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Abstract  38 

Frontotemporal lobar degeneration (FTLD) is among the most prevalent dementias of early-39 

onset. Pathologically, FTLD presents with tauopathy or TAR DNA-binding protein 43 (TDP-43) 40 

proteinopathy. A biallelic mouse model of FTLD was produced on a mix FVB/129SVE 41 

background overexpressing wild-type human TDP-43 (hTDP-43) employing tetracycline 42 

transactivator (tTA), a system widely used in mouse models of neurological disorders. tTA 43 

activates hTDP-43 which is placed downstream of the tetracycline response element (TRE). The 44 

original study on this transgenic mouse found hippocampal degeneration following hTDP-43 45 

expression, but did not account for independent effects of tTA protein. Here, we initially 46 

analyzed the neurotoxic effects of tTA in post-weaning age mice of either sex using 47 

immunostaining and area measurements of select brain regions. We observed tTA-dependent 48 

toxicity selectively in the hippocampus affecting the dentate gyrus significantly more than CA 49 

fields, whereas hTDP-43-dependent toxicity in bigenic mice occurred in most other cortical 50 

regions. Atrophy was associated with inflammation, activation of caspase-3 and loss of neurons. 51 

The atrophy associated with tTA expression was rescuable by tetracycline analog, doxycycline in 52 

the diet. MRI studies corroborated the patterns of atrophy. tTA-induced degeneration was strain-53 

dependent and was rescued by moving the transgene onto a congenic C57BL/6 background. 54 

Despite significant hippocampal atrophy, behavioral tests in bigenic mice revealed no 55 

hippocampally mediated memory impairment. Significant atrophy in most cortical areas due 56 

solely to TDP-43 expression indicates that this mouse model remains useful for providing critical 57 

insight into co-occurrence of TDP-43 pathology, neurodegeneration and behavioral deficits in 58 

FTLD. 59 

 60 
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 61 

Significance 62 

The tTA expression system has been widely used in mice to model neurological disorders. The 63 

technique allows investigators to reversibly turn on or off disease causing genes. Here, we report 64 

on a mouse model that overexpresses human TDP-43 using tTA and attempt to recapitulate 65 

features of TDP-43 pathology present in human FTLD. The tTA expression system is 66 

problematic, resulting in dramatic degeneration of the hippocampus. Thus, our study adds a note 67 

of caution for the use of the tTA system.  However, since FTLD is primarily characterized by 68 

cortical degeneration and our mouse model shows significant atrophy in most cortical areas due 69 

to human TDP-43 overexpression, our animal model remains useful for providing critical insight 70 

on this human disease. 71 

  72 
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Introduction 73 

Dementias caused by Frontotemporal Lobar Degeneration (FTLD) constitute the third most 74 

prevalent dementia, after those caused by Alzheimer’s disease and Lewy bodies, and are among 75 

the most prevalent dementias of early-onset (Cairns et al., 2007). The majority of cases are 76 

characterized by behavioral and emotional disturbances, primarily disinhibition and/or apathy. 77 

This phenotype is known as the behavioral variant frontotemporal dementia (bvFTD) (Piguet et 78 

al., 2011). Anatomically, the brains of bvFTD patients present with atrophy in the prefrontal 79 

cortex and the anterior temporal lobes (Cairns et al., 2007). 80 

 81 

In the majority of bvFTD patients, abnormal precipitates of phosphorylated and mislocalized 82 

TAR DNA-binding protein 43 (TDP-43) deposit in the brain in the form of inclusions, 83 

designated FTLD-TDP (Cairns et al., 2007; Kwong et al., 2007). The mislocalization of TDP-43 84 

from the nucleus to the cytoplasm is an important step in TDP-43 aggregation and potential 85 

toxicity (Barmada et al., 2010).  86 

 87 

TDP-43 is a 414-amino acid protein with two RNA recognition motifs, which displays a strictly 88 

nuclear localization in normal brains (Chen-Plotkin et al., 2010; Lee et al., 2012), where it bindsa 89 

large number of RNA species (>6,000) and thereby controls RNA transcription, splicing and 90 

transport, and levels of microRNAs (Narayanan et al., 2012; Tollervey et al., 2011; Buratti et al., 91 

2010). Several mouse models have shown that overexpression of wild-type or mutant human 92 

TDP-43 gene results in the formation of inclusions and neuronal loss, indicating that TDP-43 93 

pathology contributes to FTLD (Xu et al., 2010; Canon et al., 2012; D’alton et al., 2014). 94 

 95 



6 
 

 6 

Here we report on a mouse model of FTLD that overexpresses the wild type human TDP-43 96 

(hTDP-43) gene using the tetracycline transactivator (tTA), a system widely used to model 97 

neurological disorders. Transgenic expression of tTA was used to activate the wild-type human 98 

TDP-43 gene, which was placed downstream of the tetracycline response element (TRE). 99 

Exposure to doxycycline (dox), a more stable analog of tetracycline, causes a conformational 100 

change in tTA that inhibits binding to TRE and stops the expression of the TRE-controlled 101 

transgene. This allowed us to control when hTDP-43 expression is turned on. A conditional 102 

transgenic system was necessary for investigation of TDP-43 pathology because TDP-43 has 103 

important developmental functions. TDP-43 overexpression during early postnatal life has been 104 

determined to lead to premature mortality (Cannon et al., 2012; Xu et al., 2010), requiring that 105 

expression remain turned off until after weaning age. Although the biallelic system of transgene 106 

and tTA is powerful, there are caveats in its use.  107 

 108 

A recent study found that tTA exhibits its own toxicity that is influenced by the genetic 109 

background strain of mice (Han et al., 2012). Granule neurons of the dentate gyrus (DG) 110 

appeared most vulnerable (Han et al., 2012; Liu et al., 2015). Our tTA and hTDP-43 transgenic 111 

mice were bred on 129SVE and FVB backgrounds respectively, which are among the few mouse 112 

strains susceptible to neurodegeneration from tTA. Here we report on brain atrophy in mice at 8-113 

and 24-week post-weaning ages related to tTA expression. tTA toxicity, as measured by cortical 114 

atrophy, appeared to be concentrated in the mid-hippocampal region, and was dependent on the 115 

background strain of the mouse. First, the DG exhibited significant degeneration of granule cells. 116 

The tTA toxicity also extended to the cornu ammonis (CA) regions. Interestingly, this toxicity 117 

did not lead to deficits in hippocampal dependent reference memory measured by the Morris 118 
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water maze. The atrophy associated with tTA was accompanied by inflammation, activation of 119 

caspase-3 and loss of neurons. hTDP-43 exerted its own toxicity in selective cortical regions, 120 

independent of tTA expression. Our findings of cortical atrophy were corroborated by MR 121 

imaging results. Although this study adds a note of caution for using the tTA system to generate 122 

transgenic mice, our model remains useful for providing insight into TDP-43-specific pathology 123 

coinciding with neocortical neuron loss and behavioral deficits seen clinically in FTLD.   124 

 125 

Materials and Methods 126 

Animals 127 

The inducible hTDP-43 transgenic mice were generously provided by Dr. Jada Lewis 128 

(Department of Neuroscience, University of Florida; Canon et al., 2012). This model utilizes a 129 

biallelic system of responder (hTDP-43) and effector (tTA) transgenes. In this tetracycline-130 

responsive regulatory system, tTA is used to activate a second transgene of interest, i.e. the wild-131 

type human TDP-43, which is placed downstream of the tetracycline response element (TRE). 132 

