTD is dysregulation of emotional
behavior (Balconi et al., 2015). Because the limbic system is
chiefly involved in emotional control and regulation, we also
examined several limbic structures in tTA/hTDP-43 bigenic ani-
mals and tTA single transgenic mice.

Examination of insular cortex revealed significant degenera-
tion in bigenic mice off dox at 8 and 24 weeks postweaning age
compared with animals from the rest of the cohort (Fig. 6). This
degeneration was statistically significant compared with tTA
mice at 8 weeks as well as tTA and WT mice after 24 weeks
postweaning ages (tTA mice at 8 after 8 weeks: p � 0.0181, F(5,38) �
4.86; tTA mice after 24 weeks: p � 0.0114, F(5,30) � 7.75; WT mice
after 24 weeks: p � 0.0284, F(5,30) � 7.75). We also examined the
anterior and posterior regions of the piriform olfactory cortex in
bigenic animals at 8 and 24 weeks postweaning ages (8 weeks: p �
0.0247, F(5,33) � 5.915; 24 weeks: p � 0.01, F(5,28) � 6.029). Sim-
ilar to the insula, we observed significant atrophy in both regions
of piriform cortex in bigenic mice off dox compared with the
group of animals from different conditions (Fig. 6). Interestingly,
the more posterior regions of the piriform cortex showed more sig-
nificant atrophy at 8 and 24 weeks unlike the pattern of atrophy in
the hippocampus (8 weeks: p � 0.001, F(5,31) � 30.38; 24 weeks: p �
0.001, F(5,22) � 25.6).

Figure 8. Degeneration of the dorsolateral prefrontal cortex in bigenic mice. Representative sections stained for NeuN in bigenic animals (tTA/hTDP-43) off dox demonstrate significant atrophy
of the dorsolateral prefrontal cortex. Atrophy is apparent at 8 weeks postweaning age, and worsens at 24 weeks. No atrophy is apparent in the tTA single transgenic mice, or control bigenic mice,
that remain on doxycycline diet. Magnified photomicrographs on the right (scale bar, 200 �m) are from the region represented in inset of photomicrograph on the left (scale bar, 500 �m). Asterisk
(*) represents region of visible neuronal loss.
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Analysis of the entorhinal cortex re-
vealed significant degeneration due to
hTDP-43 overexpression in posterior but
not anterior aspects of this region. The
loss of area appeared to be only a feature
of 24 weeks postweaning age bigenic mice
(p � 0.001, F(2,25)� 13.72). After 8 weeks
of expression, neither anterior nor poste-
rior regions of the entorhinal cortex re-
vealed significant atrophy (anterior: p �
0.05, F(5,35) � 0.6461; posterior: p � 0.05,
F(5,31) � 2.023). Finally, the cingulate cor-
tex showed no significant degeneration at
8 or 24 weeks postweaning age in bigenic
mice compared with the other groups of
animals (8 weeks: p � 0.05, F(5,38) �
0.2706; 24 weeks: p � 0.05, F(5,30) �
0.9751; Fig. 7).

Degeneration due to hTDP-43 in
neocortical regions
In FTLD, the prefrontal cortex displays
significant atrophy. Accordingly, we ex-
amined the dorsolateral prefrontal cortex
in bigenic mice off dox. Bigenic animals
displayed significant atrophy in this re-
gion compared with WT or tTA mice off
dox, and bigenic mice on dox after 8
weeks of transgene expression (p � 0.01,
F(5,29) � 4.631; Fig. 9). At 24 weeks
postweaning age, bigenic mice showed
only a nonsignificant trend toward atro-
phy in this region compared with the
other groups (p � 0.05, F(5,24) � 2.24).

Two final cortical areas examined in
bigenic mice were the somatosensory and
motor cortices (Fig. 9). The somatosen-
sory cortex displayed significant atrophy
in bigenic mice off dox after 8 weeks of
TDP-43 overexpression compared with
tTA off dox (p � 0.001, F(5,39) � 12.21).
However, this difference was no longer
present in mice at 24 weeks postweaning
age (p � 0.05, F(6,32) � 1.217). The motor
cortex showed no significant atrophy in
any of the groups of animals at 8 or 24
weeks of expression (8 weeks: p � 0.05,
F(5,39) � 1.449; 24 weeks: p � 0.05, F(5,31) �
2.851).

