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Abstract  41 

Alzheimer’s disease (AD) is the most common neurodegenerative disorder, resulting in the 42 

progressive decline of cognitive function in patients. Familial forms of Alzheimer’s Disease (AD) 43 

are tied to mutations in the amyloid precursor protein, but the cellular mechanisms that cause 44 

AD remain unclear. Inflammation and amyloidosis from amyloid beta (Aβ) aggregates are 45 

implicated in neuron loss and cognitive decline. Inflammation activates the protein-tyrosine 46 

phosphatase 1B (PTP1B) and this could suppress many signaling pathways that activate 47 

glycogen synthase kinase 3β (GSK3β) implicated in neurodegeneration. However, the 48 

significance of PTP1B in AD pathology remains unclear. Here, we show that pharmacological 49 

inhibition of PTP1B with Trodusquemine or selective ablation of PTP1B in neurons prevents 50 

hippocampal neuron loss and spatial memory deficits in a transgenic AD mouse model with Aβ 51 

pathology (hAPP-J20 mice of both sexes). Intriguingly, while systemic inhibition of PTP1B 52 

reduced inflammation in the hippocampus, neuronal PTP1B ablation did not. These results 53 

dissociate inflammation from neuronal loss and cognitive decline and demonstrate that neuronal 54 

PTP1B hastens neurodegeneration and cognitive decline in this model of AD. The protective 55 

effect of PTP1B inhibition or ablation coincides with restoration of GSK3β inhibition. Neuronal 56 

ablation of PTP1B did not affect cerebral amyloid levels or plaque numbers, but reduced Aβ 57 

plaque size in the hippocampus. In summary, our preclinical study suggests that targeting 58 

PTP1B may be a new strategy to intervene in the progression of AD. 59 

 60 

Significance Statement: 61 

Familial forms of Alzheimer’s Disease (AD) are tied to mutations in the amyloid precursor 62 

protein, but the cellular mechanisms that cause AD remain unclear. Here, we used a mouse 63 

model expressing human amyloid precursor protein bearing 2 familial mutations and asked 64 

whether activation of a phosphatase PTP1B participates in the disease process. Systemic 65 

inhibition of this phosphatase using a selective inhibitor prevented cognitive decline, neuron loss 66 

in the hippocampus and attenuated inflammation. Importantly, neuron-targeted ablation of 67 

PTP1B also prevented cognitive decline and neuron loss but did not reduce inflammation. 68 

Therefore, neuronal loss rather than inflammation was critical for AD progression in this mouse 69 

model, and that disease progression could be ameliorated by inhibition of PTP1B. 70 

 71 

Key words: Alzheimer’s disease, amyloidosis, cognitive decline, inflammation, 72 

neurodegeneration, PTP1B 73 

  74 
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Introduction 75 

Alzheimer’s disease (AD) is the most frequent form of dementia, affecting ~7 % of the North-76 

American and European population over age 65 (Ferri et al., 2005; van der Flier and Scheltens, 77 

2005). AD patients display progressive cerebral deterioration, loss of memory, linguistic 78 

difficulties and disorientation (Ballard et al., 2011). The cause of sporadic AD is unresolved and 79 

treatment strategies are directed towards the symptoms, but do not delay the progression of the 80 

disease or even prevent its onset (Burns and Iliffe, 2009; David and Gad, 2017).  81 

Mutations in the amyloid precursor protein (APP) are tied to early-onset familial forms of 82 

AD (Mullan et al., 1992; Murrell et al., 2000). These mutations change the metabolism of 83 

amyloid-β (Aβ) peptides and cause the formation of pathogenic aggregates (amyloidosis). In 84 

sporadic AD patients, affected brain areas contain extracellular deposits of oligomerized Aβ 85 

plaques, mainly composed of Aβ40 and Aβ42 species, which are cleaved products of APP 86 

(Gandy, 2005). High levels of Aβ result in the formation of nitric oxide, reactive oxygen species, 87 

and cytokines that stimulate the inflammatory response in AD patients, potentially contributing to 88 

tissue deterioration (Meraz-Ríos et al., 2013). However, the precise role of cerebral Aβ in 89 

neurodegeneration and cognitive decline in AD patients remains unclear (Bloom, 2014; Spires-90 