Exposure to dox, a more stable analog of tetracycline, in mouse diet causes a conformational 133 

change in tTA and inhibits its binding to TRE to then stop the expression of hTDP-43 transgene. 134 

By crossing TDP-43 WT mice with mice expressing tTA under the calcium calmodulin kinase II 135 

alpha promoter (CaMKIIa), tTA/hTDP-43 bigenic mice can be generated that express the hTDP-136 

43 protein only in the excitatory neurons of the forebrain.  137 

 138 

The original homozygous TDP-43 responder on the FVB mouse strain background were bred 139 

with wild-type FVB mice (Charles River, IMSR Cat# CRL:207, RRID:IMSR_CRL:207) to 140 

maintain the responder colony and produce hemizygous TDP-43 animals. The homozygous tTA 141 
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effector on the 129SVE mouse strain background were bred with wild-type 129SVE mice 142 

(Taconic, IMSR Cat# TAC:129sve, RRID:IMSR_TAC:129sve) to maintain the effector colony 143 

and produce hemizygous tTA mice.  144 

 145 

Mice hemizygous for TDP-43 allele on FVB background and hemizygous for tTA allele on 146 

129SVE background were then crossbred under dox treatment to produce monogenic and bigenic 147 

offspring of these two alleles with mix FVB and 129SVE background. Offspring of either sex 148 

from this cross that were used for the study included 1) hemizygous TDP43; hemizygous tTA 149 

(tTA/hTDP-43 bigenic), 2) hemizygous tTA (tTA single-transgenic), 3) wild-type (WT-control). 150 

 151 

This expression system allowed us to turn the TDP-43 transgene on and off at varying times to 152 

explore the effect of transgene expression at different ages (Canon et al., 2012; Gossen and 153 

Bujard, 1992). Up until weaning age, all offspring were kept on dox diet. Then, animals were 154 

raised under twelve different conditions; for each genotype (WT, tTA or tTA/hTDP-43), animals 155 

were aged either on dox or off dox diet for 8 or 24 weeks past weaning age (Figure 1A).   156 

 157 

After 8 or 24 weeks of transgene expression post-weaning age, animals were deeply anesthetized 158 

with 100mg/kg ketamine/ 10mg/kg xylazine in PBS (volume injected intraperitoneally= 0.1mL/ 159 

20g). Mice were then perfused transcardially with phosphate buffer with a cocktail of protease 160 

and phosphatase inhibitors. After perfusion, brains were removed, and one hemisphere was drop-161 

fixed in 4% paraformaldehyde in PBS overnight at 4oC followed by incubation in 20% sucrose in 162 

PBS with 0.01% sodium azide at 4oC for at least 12 hr.  163 

 164 
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In addition to the mice on FVB and 129SVE mix background, the effect of tTA transgene 165 

expression was also analyzed on C57BL/6 mouse background. These mice were acquired from 166 

The Jackson Laboratories (strain #3010, IMSR Cat# JAX003010, RRID:IMSR_JAX:003010) 167 

and aged to 8 or 24 weeks post-weaning.  168 

 169 

To confirm animal genotypes, polymerase chain reaction (PCR) was conducted using 170 

amplification of tail clip DNA. Touchdown PCR was performed on a cycling program where the 171 

annealing temperature is gradually reduced. tTA and hTDP-43 alleles were amplified using PCR. 172 

 173 

Mice were maintained in microisolator cages in barrier facilities. All animal procedures were 174 

conducted in accordance with the National Institutes of Health Guide for the Care and Use of 175 

Laboratory Animals and were approved by Northwestern University Animal Care and Use 176 

Committee. 177 

 178 

Immunohistochemistry 179 

Frozen coronal whole hemisphere sections of fixed brains were cut at a thickness of 40 m in a 1 180 

in 12 series using a freezing microtome and collected in a 12-well plate containing 0.1M 181 

phosphate buffer with azide. Series of sections were then stained immunohistochemically using 182 

the avidin-biotin-peroxidase method, employing the Vectastain Elite ABC kit (Vectastain 183 

Laboratories Cat# PK-7100, RRID:AB_2336827). Antibodies to neuronal nuclear protein 184 

(NeuN, 1:2000; Milipore Cat# MAB377, RRID:AB_2298772), glial fibrillary acidic protein 185 

(GFAP, 1:1500; Sigma Aldrich Cat# G9269, RRID:AB_477035), ionized calcium binding 186 

adapter molecule 1 (Iba1, 1:1500; Abcam Cat# ab178846, RRID:AB_2636859) and cleaved 187 
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caspase-3 (1:500; Abgent Cat# AP3725a, RRID:AB_10665003) were used. Stained sections 188 

were mounted on charged slides, dehydrated in graded alcohols, cleared in xylene, and 189 

coverslipped using Sub-X Mounting Medium.   190 

 191 

Cortical Area Measurements 192 

Micrographs of each mounted section were acquired at 1x magnification and selected for 193 

quantitative analysis based on the presence of anatomical regions of interest. Approximately four 194 

sections from each brain were selected based on coordinates from Bregma (Paxinos and 195 

Franklin, 2012), representing the prefrontal cortex (Bregma 2.58mm), cingulate cortex (Bregma 196 

.86mm), motor and somatosensory cortices (Bregma .86mm), insula (Bregma .86mm), piriform 197 

olfactory cortex (Bregma .86mm; -2.54mm), entorhinal cortex (Bregma -2.54mm; -3.40mm), 198 

DG and CA1-3 fields of the hippocampus (Bregma -2.54mm; -3.40mm). As a control region, 199 

which does not show degeneration in FTLD, the cerebellum (Bregma -6.55mm) was also 200 

included in this analysis. The boundaries of each cortical region were determined according to 201 

the stereotaxic atlas of Paxinos and Franklin (2012) (Figure 1B). Four-five animals were 202 

examined for each age and genotype. Area measurements of cortical regions were obtained using 203 

ImageJ software to evaluate cortical atrophy. The identities of mouse genotypes were unknown 204 

to the person conducting this analysis. Each region was quantified twice and the two measures 205 

were averaged to ensure consistency and accuracy of analysis.   206 

 207 

Unbiased Stereological Quantitation 208 

Unbiased stereological quantitation was conducted to determine the total counts of NeuN 209 

immunoreactive neurons, quiescent and activated microglia recognized by Iba1, and astrocytes 210 
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expressing GFAP in the dentate gyrus. The granule cell layer of the dentate gyrus was quantified. 211 

For each genotype, 5 animals were assessed using the optical fractionator method in the 212 

StereoInvestigator software (MBF Bioscience, RRID:SCR_002526). The observer was blind to 213 

animal number and genotype throughout the quantitation process. The boundaries of each 214 

cortical area were delineated at 4x magnification, and counting was performed at 60x.  215 

 216 

In vivo MRI  217 

All MRI (magnetic resonance imaging) procedures were performed by Northwestern 218 

University’s Center for Advanced Molecular imaging. Bigenic mice on or off dox aged for 8 219 

weeks following weaning and anesthetized in an induction chamber with 3% inhaled isoflurane 220 

in oxygen were transferred to a dedicated animal imaging bed with 1% isoflurane delivered via 221 

nosecone.  Temperature support was provided via a warm water-circulating blanket, and 222 

respiration was monitored using a pneumatic pressure sensor pillow placed under the abdomen 223 