To examine the specificity of the results
obtained in cortical regions, the cerebellum,
an area not affected in FTLD was also exam-
ined. The area of the cerebellum displayed
no significant differences among the three
groups of animals at 8 or 24 weeks

Figure 9. Bigenic mice display degeneration in the dorsolateral prefrontal cortex and somatosensory cortex but not in the
motor cortex. A, Bigenic mice (tTA/hTDP-43) off dox display significant atrophy at 8 weeks of hTDP-43 transgene expression in the
dorsolateral prefrontal cortex. Area measurement shows that atrophy is due to hTDP-43 expression as no atrophy is seen in control
bigenic mice that remain on dox diet or the tTA single transgenic mice. By 24 weeks postweaning age, hTDP-43 toxicity in the
dorsolateral prefrontal cortex attenuates and is no longer significantly different from the rest of the cohort of mice. B, The
somatosensory cortex shows a similar pattern of atrophy to dorsolateral prefrontal cortex. hTDP-43 toxicity is present at 8 weeks
postweaning age, but is no longer detectable in 24 weeks postweaning age bigenic mice. Additionally, in contrast to other regions,
the bigenic mice at 8 weeks do not show recovery in somatosensory cortex by remaining on the dox diet. C, The motor cortex shows

4

no degeneration due to hTDP-43 or tTA at 8 or 24 weeks
postweaning age. n � 4 – 8 mice for all genotypes; circles
represent individual data points, horizontal lines represent the
mean; **p � 0.01, ***p � 0.001, one-way ANOVA followed
by Bonferroni’s multiple-comparison test post hoc.
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Figure 10. tTA expression causes inflammatory responses in the hippocampus. A, Immunostaining using antibodies specific to GFAP, a marker of astrocytes, and Iba1, a marker of microglia, on
coronal brain sections (40 �m) of 24 weeks postweaning age mice show increased positivity when tTA is expressed in bigenic (tTA/hTDP-43) mice off dox and tTA single transgenic mice off dox. The
molecular layer of the dentate gyrus where granule cells reside displays significant accumulation of hypertrophied microglia and astrocytes. WT control mice show minimal immunoreactivity to GFAP
and Iba1. Scale bar, 30 �m. Insets, The boxed area on the left. Scale bar, 20 �m. B, C, Unbiased stereological quantitation determined the density of microglia and astrocytes in the granular layer
of the dentate gyrus. B, Quantitative analyses show a significant increase of GFAP-positive astrocytes in the tTA single transgenic and bigenic compared with WT mice. However, there is no significant
difference observed between the bigenic and tTA single transgenic mice. C, Analysis of Iba1 reactive microglia shows a significant increase in the bigenic and tTA(Figure legend continues.)

Kukreja, Shahidehpour et al. • Tetracycline Transactivator Toxicity in TDP Mice J. Neurosci., July 4, 2018 • 38(27):6045– 6062 • 6055



postweaning age on dox or off dox (p � 0.05 F(5,24)� 0.2255; data
not shown).

Inflammation, apoptosis, and loss of neurons
To further characterize the basis of cortical atrophy, we examined
neuroinflammation in bigenics and tTA single transgenic mice.
Microglia and astrocytes, which are known key regulators of neu-
roinflammation, adopt an activated state in response to stress or
injury. Microglia become primed and hypertrophied by inflam-
mation (Perry and Holmes, 2014), which can be detected by Iba1
immunopositivity. Astrocytes respond to insults through a process
referred to as reactive astrogliosis that can be detected by GFAP
immunopositivity (Colombo and Farina, 2016). We focused more
specifically on the DG of the hippocampus where atrophy was pro-
nounced in our animal model. After immunostaining for Iba1 and
GFAP greater densities of hypertrophied microglia and astrocytes
were present in the DG of tTA and bigenic mice compared with WT
mice at 24 weeks postweaning age (Fig. 10).