Jones and Hyman, 2014), particularly since recent phase III clinical trials (ENGAGE, 91 

NCT02477800 and EMERGE, NCT02484547) targeting extracellular amyloid were terminated 92 

early because they failed to show efficacy. 93 

Neuroinflammation and neurodegeneration are common features of familial and sporadic 94 

AD. However, it is not clear whether neuroinflammation or neuronal cellular dysfunction per se 95 

account for cognitive decline and neurodegeneration. This is particularly relevant since a phase 96 

II clinical trial of the non-steroidal anti-inflammatory drug Naproxen failed to prevent the 97 

progression of AD (Meyer et al., 2019). Neuroinflammation and stress of the endoplasmic 98 

reticulum, both associated with amyloidosis and commonly observed in AD (Selkoe, 1991; 99 

Gerakis and Hetz, 2018), result in increased activity of the protein tyrosine phosphatase PTP1B 100 

(Zabolotny et al., 2008; Hakim et al., 2015; Zhu et al., 2015; Song et al., 2016). High PTP1B 101 

activity further activates the proinflammatory response of microglia (Song et al., 2016; 102 

Tsunekawa et al., 2017), resulting in a vicious cycle.  103 

PTP1B is a key inhibitor of several signaling pathways, including insulin, leptin, mGluR5, 104 

and trkB (Pandey et al., 2013; Ozek et al., 2014; Pandey et al., 2014; Qin et al., 2015a; Qin et 105 

al., 2015c). These metabolism-related signaling pathways are disturbed in AD (Zhang et al., 106 

2012; Bonda et al., 2014; Steculorum et al., 2014). Metabolic impairment is a common AD 107 

characteristic and is likely to contribute to disease progression (Cai et al., 2012). Type 2 108 
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diabetes dramatically increases the risk to develop dementia and AD (Leibson et al., 1997; 109 

Luchsinger et al., 2001; Profenno et al., 2010) and positron emission tomography studies have 110 

shown that glucose metabolism is substantially reduced in cortical areas of AD patients, 111 

corresponding to cognitive decline and disease progression (Nordberg et al., 2010).  112 

Elevated PTP1B activity also prevents the phosphorylation and constitutive inhibition of 113 

glycogen synthase kinase 3β (GSK3β) via its inhibition of the kinase Akt/PKB (Gum et al., 114 

2003). Interestingly, GSK3β is a shared downstream component of the metabolic signaling 115 

pathways closely tied to the detrimental changes in brains of AD patients: Activity of GSK3β 116 

leads to the formation of AD-associated cerebral deposits (Takashima, 2006; Llorens-Marítin et 117 

al., 2014), compromises neuronal survival (Alvarez et al., 1999) and interferes with cognitive 118 

performance (Hernández et al., 2002). 119 

Since PTP1B activation is associated with amyloidosis and cerebral inflammation and 120 

targets many key metabolic and signaling pathways implicated in AD, including GSK3β 121 

disinhibition, we asked whether systemic inhibition of PTP1B could ameliorate AD pathology in 122 

a mouse model of familial AD (hAPP-J20 mice). Furthermore, we tested to what extent neuron-123 

specific activation of PTP1B contributes to AD pathology in these mice. 124 

 125 

Materials and Methods 126 

Animals and Trodusquemine treatment. Heterozygous hAPP-J20 mice express the human 127 

APP carrying the Swedish and Indiana familial mutations (B6.Cg-Zbtb20Tg(PDGFB-128 

APPSwInd)20Lms/2Mmjax, (Mucke et al., 2000)). Founder mice were purchased from Jackson 129 

laboratories and a colony was bred with PTP1Bflx/flx (Bence et al., 2006) and Camk2αCre mice 130 

(Casanova et al., 2001) on a C57/BL6 background to generate hAPP-J20 mice with ablation of 131 

PTP1B in Camk2α-positive neurons (hAPP-J20 PTP1B KO mice). Genotypes were verified by 132 