(SA Instruments, Stonybrook, NY). 224 

 225 

Mice were imaged on a 9.4T Bruker Biospec MRI system (Bruker Biospin Inc, Billerica, MA) 226 

using a 40mm quadrature volume coil.  Localizer images were acquired, then shimming over the 227 

brain was performed using a field map based algorithm (MAPSHIM).  3D images of the brain 228 

were acquired using a respiratory gated 3D gradient echo sequence (FLASH) with TR/TE/alpha 229 

= 40 ms/10 ms/8 degrees, a 20 x 16.7 x 20 mm3 field of view, and a matrix size of 166 x 139 x 230 

66 for an isotropic resolution of 120 um3.  Three repetitions of this sequence were acquired and 231 

averaged to generate adequate signal to noise ratio.  The nominal scan time was 15 minutes per 232 

repetition, which increased to ~25 minutes after allowing for gating efficiency.  233 
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 234 

Manual MRI segmentation of hippocampus and insular cortex  235 

Scans were opened with the ROI Editor component of the DTI Studio software suite (Jiang et al., 236 

2006). ROI Editor allows for manual segmentation of regions of interest (ROIs), and calculates 237 

the area of the ROIs in individual slices from MRI. Additionally, it allows for the visualization of 238 

ROIs overlaid on the scans in axial, sagittal, and coronal planes, so that contiguity of the scans 239 

can be ascertained. The hippocampus and insular cortex, which showed reductions in area in our 240 

histological analysis, in accordance to a stereotaxic atlas (Paxinos and Franklin, 2012), were 241 

analyzed. The hippocampus traversed twenty 0.12 mm-thick coronal slices, and the insular 242 

cortex traversed twenty-seven of these slices. Segmentation was performed by an investigator 243 

who was blind to the dox treatment status of the experimental animals. For assessment of 244 

reliability, segmentation of the insular cortex in four scans was repeated on the day following the 245 

initial segmentation, and entire hippocampal volumes were delineated for all twelve scans. Areas 246 

of single slices through the mid-sagittal plane were used as proxies for total brain volume.  247 

 248 

Morris Water Maze 249 

To test hippocampus-dependent memory, the reference memory version of the Morris water 250 

maze was used (Morris, 1982). Animals were aged 8 or 24 weeks post-weaning on or off dox 251 

diet and tested 4 times per day over a 6-day period with inter-trial intervals of one hour (Lindner, 252 

1992). For this test, the first three days were used as training days. Initially, a platform protruded 253 

out of the surface of the water. Once the mouse was able to locate the platform, training 254 

continued but the platform was submerged. The final 3 days were used as test days. During this 255 

time the water in the maze was opaque and the platform was submerged. The platform remained 256 
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in the same location throughout testing, but the starting position varied for each trial. Time spent 257 

locating the platform was used as a measure of reference memory. In each testing trial, the 258 

maximum swim time allowed was 120 seconds.  259 

 260 

Statistical Analyses  261 

Numbers of animals per group are indicated in figure legends. GraphPad Prism (GraphPad 262 

Software, Inc.; RRID:SCR_002798) was used for most statistical analysis except for MRI 263 

imaging volume results, for which the SPSS software was used (IBM; RRID:SCR_002865). The 264 

statistical significance between means of experimental and control groups was determined using 265 

the two-tailed Student’s t-test. For comparisons involving more than 2 groups, one-way or two-266 

way ANOVA were used as appropriate, followed by Bonferroni’s multiple comparison post-hoc 267 

tests. Data are presented as measures for each animal and group means, and p < 0.05 was 268 

considered significant. Stereological data was similarly analyzed using one-way ANOVA 269 

followed by Bonferroni’s multiple comparison post-hoc tests.    270 

 271 

Results  272 

We report on a biallelic mouse model that utilizes tTA to drive the expression of human TDP-43 273 

allele. This model system results in overexpression of hTDP-43 and formation of round 274 

intracytoplasmic inclusions (Canon et al., 2012). However, the effect of tTA expression in this 275 

mouse model had not been investigated. We obtained brains from monogenic and bigenic 276 

offspring of these two alleles to determine independent toxicity due to expression of tTA and 277 

hTDP-43 (Figure 1A). Animals were aged to 8 and 24 weeks post-weaning while remaining on 278 
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or off dox diet. We investigated atrophy as an indicator of neurodegeneration in the 279 

hippocampus, cortical limbic areas and several neocortical regions in these animals (Figure 1B).  280 

 281 

Neurodegeneration Due to tTA 282 

tTA toxicity in hippocampal subregions 283 

In accordance with past studies (Han et al., 2012), hippocampal degeneration was observed in 284 

single tTA transgenic and tTA/hTDP-43 bigenic mice. A tTA-dependent toxicity emerged where 285 

tTA expression led to degeneration of the hippocampus, in particular thinning of the molecular 286 

layer of the dentate gyrus and the pyramidal cell layer of the CA fields. Interestingly, the 287 

degeneration was rescuable with dox in the mouse diet (Figure 2). Using NeuN stained coronal 288 

sections, we analyzed the area of the dentate gyrus (DG) in sections at the mid-hippocampal 289 

formation harvested at 8 and 24 weeks post-weaning age. We quantified the area of the DG in 290 

bigenic, tTA single transgenic and WT mice on or off dox diet (Figure 3). The area of the DG in 291 

tTA mice off dox was 44% smaller than in age-matched WT mice at 8 weeks post-weaning age 292 

(p<.001). Furthermore, tTA expressing mice demonstrated a 30% reduction in area of the DG 293 

when compared to tTA mice that received dox throughout the experiment at 8 weeks post 294 

weaning age (p=0.027). Degeneration of DG associated with tTA toxicity was more concentrated 295 

in the mid-hippocampal region and, to a lesser extent, in the posterior region of the DG in tTA 296 

mice off dox when compared to age matched WT mice at 8 weeks post-weaning age (p>0.05). 297 

Similar patterns of atrophy were obtained at 24 weeks post weaning age in the mid-hippocampal 298 

(p<0.001) and posterior hippocampus (p>0.05). However greater levels of atrophy were 299 

observed at later ages. 300 

 301 
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We also found significant degeneration in CA1-3 of the hippocampus in tTA single transgenic 302 

mice (Figure 4). Similar to the DG, toxicity in the CA fields was concentrated in the mid-303 

hippocampal region and was present at 8 age (p>0.05) and 24 weeks (p>0.05) post-weaning age 304 

when compared to WT control mice on or off dox diet. No toxicity was observed in the CA 305 

fields in tTA expressing mice off dox when a more posterior region of the hippocampus was 306 

examined (p>.05). 307 

 308 

tTA toxicity in other limbic structures 309 

Given the toxicity due to expression of tTA in the hippocampus, a core limbic structure, we also 310 

examined potential toxicity of tTA in other limbic cortical areas (Figure 5). The insula (p>.05), 311 

entorhinal cortex (p>0.05), cingulate cortex (p>0.05) and piriform olfactory cortex (p>.05) were 312 

examined at 8 and 24 weeks post weaning age in animals on or off dox diet (Figure 6). No 313 

atrophy was observed in any of these cortical areas in tTA single transgenic mice when 314 

compared with wild-type control mice. (Figure 7). 315 

 316 

tTA toxicity in neocortical regions   317 

Next we examined potential degeneration due to tTA in neocortical regions. The dorsolateral 318 

prefrontal cortex, motor cortex and somatosensory cortex were examined in mice at 8 or 24 319 

weeks post weaning age on or off dox (Figure 8). No significant atrophy was observed in tTA 320 

single transgenic mice when compared with wild-type animals (Figure 9) (p>.05 for all 321 

comparisons).  322 

 323 

Degeneration Due to hTDP-43 324 
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Next, we explored the possibility that tTA-dependent toxicity in our mice is selective to the 325 

hippocampus, whereas hTDP-43-dependent toxicity is selective to cortical regions (Canon et al., 326 