We also immunostained coronal brain sections with the
cleaved caspase-3 neoepitope antibody to study caspase-3 activa-
tion, a crucial event in apoptotic cell death, that is a feature of
many chronic neurodegenerative diseases (D’amelio et al., 2012).
We observed cleaved caspase-3-positive puncta in the closely
packed granule cell layer of the DG in both bigenic and tTA single
transgenic mice at 24 weeks postweaning age. Interestingly,
cleaved caspase-3-positive puncta were also found in cortical re-

gions, e.g., motor cortex, somatosensory cortex, insular and piri-
form cortex, but only in bigenic and not in tTA single transgenic
mice and WT controls (Fig. 11).

Next, using stereological counting methods, we quantified gran-
ule cells of the DG, the region of the hippocampus that displayed
significant atrophy in tTA single transgenic and bigenic mice. At 24
weeks postweaning age, using NeuN-immunostained sections, both
bigenic and tTA-expressing mice off dox showed significant loss of
granule cells compared with WT mice off dox (p � 0.01, F(2,12) �
8.081). However, there was no significant difference in the neuron
counts between the bigenic and tTA single transgenic mice (p �
0.05; Fig. 12). Stereological quantitation of astrocytes revealed similar
results. After 24 weeks of expression, the bigenic and tTA single trans-
genic mice showed significant increase in astrocytes in the dentate gyrus
comparedwiththeWTmice(p�0.001,F(2,12)�18.93). However, the
bigenic mice displayed no significant difference in the number of
astrocytes compared with the tTA single transgenic mice (p � 0.05;
Fig. 10B). The number of microglia in the dentate gyrus was signif-
icantly higher in the bigenic and tTA single transgenic mice com-
pared with the WT mice (p � 0.001, F(2,12) � 26.87). Moreover, the
bigenic mice in particular demonstrated a significant increase in the
number of microglia compared to the tTA single transgenic mice
(Fig. 10C).

tTA induced atrophy in the hippocampus is rescuable in
C57BL/6 mouse background
Previous reports have shown that the tTA transgene effect on
hippocampal degeneration can be rescued on C57BL/6 back-
ground mice (Han et al., 2012). Therefore, we repeated a similar
study to examine atrophy in the hippocampus of WT and tTA
single transgenic mice on C57BL/6 background (Fig. 13). These
mice expressing tTA were obtained from The Jackson Laboratory
on an already established B6 background. We then aged them out

4

(Figure legend continued.) single transgenic mice compared with WT mice. In addition, a
significant increase of microglia is observed in the bigenic mice compared with the tTA single
transgenic mice. n � 4 – 8 animals per genotype; circles represent individual data points,
horizontal lines represent the mean. *p � 0.019 – 0.011, **p � 0.01, ***p � 0.001; one-way
ANOVA test followed by Bonferroni’s multiple-comparison test post hoc.

Figure 11. tTA expression causes apoptosis, evident by increased cleaved caspase-3, in the hippocampus, while TDP-43 expression in bigenic mice causes apoptosis beyond hippocampus in
various cortical regions. Immunostaining using cleaved caspase-3 neoepitope antibody on coronal brain sections of 24 weeks postweaning age mice demonstrate cleaved caspase-3-positive puncta
in the DG and cortical neurons of motor cortex, somatosensory cortex, insula and piriform of bigenic (tTA/hTDP-43) animals off dox (black arrows). Scale bar, 50 �m. Immunoreactivity for cleaved
caspase-3 in tTA single transgenic mice off dox is limited to the dentate gyrus. No immunoreactivity for cleaved caspase-3 is observed in wild-type mice.
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to 8 or 24 weeks postweaning. At 8 weeks postweaning age, DG in
tTA/C57BL/6 (tTA/B6)-expressing mice showed no significant
atrophy compared with age-matched WT mice. A similar result
was obtained in mice 24 weeks postweaning age (Fig. 13). Fur-
thermore, tTA/ B6 mice off dox showed no decrease in DG area
compared with age-matched tTA single transgenic mice on dox
(tTA/B6, 0.112 mm 2; tTA mice on dox, 0.109 mm 2).

We also examined the CA fields in tTA/B6 mice off dox and
age-matched WT/B6 mice off dox. The CA fields of tTA/B6 mice
showed no significant atrophy at 8 or 24 weeks postweaning age
compared with age-matched WT mice off dox (Fig. 13).