PCR using genomic DNA isolated from tail or ear biopsies.  133 

Clinical grade Trodusquemine (provided by Enterin, Inc.) was administered 134 

intraperitoneally (i.p.) 6 times per mouse every 5 days over a period of 1 month at a dose of 5 135 

mg/kg bodyweight starting at 4.5 months of age. The last injection was done 2 weeks before 136 

behavioral experiments. Vehicle treated controls received sterile saline (0.9% NaCl in water). All 137 

animal experiments were approved by the University of Ottawa Animal Care Committee in 138 

accordance with guidelines of the Canadian Council on Animal Care and were carried out with 139 

similar numbers of females and males (Trodusquemine cohort; WT vehicle: 7 females, 8 males, 140 

WT Trodusquemine: 6 females, 4 males, hAPP-J20 vehicle: 5 females, 6 males, hAPP-J20 141 
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Trodusquemine: 4 females, 6 males, PTP1B KO cohort; WT: 6 females, 7 males, PTP1B KO: 6 142 

females, 6 males, hAPP-J20: 4 females, 5 males, hAPP-J20 PTP1B KO: 4 females, 4 males). 143 

 144 

Morris water maze test. The Morris water maze test was conducted with 6-month-old mice 145 

in the Faculty of Medicine Behavior Core Laboratory at the University of Ottawa to analyze the 146 

ability of mice to learn and remember the location of a submerged platform in a pool containing 147 

opaque water. The platform surface was 80 cm2 which corresponds to 0.6 % of the total pool 148 

area. Mice received a habituation to the experimental room and consecutive experiments were 149 

performed between noon and 4 PM. Mice were trained for 5 or 6 days, as indicated, (four trials 150 

per day with an inter-trial interval of 20 minutes and a random start location in one of four 151 

positions) to find the invisible, submerged platform at a fixed location. Cues around the pool 152 

were provided as spatial references. Trials lasted 1 minute or until the mouse found the 153 

platform. Mice were guided to the platform if they did not find the platform. Mice stayed on the 154 

platform for 15 seconds at each trial before being removed to their cages. After the training 155 

period, the platform was removed from the pool and the probe trial was executed within 1 156 

minute on the following day. On the probe day, platform area and target quadrant crossings 157 

were counted and swimming speed was measured using Ethovision automated video tracking 158 

software (Noldus). 159 

 160 

Tissue collection for histology and biochemistry. Following behavioral experiments, 161 

mice were anesthetized by i.p. injection of Ketamine (65 mg/kg bodyweight), Xylazine (13 mg/kg 162 

body weight) and Acepromazine (2 mg/kg bodyweight), decapitated and brains were quickly 163 

removed. One hemisphere was fixed overnight in 4 % paraformaldehyde in PBS (137 mM NaCl, 164 

2.7 mM KCl, 10.1 mM Na2HPO4 dibasic anhydrous and 1.8 mM KH2PO4 in ddH20, pH 7.4), 165 

cryoprotected with increasing concentrations of sucrose (10 % and 20 %) in 0.1 M phosphate 166 

buffer (0.038 M NaH2PO4 monobasic and 0.162 M Na2HPO4 dibasic, pH 7.4) for 5 days (4ºC), 167 

frozen on dry ice and stored at -80ºC. 20 um coronal sections were produced using a microtome 168 

(Leica CM1850, -20ºC) and stored at -80ºC until histological analysis. The second hemisphere 169 

was flash-frozen on dry ice and stored at -80ºC until protein extraction for ELISA. For 170 

immunoblot analysis, mice were fasted overnight. Following isoflurane anesthesia, mice were 171 

decapitated and 300 m hippocampal brain sections were cut in carbonated artificial 172 

cerebrospinal fluid (ACSF, 124 mM NaCl, 3 mM KCl, 1.3 mM MgCl2, 1.25 mM NaH2PO4, 26 mM 173 

NaHCO3, 2.4 mM CaCl2 and 10 mM glucose in ddH20, pH 7.4) using a vibratome (Leica VT1000 174 