2012). We predicted this outcome based on the fact that atrophy of the hippocampus is not a 327 

characteristic feature of FTLD (Josephs, 2008). Hippocampal neuronal damage is usually linked 328 

to episodic memory deficits that are seen in Alzheimer’s disease. FTLD commonly causes 329 

apathy, loss of emotional control, and language dysfunction which are attributable to 330 

degeneration of frontal and temporal cortices, including limbic structures other than the 331 

hippocampus (Brettschneider et al., 2014). 332 

 333 

Degeneration in hippocampal subregions of bigenic mice 334 

tTA/hTDP-43 bigenic mice off dox displayed significant degeneration in the DG when compared 335 

to WT mice as well as tTA expressing mice on dox diet. (Figure 3). There appeared to be 336 

specific loss of granule cells within the granular layer of the DG at both 8 and 24 weeks post-337 

weaning age (Figure 2). Atrophy observed at 8 weeks continued at 24 weeks post-weaning age 338 

with significant reduction of 55% in the area of DG in bigenic mice off-dox when compared to 339 

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 340 

DG degeneration affected more of the mid-region (Bregma -2.54 mm) than posterior region 341 

(Bregma -3.40 mm) of the hippocampus (Figure 3). Interestingly, there was small but significant 342 

atrophy in DG of posterior hippocampal regions in bigenic animals off dox at 24 weeks post 343 

weaning age when compared with WT animals, indicating that TDP-43 expression may result in 344 

additional toxic effects in this region (p=0.022, F(5,27)= 48.13) (Figure 3). Furthermore, the 345 

examination of the CA fields revealed results comparable to those obtained for DG. Both bigenic 346 

and tTA mice off-dox showed a statistically significant loss of CA1-3 area when compared to 347 
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WT mice at 8 and 24 weeks of expression (8 weeks: p<0.001, F(5,31)= 10.61); 24 weeks: p<0.01, 348 

F(5,31)= 28.94)(Figure 4). Overall, atrophy seen in the hippocampus in bigenic and tTA single 349 

transgenic mice was rescuable when animals were fed dox diet (Figure 3 and 4).  350 

 351 

Degeneration in other limbic regions of bigenic mice 352 

A common clinical feature of FTD is dysregulation of emotional behavior (Balconi et al., 2015). 353 

Because the limbic system is chiefly involved in emotional control and regulation, we also 354 

examined several limbic structures in tTA/hTDP-43 bigenic animals and tTA single transgenic 355 

mice. 356 

   357 

Examination of insular cortex revealed significant degeneration in bigenic mice off dox at 8 and 358 

24 weeks post weaning age when compared with animals from the rest of the cohort (Figure 6). 359 

This degeneration was statistically significant in comparison to tTA mice at 8 weeks as well as 360 

tTA and WT mice after 24 weeks post-weaning ages (tTA mice at 8 after 8 weeks: p=0.0181, 361 

F(5,38)= 4.86; tTA mice after 24 weeks: p=0.0114, F(5,30)= 7.75; WT mice after 24 weeks: 362 

p=0.0284, F(5,30)= 7.75). We also examined the anterior and posterior regions of the piriform 363 

olfactory cortex in bigenic animals at 8 and 24 weeks post-weaning ages (8 weeks: p=0.0247, 364 

F(5,33)= 5.915; 24 weeks: p<0.01, F(5,28)= 6.029). Similar to the insula, we observed significant 365 

atrophy in both regions of piriform cortex in bigenic mice off dox when compared to the group 366 

of animals from different conditions (Figure 6). Interestingly, the more posterior regions of the 367 

piriform cortex showed more significant atrophy at 8 and 24 weeks unlike the pattern of atrophy 368 

in the hippocampus (8 weeks: p<0.001, F(5,31)= 30.38; 24 weeks: p<0.001,  F(5,22)= 25.6).  369 

 370 
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Analysis of the entorhinal cortex revealed significant degeneration due to hTDP-43 371 

overexpression in posterior but not anterior aspects of this region. The loss of area appeared to be 372 

only a feature of 24 weeks post-weaning age bigenic mice (p<0.001, F(2,25)= 13.72). After 8 373 

weeks of expression, neither anterior nor posterior regions of the entorhinal cortex did not reveal 374 

significant atrophy (anterior: p>0.05, F(5,35)= .6461; posterior: p>0.05, F(5,31)= 2.023). Finally, 375 

the cingulate cortex showed no significant degeneration at 8 or 24 weeks post-weaning age in 376 

bigenic mice when compared to the other groups of animals (8 weeks: p>0.05, F(5,38)= .2706; 24 377 

weeks: p>0.05, F(5,30)= .9751)(Figure 7). 378 

 379 

Degeneration due to hTDP-43 in neocortical regions  380 

In FTLD, the prefrontal cortex displays significant atrophy. Accordingly, we examined the 381 

dorsolateral prefrontal cortex in bigenic mice off dox. Bigenic animals displayed significant 382 

atrophy in this region when compared to WT or tTA mice off dox, and bigenic mice on dox after 383 

8 weeks of transgene expression (p<0.01, F(5,29)= 4.631) (Figure 9). At 24 weeks post-weaning 384 

age, bigenic mice showed only a non-significant trend towards atrophy in this region when 385 

compared with the other groups (p>0.05, F(5,24)= 2.24). 386 

 387 

Two final areas examined in bigenic mice were the somatosensory and motor cortices (Figure 9). 388 

The somatosensory cortex displayed significant atrophy in bigenic mice off dox after 8 weeks of 389 

TDP-43 overexpression when compared to tTA off dox (p<0.001, F(5,39)= 12.21). However, this 390 

difference was no longer present in mice at 24 weeks post weaning age (p>0.05, F(6,32)= 1.217). 391 

The motor cortex showed no significant atrophy in any of the groups of animals at 8 or 24 weeks 392 

of expression (8 weeks: p>0.05, F(5, 39)= 1.449; 24 weeks: p>0.05, F(5,31)= 2.851). 393 
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 394 

To examine the specificity of the results obtained in cortical regions, the cerebellum, an area not 395 

affected in FTLD was also examined. The area of the cerebellum displayed no significant 396 

differences among the three groups of animals at 8 or 24 weeks post weaning age on dox or off 397 

dox (p>0.05 F(5,24)= 0.2255) (not shown). 398 

 399 

Inflammation, apoptosis and loss of neurons 400 

In order to further characterize the basis of cortical atrophy, we examined neuroinflammation in 401 

bigenics and tTA single transgenic mice. Microglia and astrocytes, which are known key 402 

regulators of neuroinflammation, adopt an activated state in response to stress or injury. 403 

Microglia become primed and hypertrophied by inflammation (Perry and Holmes, 2014), which 404 

can be detected by Iba1 immunopositivity. Astrocytes respond to insults through a process 405 

referred to as reactive astrogliosis that can be detected by glial fibrillary acid protein (GFAP) 406 

immunopositivity (Columbo and Farina, 2016).  We focused more specifically on the DG of the 407 

hippocampus where atrophy was pronounced in our animal model. After immunostaining for 408 