Volumetric MRI measurements in bigenic mice corroborate
histological patterns of atrophy
Our histological findings were corroborated by in vivo quan-
titative MRI measures of the hippocampus (Fig. 14A) and the
insula (Fig. 14B). Bigenic mice off dox showed significantly
reduced volume of the hippocampus compared with bigenic
mice on dox (mice on dox: 18.0 � 0.2 mm 3, mice off dox:
17.3 � 0.3 mm 3; two-way ANOVA; F(1,12) � 21.389, p �
0.043; Fig. 14C). Furthermore, bigenic mice off dox also
showed significant atrophy of the insular cortex compared
with bigenic mice on dox diet (mice on dox: 5.54 � 0.11 mm 3,

Figure 12. Atrophy in the DG is associated with neuronal loss. Unbiased stereological quantitation was used to determine total count of NeuN-immunoreactive neurons within the granular layer
of the DG. Total count of NeuN-positive neurons displayed a significant decrease in 24 week postweaning age bigenic (tTA/TDP-43) off dox mice and the single tTA transgenic off dox mice relative to the
WT control mice. The total count of NeuN-positive neurons between bigenic (tTA/TDP-43) off dox mice and the single tTA transgenic off dox mice was not significant (per genotype, n � 4 – 8). **p � .01.
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mice off dox: 4.82 � 0.08 mm 3; two-way ANOVA; F(1,12) �
5.548, p � 0.001; Fig. 14D)

No significant changes in spatial memory due to tTA toxicity
Reference memory is associated with hippocampal function that can
be tested using the Morris water maze (Lindner et al., 1992). Given

that we observed significant neurodegeneration of the hippocampus
in our bigenic animals due to tTA, we investigated whether this atro-
phy translated to memory impairment. Bigenic mice of 8 and 24 weeks
postweaning age were tested over a 6 d period. There was no statistically
significant difference in the interval to reach the platform on test days
betweenmiceonandoffdoxat8or24weekspostweaningage(Fig.15).

Figure 13. Mice on C57BL/6 background strain are rescued from tTA toxicity. Top, Single tTA transgenic mice that normally exhibit toxicity in the hippocampus on 129/SVE and FVB mix
background (Figs. 3, 4) show no toxicity on C57BL/6 background strain expressing the tTA transgene (tTA/B6) off-doxycycline diet. Quantitative analysis shows that the mid-hippocampal DG
(middle) and CA fields (bottom; represented in bregma �2.54 mm) are spared from atrophy in both 8 and 24 weeks postweaning age groups akin to phenotype in WT C57BL/6 mice (n � 2 animals
per genotype; circles represent individual data points; horizontal lines represent the mean).
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Discussion
Tet-off expression systems are widely used to generate transgenic
mice, which can conditionally express a gene of interest under the
control of dox in their diet. In our mouse model, the expression
system uses the tTA protein that drives overexpression of TDP-
43. Similar to previous findings, tTA caused phenotypes indepen-
dent of those attributed to the transgene overexpression. We
suspect that other mouse models that have also made use of the
tet-off system potentially could have similar toxicity from the tTA
expression (Yamasaki et al., 2007; Muyllaert et al., 2008; Schlat-
terer et al., 2011; Perez et al., 2013).

Expression of tTA can cause strain-dependent neuronal loss
in the dentate granule cell layer of the hippocampus (Han et al.,
2012). Our bigenic mice overexpressing TDP-43 using tTA as the
driver exhibited similar patterns of toxicity in the hippocampus.
We broadened our analysis to other subregions of the hippocam-
pus (CA1–3). Hippocampal atrophy was detected at both 8 and
24 weeks postweaning age in the DG and CA fields. Atrophy was
most severe in the mid-hippocampal region. This degeneration
could be explained solely by expression of the tTA transgene, as
single tTA transgenic mice showed almost the same pattern of
atrophy. This suggests that toxicity in the hippocampus is rela-
tively specific to overexpression of tTA, when the tetracycline
response element is allowed to bind to tTA (off dox diet).