S), as described (Zaman et al., 2014). Protein was extracted by ultrasonification in RIPA buffer 175 
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(150 mM NaCl, 10 mM Tris, pH 7.2, 0.1% sodium dodecyl sulfate (SDS), 1% Triton X-100, 1% 176 

sodium deoxycholate and 5 mM EDTA in ddH20), containing protease and phosphatase 177 

inhibitors (0.5 g/mL leupeptin, 2 g/mL aprotinin, 0.368 mg/mL sodium orthovanadate and 1.74 178 

mg/mL phenylmethanesulfonyl fluoride (PMSF)), frozen on dry ice and stored at -80ºC. Total 179 

protein for all biochemical approaches was quantified using a bicinchoninic acid assay (PierceTM 180 

BCA Protein Assay Kit, Thermo Scientific). 181 

For in vitro insulin treatment, hippocampal brain coronal sections were recovered in 182 

ACSF at 25 C for 30 minutes prior to vehicle or 100 nM insulin treatment for 10 minutes, and 183 

proteins were extracted for immunoblot analysis. 184 

 185 

Histology. Cryostat sections (20 m thickness) were washed in PBS (1 x 5 min), followed by 186 

another washing step in PBST (0.1 % Triton-X in PBS, 3 x 5 min) and blocked in 5% sheep 187 

serum/5 % bovine serum albumin in PBST (1 hour, room temperature). Sections were 188 

incubation with primary antibodies (PTP1B, Abcam, #ab245984, rabbit, 1:50; GFAP, Santa 189 

Cruz, sc6170, goat, 1:500, IBA1; Wako, LKR1186, rabbit, 1:500 in 5% sheep serum or bovine 190 

serum albumin in PBST, o/n, 4ºC). After washing in PBST (3 x 5 min), sections were incubated 191 

with secondary antibodies (Cy5 conjugated donkey anti goat, Cy3 conjugated donkey anti 192 

rabbit, 1:500 in 5% sheep serum/5% bovine serum albumin in PBST, 2 hours, room 193 

temperature), followed by another washing step in PBST (3 x 5 min) and mounted for 194 

fluorescence microscopy. The M.O.M. kit (mouse on mouse, Vector Laboratories, BMK-2202) 195 

was used for antibodies from mouse according to manufacturer’s protocol: Sections were 196 

washed in PBS (3 x 5 min) and blocked with IgG blocking reagent (1:25 in PBS, 1 hour, room 197 

temperature). Following another washing step in PBS (3 x 5 min), sections were incubated in 198 

M.O.M. diluent (M.O.M. protein concentrate, 1:12.5 in PBS, 5 min). After incubation with primary 199 

antibody (human Aβ, Dako, clone 6F3D, 1:100; FosB, Abcam, ab11959, 1:100; NeuN, Millipore, 200 

MAB377, 1:500 in M.O.M. diluent, o/n, 4ºC), sections were washed in PBS (3 x 5 min) and 201 

incubated with biotinylated anti-mouse IgG-reagent (1:250 in M.O.M. diluent, 10 min, room 202 

temperature), as we described previously (Schock et al., 2008). After another wash with PBS (3 203 

x 5 min), sections were incubated with Cy5 conjugated streptavidin (1:500 in PBS, Jackson 204 

ImmunoResearch), washed again with PBS (3 x 5 min) and mounted for fluorescence 205 

microscopy. Nuclei were stained with DAPI (Sigma). Heat-induced antigen retrieval for Aβ and 206 

GFAP was performed in 0.1 M sodium citrate buffer (0.04 M Sodium Citrate dihydrate, 0.06 207 

Citric Acid, pH 6, 95ºC, 20 min) after the blocking step. Dense core plaques were stained with 208 

thioflavin S (Sigma-Aldrich, 1% in 80% Methanol, 15 min) after dehydration in 70% and 80% 209 
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ethanol (1 min each). Aβ plaques were identified as thioflavin S positive patches with a minimal 210 

diameter of 8 μm and a minimal area of 50 μm2, similar to (Jährling et al., 2015).  211 

Fluorescence images were obtained using an inverted epifluorescence microscope (Axio 212 

Observer.Z1, Zeiss) with a 10x (Aβ, thioflavin S) or 20x objective (PTP1B, FosB, GFAP, IBA1, 213 