Iba1 and GFAP greater densities of hypertrophied microglia and astrocytes were present in the 409 

DG of tTA and bigenic mice in comparison to WT mice at 24 weeks post weaning age (Figure 410 

10). 411 

 412 

We also immunostained coronal brain sections with the cleaved caspase-3 neoepitope antibody 413 

to study caspase-3 activation, a crucial event apoptotic cell death, that is a feature of many 414 

chronic neurodegenerative diseases (D’amelio et al, 2012). We observed cleaved caspase-3 415 

positive puncta in the closely packed granule cell layer of the DG in both bigenic and tTA single 416 
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transgenic mice at 24 weeks post-weaning age. Interestingly, cleaved caspase-3 positive puncta 417 

were also found in cortical regions, e.g. motor cortex, somatosensory cortex, insular and piriform 418 

cortex, but only in bigenic and not in tTA single transgenic mice and WT controls (Figure 11). 419 

 420 

Next, using stereological counting methods, we quantified granule cells of the dentate gyrus, the 421 

region of the hippocampus that displayed significant atrophy in tTA single transgenic and 422 

bigenic mice. At 24 weeks post-weaning age, using NeuN immunostained sections, both bigenic 423 

and tTA expressing mice off dox showed significant loss of granule cells when compared to WT 424 

mice off dox (p<0.01, F(2,12)= 8.081). However, there was no significant difference in the neuron 425 

counts between the bigenic and tTA single transgenic mice (p>0.05) (Figure 12). Similar effects 426 

were observed with astrocytes. After 24 weeks of expression, the bigenic and tTA single 427 

transgenic mice showed significant increase in astrocytes in the dentate gyrus compared to the 428 

WT mice (p<0.001, F(2,12)= 18.93). However, the bigenic mice displayed no significant 429 

difference in the number of astrocytes compared to the tTA single transgenic mice (p>0.05) 430 

(Figure 10B). The number of microglia in the dentate gyrus was significantly higher in the 431 

bigenic and tTA single transgenic mice compared to the WT mice (p<0.001, F(2,12)= 26.87). 432 

Moreover, the bigenic mice in particular demonstrated a significant increase in the number of 433 

microglia compared even to the tTA single transgenic mice (Figure 10C).    434 

 435 

tTA Atrophy in the Hippocampus is Rescuable in C57BL/6 Mouse 436 

Background 437 

Previous reports have shown that the tTA transgene effect of hippocampal degeneration can be 438 

rescued on C57BL/6 background mice (Han et al. 2012). Therefore, we repeated a similar study 439 



21 
 

 21 

to examine the atrophy in the hippocampus of WT and tTA single transgenic mice on C57BL/6 440 

background (Figure 13A). These mice expressing tTA were obtained from The Jackson 441 

Laboratories on an already established B6 background. We then aged them out to 8 or 24 weeks 442 

past post-weaning. At 8 weeks post-weaning age, DG in tTA/C57BL/6 (tTA/B6) expressing 443 

mice showed no significant atrophy compared to age matched WT mice. A similar result was 444 

obtained in mice 24 weeks post-weaning age (Figure 13B). Furthermore, tTA/ B6 mice off dox 445 

showed no decrease in DG area when compared to age matched tTA single transgenic mice on 446 

dox (tTA/B6, 0.112 mm2 and tTA mice on dox, 0.109mm2).  447 

 448 

We also examined the CA fields in tTA/B6 mice off dox and age matched WT/B6 mice off dox. 449 

The CA fields of tTA/B6 mice showed no significant atrophy at 8 weeks or 24 weeks post-450 

weaning age when compared with age-matched WT mice off dox (Figure 13C).   451 

Volumetric MRI Measurements in Bigenic Mice Corroborate Histological 452 

Patterns of Atrophy  453 

Our histological findings were corroborated by in vivo quantitative MRI measures of the 454 

hippocampus (Figure 14A) and the insula (Figure 14B). Bigenic mice off dox showed 455 

significantly reduced volume of the hippocampus compared to bigenic mice on dox (mice on 456 

dox: 18.0 ± 0.2 mm3, mice off dox: 17.3 ± 0.3 mm3; two-way ANOVA; F(1,12) = 21.389, p = 457 

0.043 )(Figure 14C). Furthermore, bigenic mice off dox also showed significant atrophy of the 458 

insular cortex compared to bigenic mice on dox diet (mice on dox: 5.54 ± 0.11 mm3, mice off 459 

dox: 4.82 ± 0.08 mm3; two-way ANOVA; F(1,12) = 5.548, p = 0.001) (Figure 14D) 460 

 461 

No significant Changes in Spatial Memory Due to tTA Toxicity  462 
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Reference memory is associated with hippocampal function that can be tested using the Morris 463 

water maze (Lindner, 1992). Given that we observed significant neurodegeneration of the 464 

hippocampus in our bigenic animals due to tTA, we investigated if this atrophy translated to 465 

memory impairment. Bigenic mice of 8 and 24 weeks post–weaning age were tested over a 6-day 466 

period. There was no statistically significant difference in the interval to reach the platform on 467 

test days between mice on and off dox at 8 or 24 weeks post-weaning age (Figure 15). 468 

 469 

Discussion 470 

Tet-off expression systems are widely used to generate transgenic mice, which can conditionally 471 

express a gene of interest under the control of dox in their diet. In our mouse model, the 472 

expression system utilizes the tTA protein that drives overexpression of TDP-43. Similar to 473 

previous findings, tTA caused phenotypes independent of those attributed to the transgene 474 

overexpression.  We suspect that other mouse models that have also made use of the tet-off 475 

system potentially could have similar toxicity from the tTA expression (Yamasaki et al., 2007; 476 

Muyllaert et al., 2008; Schlatterer et al., 2011; Perez et al., 2013). 477 

Expression of tTA can cause strain-dependent neuronal loss in the dentate granule cell layer of 478 

the hippocampus (Han et al., 2012). Our bigenic mice overexpressing TDP-43 using tTA as the 479 

driver exhibited similar patterns of toxicity in the hippocampus. We broadened our analysis to 480 

other sub-regions of the hippocampus (CA1-3). Hippocampal atrophy was detected at both 8 and 481 

24 weeks post-weaning age in the DG and CA fields. Atrophy was most severe in the mid-482 

hippocampal region. This degeneration could be explained solely by expression of the tTA 483 

transgene, as single tTA transgenic mice showed almost the same pattern of atrophy. This 484 

suggests that toxicity in the hippocampus is relatively specific to overexpression of tTA, when 485 
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the tetracycline response element is allowed to bind to tTA (off dox diet). 486 

The neuronal loss in the DG was more conspicuous than degeneration in the CA fields. 487 

Hippocampal degeneration in the animals expressing tTA was apparent after 8 weeks post-488 

weaning age, and persisted at 24 weeks post-weaning age. Previous studies corroborate our 489 

findings that tTA expression in transgenic mice is associated with small dentate gyri (Han et al., 490 

2012; Liu et al, 2015). Genetic background was a major influence on degeneration induced by 491 

tTA. Our bigenic animals are a crossbreed of 129/SVE and FVB mouse strains, each of which 492 

has been shown to be susceptible to tTA-induced thinning of the dentate granule cell layer. 493 