The neuronal loss in the DG was more conspicuous than de-
generation in the CA fields. Hippocampal degeneration in the
animals expressing tTA was apparent after 8 weeks postweaning
age, and persisted at 24 weeks postweaning age. Previous studies

corroborate our findings that tTA expression in transgenic mice
is associated with small dentate gyri (Han et al., 2012; Liu et al.,
2015). Genetic background was a major influence on degenera-
tion induced by tTA. Our bigenic animals are a crossbreed of
129/SVE and FVB mouse strains, each of which has been shown
to be susceptible to tTA-induced thinning of the dentate granule
cell layer. Multiple mechanisms of strain-dependent toxicity
could be at play that either change the level of tTA protein and/or
the binding of tTA to its target DNA sites to confer susceptibility
to or protection against tTA toxicity (Robertson et al., 2002). As
previously reported, we found that dox treatment prevents neu-
ronal loss in both the tTA single transgenic and bigenic animals,
raising the possibility that dox provided in the animals’ diet
changes the conformation of the tTA protein, rendering it inca-
pable of binding to TRE sequences leading to arrest of the degen-
erative phenotype. Han et al. (2012) were the first to show that
backcrossing of CaMKIIa-tTA mice with the C57BL/6 (B6)
mouse line results in protection against tTA-induced hippocam-
pal degeneration. Using tTA single transgenic mice on B6 back-
ground, we examined the DG and CA fields compared with
age-matched WT B6 mice. We found no significant toxicity of
tTA in the hippocampus of tTA/ B6 mice at 8 or 24 weeks
postweaning age compared with WT mice. Han et al. (2012)
investigated potential protective mechanisms against tTA toxic-
ity in B6 mice. They found that B6 mice carry a recessive allele,
which acts as a protector against tTA-mediated physiological in-
sults. Specifically, they identified a 12 Mbp region on chromo-

Figure 14. Quantitative MRI corroborates atrophy due to tTA transgene and TDP-43 overexpression. In vivo MR images of the (A) hippocampus and (B) insular cortex outlined in bigenic mice
(tTA/hTDP-43) after 8 weeks of transgene expression. C, Bigenic mice off dox show significant atrophy of the hippocampus compared with age-matched bigenic mice on dox. D, Bigenic mice off dox
also show significant atrophy in the insula compared with bigenic mice on dox. n � 5–7 per genotype. Circles represent individual data points, horizontal lines represent the mean. *p � 0.043,
**p � 0.001.
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some 14, which was associated with dentate preservation in
homozygous animals. This region of chromosome 14 is known to
contain the clusterin gene (ApolipoproteinJ; Harold et al., 2009;
Han et al., 2012). Studies investigating clusterin levels in another
tTA-expressing mouse model report a 2.1-fold increase com-
pared with WT mice (McCloskey et al., 2005). This finding
suggests that tTA may interact with clusterin to produce hip-
pocampal toxicity in transgenic mice.

In the original characterization of the tTA/hTDP-43 bigenic
mice, Cannon et al. (2012) noted neurodegeneration in the DG.
We conducted a more thorough examination of subregions of the
hippocampus, and other cortical regions, which included the in-
sula, piriform olfactory cortex, entorhinal cortex, cingulate cor-
tex, prefrontal cortex, somatosensory cortex, and motor cortex.
The degeneration in the hippocampus extended beyond the DG
and into the CA fields primarily due to tTA expression. On the
other hand, we detected significant atrophy in response to

TDP-43 overexpression in the insula, piriform cortex, entorhinal
cortex, somatosensory cortex, and dorsolateral prefrontal cortex
at 8 and/or 24 weeks postweaning age. But, there was no tTA-
specific toxicity in these other cortical areas. The cingulate and
motor cortices were spared from TDP-43-specific toxicity. In
some cortical regions such as the dorsolateral prefrontal cortex,
we observed more significant atrophy at 8 weeks postweaning age
compared with 24 weeks. Although the mechanism for this age-
related recovery is currently unknown, one possible explanation
may be that after the initial insult, there is neuronal atrophy
(reduction in size), giving rise to overall cortical atrophy. If dam-
age is not severe, neurons may be able to recover. However, if
there is severe damage, the result is cell death as seen in the DG.