NeuN). Fluorescence microscopy was performed at bregma -2.18 mm and 2 pictures were 214 

obtained for each mouse. Quantification was performed with ImageJ-software (NIH) 215 

(https://imagej.net/Fiji/Downloads).  216 

 217 

Immunoblots. 50 g protein was loaded onto 10% SDS-polyacrylamide gels and 218 

transferred to PVDF membranes at 100 V for 2.5 hours. Blots were blocked with 5% bovine 219 

serum albumin or 5% non-fat milk in TBST at room temperature for 1 hour and probed with 220 

primary antibodies (1:1,000) purchased from Cell Signaling: Phospho-IRS1 (Tyr895), #3070; 221 

IRS1, #2382;  phospho-GSK3β (Ser9), #5558; GSK3β, #9315, rabbit; from Abcam: PTP1B, 222 

#ab245984, rabbit; and from Sigma: β-actin, #A5441, mouse) at 4°C overnight and followed by 223 

appropriate horseradish peroxidase (HRP)-conjugated secondary antibodies (1:10,000). HRP 224 

signals were detected with ECL (Amersham Biosciences). Blots were stripped with 0.2 M 225 

glycine, 3.5 mM SDS and 1% Tween 20 in ddH20, pH 2.2, for 20 min at room temperature 226 

between each primary antibody. 227 

 228 

ELISA of Aβ40/42 protein species. Soluble and insoluble protein from mouse brain was 229 

extracted similarly to (Casali and Landreth, 2016). Brain hemispheres were mechanically 230 

homogenized in ice cold homogenization buffer (2 mM Tris, pH 7.4, 250 mM sucrose, 0.5 mM 231 

EDTA, 0.5 mM EGTA, 1 mM PMSF and Mini Protease Inhibitor Cocktail (cOmpleteTM, Roche) in 232 

RNase-free water). After adding 0.4% diethylamine (Sigma-Aldrich) 1:1 to each sample, 233 

homogenates were centrifuged (135,000 x g, 1 h, 4ºC), supernatants (soluble protein) were 234 

flash-frozen on dry ice and stored at -80ºC. Remaining pellets were dissolved by sonification for 235 

1 min in 200 uL ice cold formic acid and centrifuged (109,000 x g, 1 h, 4ºC). Supernatants were 236 

added 1:20 to formic acid neutralization buffer (1 M Tris base, 0.5 M Na2HPO4 and 0.05% NaN3 237 

in ddH2O) and samples (insoluble protein) were flash-frozen on dry ice and stored at -80 ºC until 238 

further analysis. 239 

The soluble fraction contained 2.5 mg/mL and the insoluble fraction contained 0.06 240 

mg/mL protein on average. ELISA experiments were conducted using ELISA kits for human 241 

Aβ40 and Aβ42-protein (Thermo Fisher, KHB3481 and KHB3441) according to manufacturer’s 242 
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instructions with 10-fold dilutions of extracted protein. Aβ protein levels and detection thresholds 243 

given by the manufacturer were normalized to total protein.  244 

 245 

Statistics. Statistical analysis was done with GraphPad Prism 7. Quantified data in figures 246 

are presented as mean +/- SEM and relative data is shown as percentage of control 247 

experiments (wild type (WT) or vehicle-treated wild type). Percentages and ratios were 248 

normalized by Arcsine transformation. Unpaired student’s t tests were used for two-group 249 

comparisons. Four-group comparisons were analyzed by two-way ANOVA (repeated measures 250 

ANOVA with adjusted P-values for training effects in Morris water maze experiments and for 251 

bodyweight) followed by Bonferroni post hoc comparisons when at least one of the main factors 252 

or the interaction was significant. For three-way ANOVA of immunoblots comparing genotypes, 253 

Trodusquemine, and Insulin treatments, Tukey’s multiple comparison test was used. A 254 

significance level of 0.05 was accepted for all statistical tests. Asterisks mark P-values ≤ 0.05 255 

(*), 0.01 (**), 0.001 (***) or 0.0001 (****). The results of all statistical analyses are presented in 256 

each figure legend and in the text, when appropriate. 257 

 258 

Results 259 

Systemic inhibition of PTP1B improves the behavioral AD phenotype of hAPP-J20 mice 260 