Multiple mechanisms of strain-dependent toxicity could be at play that either change the level of 494 

tTA protein and/or the binding of tTA to its target DNA sites to confer susceptibility to or 495 

protection against tTA toxicity (Robertson et al., 2002). As previously reported, we found that 496 

dox treatment prevents neuronal loss in both the tTA single transgenic and bigenic animals, 497 

raising the possibility that dox provided in the animals’ diet changes the conformation of the tTA 498 

protein, rendering it incapable of binding to TRE sequences leading to arrest of the degenerative 499 

phenotype. 500 

 501 

Han et al. (2012) were the first to show that backcrossing of CaMKIIa-tTA mice with the 502 

C57BL/6 (B6) mouse line results in protection against tTA-induced hippocampal degeneration. 503 

Using tTA single transgenic mice on B6 background, we examined the DG and CA fields 504 

compared to age-matched WT B6 mice. We found no significant toxicity of tTA in the 505 

hippocampus of tTA/ B6 mice at 8 or 24 weeks post-weaning age when compared with WT 506 

mice. Han and colleagues (2012) investigated potential protective mechanisms against tTA 507 

toxicity in B6 mice. They found that B6 mice carry a recessive allele, which acts as a protector 508 
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against tTA-mediated physiological insults. Specifically, they identified a 12 Mbp region on 509 

Chromosome 14, which was associated with dentate preservation in homozygous animals. This 510 

region of Chromosome 14 is known to contain the clusterin gene (ApolipoproteinJ) (Han et al., 511 

2012; Harold et al., 2009). Studies investigating clusterin levels in another tTA expressing mouse 512 

model report a 2.1-fold increase compared to WT mice (McCloskey et al., 2005). This finding 513 

suggests that tTA may interact with clusterin to produce hippocampal toxicity in transgenic mice.  514 

In the original characterization of the tTA/hTDP-43 bigenic mice, Cannon et al. (2012) noted 515 

neurodegeneration in the DG. We conducted a more thorough examination of sub-regions of the 516 

hippocampus, and other cortical regions, which included the insula, piriform olfactory cortex, 517 

entorhinal cortex, cingulate cortex, prefrontal cortex, somatosensory cortex and motor cortex. 518 

The degeneration in the hippocampus extended beyond the DG and into the CA fields primarily 519 

due to tTA expression.  On the other hand, we detected significant atrophy in response to TDP-520 

43 overexpression in the insula, piriform cortex, entorhinal cortex, somatosensory cortex, and 521 

dorsolateral prefrontal cortex at 8 and/or 24 weeks post-weaning age. But, there was no tTA-522 

specific toxicity in these other cortical areas. The cingulate and motor cortices were spared from 523 

TDP-43-specific toxicity. In some cortical regions such as the dorsolateral prefrontal cortex, we 524 

observed more significant atrophy at 8 weeks post-weaning age when compared with 24 weeks. 525 

Although the mechanism for this age related recovery is currently unknown, one possible 526 

explanation may be that after the initial insult, there is neuronal atrophy (reduction in size), 527 

giving rise to overall cortical atrophy. If damage is not severe, neurons may be able to recover. 528 

However, if there is severe damage, the result is cell death as seen in the DG. 529 

 530 
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These observations suggest that tTA-induced toxicity is restricted to the hippocampus, and that 531 

neurodegeneration specifically due to hTDP-43 overexpression is selectively present in a number 532 

of limbic and neocortical regions. Thus, our tTA/hTDP-43 bigenic mice represent a good model 533 

for investigation of the effects of hTDP-43 overexpression in non-hippocampal cortical regions. 534 

In addition, our hTDP-43 mouse model is unique among mouse models of FTLD disease where 535 

the expression and pathology of TDP-43 is targeted exclusively to the forebrain. In our animal 536 

model, regions such as the cerebellum and spinal cord were spared from TDP-43 pathology and 537 

associated atrophy (data not shown). 538 

 539 

Cortical atrophy in our animal model was accompanied by significant activation of microglia and 540 

astrocytes, consistent with neuronal damage. Atrophy appeared to be due to apoptotic cell death 541 

as evidenced by activation of caspase 3 and significant loss of NeuN immunoreactive neurons. 542 

 543 

There are other animal models of TDP-43 overexpression, but they recapitulate the TDP-43 544 

pathology that underlies ALS/FTLD in which aggregates of TDP-43 accumulate in the spinal 545 

cord and motor neurons degenerate (Wegorzewska et al., 2009; Stallings et al., 2010; Igaz et al., 546 

2011; Swarup et al., 2011; Esmaeili et al., 2013; Mitchell et al., 2015).  547 

 548 

Future studies will be necessary to examine the hTDP-43 overexpressing mice in an environment 549 

independent of the toxicity from tTA, the driver of the transgene. In particular, these mice could 550 

be backcrossed to the B6 mouse background that has been shown to reduce or prevent tTA 551 

toxicity (Han et al., 2012). 552 
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Structural MRI is used extensively in clinical settings to detect patterns of atrophy characteristic 553 

of different neurodegenerative disorders (Frisoni et al., 2010; McEvoy & Brewer, 2010). To 554 

determine if the atrophy we detected postmortem is also detectable in vivo, we subjected bigenic 555 

animals at 8 weeks post-weaning age on or off dox to structural MRI analysis. The hippocampus, 556 

which displayed significant atrophy in both tTA single transgenic and bigenic animals in our 557 

histological studies, and the insula, which displayed significant atrophy only in bigenic mice, 558 

were analyzed. In both structures, we detected significant loss of volume in bigenic mice off dox 559 

when compared to bigenic mice on dox, corroborating our histological findings, and indicating 560 

that structural MRI can be successfully employed in transgenic mice for detection of atrophy 561 

patterns. However, study of such atrophy in bigenic animals will require further investigation to 562 

determine the atrophy due to expression of each transgene. 563 

Behavioral testing conducted on bigenic mice revealed relatively intact reference memory 564 

despite significant atrophy of the hippocampus.  This surprising finding suggests that the 565 

hippocampus can withstand relatively significant neurodegeneration without detectable 566 

functional deficits. The threshold beyond which such degeneration translates into behavioral 567 

deficits is at present unknown. It is also possible that damage to structures with significant 568 

connections to the hippocampus is necessary to cause memory deficits. Our findings have 569 

important implications for neurodegenerative disorders, such as Alzheimer’s disease, in which 570 

loss of memory is a significant clinical feature.  571 

 572 

In summary, the results of the present study provide a note of caution when using the tet-off 573 

system to generate transgenic animals because of the specific hippocampal toxicity due to tTA 574 

expression.  However, in our bigenic animals, most cortical areas displayed atrophy that was not 575 
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present in tTA single transgenic animals, indicating presence of atrophy uniquely due to TDP-43 576 

overexpression. Significantly, some of the areas that displayed significant TDP-43-dependent 577 

degeneration, such as the dorsolateral prefrontal cortex, also display significant atrophy in FTLD 578 

with TDP-43 pathology. Thus, our bigenic animals appear to be appropriate for investigation of 579 

the role of TDP-43 pathology in non-hippocampal cortical areas.  580 
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Figure Legends 732 