These observations suggest that tTA-induced toxicity is re-
stricted to the hippocampus, and that neurodegeneration specif-
ically due to hTDP-43 overexpression is selectively present in
a number of limbic and neocortical regions. Thus, our tTA/

Figure 15. Hippocampal degeneration induced by tTA expression does not lead to loss of spatial memory. The Morris water maze was used to examine the effects of tTA-induced hippocampal
degeneration on hippocampally-dependent spatial memory. Latency to reach platform does not vary significantly in bigenic mice off dox compared with bigenic mice on dox (controls) either at 8
(A) or 24 (B) weeks postweaning age (n � 16 –21, p � 0.05).
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hTDP-43 bigenic mice represent a good model for investigation
of the effects of hTDP-43 overexpression in non-hippocampal
cortical regions. In addition, our hTDP-43 mouse model is
unique among mouse models of FTLD disease where the expres-
sion and pathology of TDP-43 is targeted exclusively to the fore-
brain. In our animal model, regions such as the cerebellum and
spinal cord (data not shown) were spared from TDP-43 pathol-
ogy and associated atrophy.

Cortical atrophy in our animal model was accompanied by
significant activation of microglia and astrocytes, consistent with
neuronal damage. Atrophy appeared to be due to apoptotic cell
death as evidenced by activation of caspase 3 and significant loss
of NeuN-immunoreactive neurons.

There are other animal models of TDP-43 overexpression, but
they recapitulate the TDP-43 pathology that underlies ALS/FTLD
in which aggregates of TDP-43 accumulate in the spinal cord and
motor neurons degenerate (Wegorzewska et al., 2009; Stallings et
al., 2010; Igaz et al., 2011; Swarup et al., 2011; Esmaeili et al., 2013;
Mitchell et al., 2015).

Future studies will be necessary to examine the hTDP-43 over-
expressing mice in an environment independent of the toxicity
from tTA, the driver of the transgene. In particular, these mice
could be backcrossed to the B6 mouse background that has been
shown to reduce or prevent tTA toxicity (Han et al., 2012).

Structural MRI is used extensively in clinical settings to detect
patterns of atrophy characteristic of different neurodegenerative
disorders (Frisoni et al., 2010; McEvoy and Brewer, 2010). To
determine whether the atrophy we detected postmortem is also
detectable in vivo, we subjected bigenic animals at 8 weeks
postweaning age on or off dox to structural MRI analysis. The
hippocampus, which displayed significant atrophy in both tTA
single transgenic and bigenic animals in our histological studies,
and the insula, which displayed significant atrophy only in big-
enic mice, were analyzed. In both structures, we detected signif-
icant loss of volume in bigenic mice off dox compared with
bigenic mice on dox, corroborating our histological findings, and
indicating that structural MRI can be successfully used in trans-
genic mice for detection of atrophy patterns. However, study of
such atrophy in bigenic animals will require further investigation
to determine the atrophy due to expression of each transgene.

Behavioral testing conducted on bigenic mice revealed rela-
tively intact reference memory despite significant atrophy of the
hippocampus. This surprising finding suggests that the hip-
pocampus can withstand relatively significant neurodegenera-
tion without detectable functional deficits. The threshold beyond
which such degeneration translates into behavioral deficits is at
present unknown. It is also possible that damage to structures
with significant connections to the hippocampus is necessary to
cause memory deficits. Our findings have important implications
for neurodegenerative disorders, such as Alzheimer’s disease, in
which loss of memory is a significant clinical feature.

In summary, the results of the present study provide a note of
caution when using the tet-off system to generate transgenic an-
imals because of the specific hippocampal toxicity due to tTA
expression. However, in our bigenic animals, most cortical areas
displayed atrophy that was not present in tTA single transgenic
animals, indicating presence of atrophy uniquely due to TDP-43
overexpression. Significantly, some of the areas that displayed
significant TDP-43-dependent degeneration, such as the dorso-
lateral prefrontal cortex, also display significant atrophy in FTLD
with TDP-43 pathology. Thus, our bigenic animals appear to be
appropriate for investigation of the role of TDP-43 pathology in
non-hippocampal cortical areas.
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