AD is commonly associated with loss of memory (Ballard et al., 2011) and hAPP-J20 mice 261 

display similar impairment of cognitive function (Palop et al., 2003; Royea et al., 2017). 262 

Trodusquemine is a non-competitive and highly selective PTP1B inhibitor (Lantz et al., 2010b; 263 

Pandey et al., 2013; Krishnan et al., 2014; Pandey et al., 2014; Qin et al., 2015c; Banh et al., 264 

2016)  which has been used for the intervention of diabetes and obesity in clinical trials (Nguyen 265 

et al., 2012). We have previously reported that a single dose of Trodusquemine could 266 

ameliorate anxiety-related behaviors in a transgenic mouse model by inhibiting PTP1B (Qin et 267 

al., 2015c). Here, we tested whether repeated administration of Trodusquemine (5 mg/kg, i.p. 268 

every 5 days for 6 doses) could improve spatial memory in hAPP-J20 mice in the Morris water 269 

maze test (Fig. 1A-C). By repeated measures two-way ANOVA, we observed significant main 270 

effects of genotype/treatment, F(3,42)=6.541, p=0.0010; time, F(4,168)=32.52, p<0.0001; 271 

subjects (matching), F(42,168)=3.668, p<0.0001; as well as the interaction between 272 

genotype/treatment and time, F(12,168)=2.993, p=0.0008. During the training phase, vehicle-273 

treated hAPP-J20 mice took longer to find the hidden platform compared to vehicle-treated WT 274 

mice (Fig. 1A, *, for post hoc analyses). There was no significant difference between 275 

Trodusquemine and vehicle-treated WT mice. Importantly, Trodusquemine treatment improved 276 
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spatial learning and memory of hAPP-J20 mice, with a shorter latency compared to vehicle-277 

treated hAPP-J20 mice (Fig. 1A, #, for post hoc analyses). Similarly, on the probe day, hAPP-278 

J20 mice had difficulty to remember the precise location (Fig. 1B, two-way ANOVA: genotype, 279 

F(1,42)=11.11, p=0.0018; treatment, F(1,42)=9.532, p=0.0036; interaction, F(1,42)=1.267, 280 

p=0.2667) or even the quadrant (Fig. 1C, two-way ANOVA: genotype, F(1,42)=2.864, p=0.0980; 281 

treatment, F(1,42)=3.775, p=0.0587; interaction, F(1,42)=4.595, p=0.0379) where the hidden 282 

platform had been during training. Trodusquemine treatment rescued these spatial memory 283 

deficits in hAPP-J20 mice. No difference in swimming speeds was observed (Fig. 1D).  284 

Consistent with previous studies (Zasloff et al., 2001; Pandey et al., 2013; Pandey et al., 285 

2014), chronic Trodusquemine induced weight loss to the same extent in WT and hAPP-20 286 

mice (Fig. 1E). By repeated measures two-way ANOVA, we found significant main effects of 287 

genotype/treatment, F(3,42)=14.74, p<0.0001; time, F(6, 252)=17.05, p<0.0001; subjects 288 

(matching), F(42,252)=8.676, p<0.0001; as well as their interaction, F(18, 252)=14.34, 289 

p<0.0001. Of note, even though behavior tests were carried out 2 weeks after the last dose of 290 

Trodusquemine, spatial learning and memory deficits were clearly rescued in hAPP-J20 mice.  291 

 292 

Inhibition of PTP1B restores insulin response and GSK3β inhibition in hAPP-J20 mice 293 

We next tested whether PTP1B inhibition by chronic Trodusquemine would affect the tyrosine 294 

phosphorylation of insulin receptor substrate 1 (IRS1) (Goldstein et al., 2000; Pandey et al., 295 