Figure 1. Overexpression of wild type hTDP-43 in a conditional transgenic mouse. (A) Mice 733 

overexpressing wild-type hTDP-43 were produced by crossing hemizygous hTDP-43 expressing 734 

mice with hemizygous tTA transgenic animals. The full length hTDP-43 cDNA was placed 735 

behind a minimal CMV promoter, which contained five tetracycline operator elements (TRE), 736 

effectively blocking expression in hemizygous hTDP-43 transgenic mice. By crossing these mice 737 

with mice expressing the tetracycline transactivator (tTA) under the calcium calmodulin kinase II 738 

alpha promoter (CaMKIIa), tTA/hTDP-43 bigenic mice were created, which subsequently 739 

expressed the hTDP-43 protein specifically in the excitatory neurons of the forebrain. The cross 740 

also produced wild-type, and tTA single transgenic mice. Administration of doxycycline (dox) in 741 

animal diet blocks tTA from binding to TRE and prevents hTDP-43 expression. All animals 742 

were kept on dox diet until weaning age and then either came off dox diet, which would allow 743 

tTA/hTDP-43 bigenic mice to express the hTDP-43 transgene, or remained on dox for another 8 744 

or 24 weeks. (B) Sections cut at 40um were selected for examination based on their distance 745 

from bregma (2.58mm, 0.86mm, -2.54mm and -3.40mm) (Paxinos and Franklin, 2012). Sections 746 

analyzed contained the following anatomical structures: dorsolateral prefrontal cortex, anterior 747 

cingulate cortex, motor cortex, somatosensory cortex, insula, piriform olfactory cortex, granular 748 

layer of the dentate gyrus, the CA fields of the hippocampus, and the entorhinal cortex. 749 

 750 

Figure 2. Similar pattern of hippocampal degeneration is observed in single tTA transgenic 751 

and tTA/hTDP-43 bigenic mice. Representative sections cut at 40 μm and stained for the 752 

neuronal nuclear protein (NeuN) show significant degeneration of the granular layer of the 753 

dentate gyrus (DG; arrowheads) and the CA fields of the hippocampus (arrows) in tTA single 754 
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transgenic and bigenic animals (tTA/hTDP-43) off dox at 8 and 24 weeks post-weaning age 755 

when compared with wild-type (WT) mice.  Loss of granular cells in DG is evident. 756 

Degeneration due to tTA and hTDP-43 expression is ameliorated with the addition of dox to the 757 

diet. Scale bar = 200 μm. 758 

 759 

Figure 3. Quantitative analysis of degeneration in the dentate gyrus. (A) Mice expressing 760 

only the tTA transgene off dox show significant atrophy in the DG in the mid-hippocampal 761 

subregion (represented in Bregma -2.54 mm) which further spreads to posterior hippocampus 762 

(represented in Bregma -3.40 mm) at 8 weeks post-weaning age. tTA/hTDP-43 bigenic mice off 763 

dox display an identical pattern of atrophy at 8 weeks to tTA single transgenic off dox mice. At 764 

24 weeks post-weaning age, tTA and tTA/hTDP-43 transgenic mice show increased levels of 765 

atrophy compared to WT mice. However, tTA/hTDP-43 bigenic mice show no significant 766 

difference compared to tTA transgenic mice. Treatment with dox ameliorated the atrophy in DG 767 

in these cohorts of mice. (B) Posterior regions of the DG in bigenic mice off-dox show smaller 768 

but similar patterns of atrophy when compared with the mid-hippocampal region. n=4-8 mice for 769 

all genotypes; circles represent individual data points, horizontal lines represent the mean; *p = 770 

0.027 - 0.011, **p ≤ 0.01, ***p ≤ 0.001, one-way ANOVA followed by Bonferroni’s multiple 771 

comparison test post hoc. 772 

 773 

Figure 4. Degeneration in the CA fields of the hippocampus. (A) The mid-hippocampal CA 774 

fields (represented in Bregma -2.54 mm) exhibit significant atrophy in both tTA single 775 

transgenic off dox and tTA/hTDP-43 bigenic off dox mice at 8 and 24 weeks post-weaning age. 776 

The atrophy in the CA fields of the hippocampus in bigenic mice appears similar to tTA single 777 
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transgenic mice. Treatment with dox in diet eliminates atrophy in the CA fields observed in both 778 

tTA single transgenic off dox and tTA/hTDP-43 bigenic off dox mice. (B) Atrophy is attenuated 779 

in the posterior regions (represented in Bregma -3.40 mm) of the CA fields at both 8 and 24 780 

weeks post-weaning age. n=4-8 mice for all genotypes; circles represent individual data points, 781 

horizontal lines represent the mean; * p = 0.049 - 0.019, **p ≤ 0.01, ***p ≤ 0.001, one-way 782 

ANOVA followed by Bonferroni’s multiple comparison test post hoc. 783 

 784 

Figure 5. The insula displays atrophy exclusively in TDP-43 expressing bigenic mice. 785 

Representative sections stained for neuronal nuclear protein (NeuN) demonstrate degeneration in 786 

the insula in tTA/hTDP-43 bigenic mice off dox at 8 or 24 weeks post-weaning age. Decrease in 787 

neuronal density is clearly visible qualitatively in the insula. Toxicity appears to be hTDP-43 788 

specific since degeneration is rescued in bigenic mice that remain on dox and no atrophy is seen 789 

in tTA single transgenic mice off dox diet. Photomicrographs on the right (scale bar = 200 μm) 790 

are from the boxed area on the left (scale bar = 500 μm). * Signify regions of significant 791 

neuronal loss. 792 

 793 

Figure 6. hTDP-43 overexpression causes degeneration in the insula and piriform cortex. 794 

(A) Atrophy is observed in the insula of bigenic mice (tTA/hTDP-43) off dox overexpressing 795 

hTDP-43 at 8 or 24 weeks post-weaning age. Note that the insula does not show signs of atrophy 796 

due to tTA expression alone. (B) Bigenic mice off dox display significant atrophy in the anterior 797 

portion of the piriform cortex (represented in Bregma 0.86 mm) at 8 or 24 weeks post-weaning 798 

age with no tTA-dependent toxicity in this cortical region. (C) Posterior area of the piriform 799 

cortex (represented in Bregma -2.54 mm) in bigenic mice also shows significant atrophy at 8 or 800 
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24 weeks post-weaning age. tTA expression alone causes no significant atrophy. n=4-8 mice for 801 

all genotypes; circles represent individual data points, horizontal lines represent the mean; *p = 802 

0.034 – 0.011, **p ≤ 0.01, ***p ≤ 0.001, one-way ANOVA followed by Bonferroni’s multiple 803 

comparison test post hoc. 804 

 805 

Figure 7. hTDP-43 overexpression leads to degeneration in the posterior entorhinal cortex 806 

but not the cingulate cortex.  (A) Area measurement analysis of the anterior region of the 807 

entorhinal cortex (represented in Bregma -2.54 mm) shows no atrophy due to hTDP-43 or tTA 808 

overexpression at either 8 or 24 weeks post-weaning age. (B) The posterior region of the 809 

entorhinal cortex (represented in Bregma -3.40 mm) displays significant cortical atrophy due to 810 

hTDP-43 but not tTA overexpression in 24 weeks post-weaning age bigenic mice. (C) The 811 

cingulate cortex (represented in Bregma 0.86 mm) is unaffected by hTDP-43 or tTA 812 

overexpression at both 8 and 24 weeks post-weaning ages. n=4-8 mice for all genotypes; circles 813 

represent individual data points, horizontal lines represent the mean; **p ≤ 0.01, ***p ≤ 0.001, 814 

one-way ANOVA followed by Bonferroni’s multiple comparison test post. 815 

 816 

Figure 8 Degeneration of the dorsolateral prefrontal cortex in bigenic mice. Representative 817 

sections stained for neuronal nuclear protein (NeuN) in bigenic animals (tTA/hTDP-43) off dox 818 

demonstrate significant atrophy of the dorsolateral prefrontal cortex. Atrophy is apparent at 8 819 

weeks post-weaning age, and worsens at 24 weeks. No atrophy is apparent in the tTA single 820 

transgenic mice, or control bigenic mice that remain on doxycycline diet. Magnified 821 

photomicrographs on the right (scale bar = 200 μm) are from the region represented in inset of 822 
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photomicrograph on the left (scale bar = 500 μm). Asterisk (*) represents region of visible 823 

neuronal loss. 824 

 825 

Figure 9. Bigenic mice display degeneration in the dorsolateral prefrontal cortex and 826 

somatosensory cortex but not in the motor cortex. (A) Bigenic mice (tTA/hTDP-43) off dox 827 

display significant atrophy at 8 weeks of hTDP-43 transgene expression in the dorsolateral 828 

prefrontal cortex. Area measurement shows that atrophy is due to hTDP-43 expression as no 829 

atrophy is seen in control bigenic mice that remain on dox diet or the tTA single transgenic mice. 830 

By 24-week post-weaning age, hTDP-43 toxicity in the dorsolateral prefrontal cortex attenuates 831 

and is no longer significantly different from the rest of the cohort of mice. (B) The 832 

somatosensory cortex shows a similar pattern of atrophy to dorsolateral prefrontal cortex. hTDP-833 

43 toxicity is present at 8 weeks post-weaning age, but is no longer detectable in 24 weeks post-834 

weaning age bigenic mice. Additionally, in contrast to other regions, the bigenic mice at 8 weeks 835 

do not show recovery in somatosensory cortex by remaining on the dox diet. (C) The motor 836 

cortex shows no degeneration due to hTDP-43 or tTA at 8 or 24 weeks post-weaning age. n=4-8 837 

mice for all genotypes; circles represent individual data points, horizontal lines represent the 838 

mean; **p ≤ 0.01, ***p ≤ 0.001, one-way ANOVA followed by Bonferroni’s multiple 839 

comparison test post hoc. 840 

 841 

Figure 10. tTA expression causes inflammatory responses in the hippocampus. (A) 842 

Immunostaining using antibodies specific to GFAP, a marker of astrocytes, and Iba1, a marker of 843 

microglia, on coronal brain sections (40 μm) of 24 weeks post-weaning age mice show increased 844 

positivity when tTA is expressed in bigenic (tTA/hTDP-43) mice off dox and tTA single 845 
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transgenic mice off dox. The molecular layer of the dentate gyrus where granule cells reside 846 

displays significant accumulation of hypertrophied microglia and astrocytes. WT control mice 847 

show minimal immunoreactivity to GFAP and Iba1 (scale bar = 30 μm). Insets are from the 848 

boxed area on the left (scale bar = 20 μm). (B-C) Unbiased stereological quantitation determined 849 

the density of microglia and astrocytes in the granular layer of the dentate gyrus. (B) Quantitative 850 

analyses show a significant increase of GFAP positive astrocytes in the tTA single transgenic 851 

and bigenic compared to WT mice. However, there is no significant difference observed between 852 

the bigenic and tTA single transgenic mice . (C) Analysis of Iba1 reactive microglia shows a 853 

significant increase in the bigenic and tTA single transgenic mice compared to WT mice. In 854 

addition, a significant increase of microglia is observed in the bigenic mice compared to the tTA 855 

single transgenic mice. n=4-8 animals per genotype; circles represent individual data points, 856 

horizontal lines represent the mean; *p = 0.019 – 0.011, **p ≤ 0.01, ***p ≤ 0.001, one-way 857 

ANOVA test followed by Bonferroni’s multiple comparison test post hoc. 858 

  859 

 860 

Figure 11. tTA expression causes apoptosis, evident by increased cleaved caspase-3, in the 861 

hippocampus, while TDP-43 expression in bigenic mice causes apoptosis beyond 862 

hippocampus in various cortical regions. Immunostaining using cleaved caspase-3 neoepitope 863 

antibody on coronal brain sections of 24 weeks post-weaning age mice demonstrate cleaved 864 

caspase-3-positive puncta in the dentate gyrus and cortical neurons of motor cortex, 865 

somatosensory cortex, insula and piriform of bigenic (tTA/hTDP-43) animals off dox (black 866 

arrows; scale bar = 50 μm). Immunoreactivity for cleaved caspase-3 in tTA single transgenic 867 
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mice off dox is limited to the dentate gyrus. No immunoreactivity for cleaved caspase-3 is 868 

observed in wild-type mice. 869 

 870 

Figure 12.  Atrophy in the dentate gyrus is associated with neuronal loss. Unbiased 871 

stereological quantitation was used to determine total count of NeuN immunoreactive neurons 872 

within the granular layer of the dentate gyrus. Total count of NeuN positive neurons displayed a 873 

significant decrease in 24 week post-weaning age bigenic (tTA/TDP-43) off dox mice and the 874 

single tTA transgenic off dox mice relative to the WT control mice. The total count of NeuN 875 

positive neurons between bigenic (tTA/TDP-43) off dox mice and the single tTA transgenic off 876 

dox mice is not significant (per genotype, n=4-8). 877 

 878 

Figure 13.  Mice on C57BL/6 background strain are rescued from tTA toxicity. A) Single 879 

tTA transgenic mice that normally exhibit toxicity in the hippocampus on 129/SVE and FVB 880 

mix background (see Figure 3 and 4) show no toxicity on C57BL/6 background strain expressing 881 

the tTA transgene (tTA/B6) off-doxycycline diet. B) Quantitative analysis shows that the mid-882 

hippocampal DG (arrowheads) and CA fields (arrows) (represented in Bregma -2.54mm) are 883 

spared from atrophy in both 8 and 24 weeks post-weaning age groups akin to phenotype in WT 884 

C57BL/6 mice (n=2 animals per genotype; circles represent individual data points; horizontal 885 

lines represent the mean).  886 

 887 

Figure 14. Quantitative MRI corroborates atrophy due to tTA transgene and TDP-43 888 

overexpression. In-vivo MR images of the (A) hippocampus and (B) insular cortex outlined in 889 

bigenic mice (tTA/hTDP-43) after 8 weeks of transgene expression. (C) Bigenic mice off dox 890 
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show significant degeneration of the hippocampus compared to age-matched bigenic mice on 891 

dox.  (D) Bigenic mice off dox also show significant degeneration in the insula when compared 892 

to bigenic mice on dox. n=5-7 per genotype. Circles represent individual data points, horizontal 893 

lines represent the mean; * p=0.043, ** p=0.001. 894 

 895 

Figure 15. Hippocampal degeneration induced by tTA expression does not lead to loss of 896 

spatial memory. The Morris water maze was used to examine the effects of tTA induced 897 

hippocampal degeneration on hippocampally-dependent spatial memory. Latency to reach 898 

platform does not vary significantly in bigenic mice off dox when compared with bigenic mice 899 

on dox (controls) either at 8 (A) or 24 (B) weeks post-weaning age (n= 16-21, p>0.05). 900 
