2014)  and the downstream phosphorylation state of GSK3β. Brain sections from mice treated 296 

with 6 doses of Trodusquemine or vehicle (as in Fig. 1D) were kept in ACSF for 30 minutes prior 297 

to vehicle or 100 nM insulin treatment for 10 minutes and proteins were analyzed by 298 

immunoblot. Inhibition of PTP1B by chronic Trodusquemine treatment increased pIRS1 levels 299 

and improved the insulin response in hAPP-J20 mice (Fig. 2A, B). Similar effects were also 300 

observed for pGSK3β (Fig. 2A, C).  301 

Further immunoblot analysis of acutely isolated brain slices revealed a reduced ratio of 302 

baseline phosphorylated GSK3β (pGSK3β) to unphosphorylated GSK3β in hAPP-J20 mice (Fig. 303 

2D, E) relative to wild type mice. Chronic Trodusquemine treatment restored the pGSK3β to 304 

GSK3β ratio in hAPP-20 mice, when compared to vehicle-treated hAPP-J20 mice. Interestingly, 305 

Trodusquemine did not affect the pGSK3β to GSK3β ratio in WT mice, suggesting that GSK3β 306 

is largely inhibited in WT mice.   307 

 308 

Inhibition of PTP1B reduces inflammation in hAPP-J20 mice 309 
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hAPP-J20 mice are reported to exhibit elevated degrees of inflammation which may contribute 310 

to cerebral deterioration and cognitive dysfunction (Wright et al., 2013; Royea et al., 2017). 311 

Increased activation of innate immune cells (microglia) as shown by IBA-immunostaining was 312 

detected in the hippocampus CA3-region of hAPP-J20 mice (Fig. 3A). In addition, increased 313 

gliosis was observed by immunostaining for the astrocyte marker GFAP (Fig. 3B). Vehicle-314 

treated hAPP-J20 mice had a greater IBA1-positive area compared to vehicle-treated WT mice. 315 

Trodusquemine treatment prevented an increase in the IBA1-positive area in hAPP-J20 mice, 316 

implying that Trodusquemine attenuates microgliosis in hAPP-J20 mice. Similarly, GFAP-317 

positive area was greater in vehicle-treated hAPP-J20 mice compared to vehicle-treated WT 318 

mice and was markedly reduced by Trodusquemine-treatment (Fig. 3B). Thus, systemic 319 

inhibition of PTP1B decreases inflammation in the hippocampus of hAPP-J20 mice.  320 

 321 

Inhibition of PTP1B prevents neurodegeneration in hAPP-J20 mice 322 

hAPP-J20 mice display aging-associated neurodegeneration in the hippocampus (Wright et al., 323 

2013). To determine whether PTP1B inhibition affects neuron loss to account for its effect on 324 

preserving cognitive function in hAPP-J20 mice, we compared neuronal numbers by quantifying 325 

NeuN-positive cells in the pyramidal cell layer of hippocampal regions. Vehicle-treated hAPP-326 

J20 contained significantly fewer neurons in the CA3-region (Fig. 3C), but not in CA1-region 327 

(Fig. 3D), compared to WT mice. This neuron loss was prevented when hAPP-J20 mice were 328 

treated with Trodusquemine.  329 

No difference in FosB immunostaining, an index of neuronal activity, was observed in 330 

the hippocampus of hAPP-J20 and WT mice (data not shown). Thus, neuron loss and 331 

behavioral deficits are not associated with changes in neuronal activity measured by FosB 332 

expression. These results imply that systemic inhibition of PTP1B averts hippocampal neuron 333 

loss in hAPP-J20 mice. 334 

 335 

Neuronal ablation of PTP1B preserves spatial memory in hAPP-J20 mice 336 

Since systemic administration of a selective PTP1B inhibitor ameliorated spatial memory deficits 337 

in hAPP-J20 mice, we next asked to what extent neuronal PTP1B activation accounts for these 338 

functional deficits. PTP1B was selectively ablated in glutamatergic neurons of CamKIIαCre mice 339 

(PTP1B KO) and these mice were bred onto the hAPP-J20 background. PTP1B ablation was 340 

confirmed by immunohistochemistry (Fig. 4A-C) and immunoblot analysis of brain sections 341 

through the hippocampus (Fig. 4D).  342 
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 In the Morris water maze test, using the same spatial reference cues, hAPP-J20 mice took 343 

longer to find the hidden platform than WT mice. Neuronal ablation of PTP1B in hAPP-J20 mice 344 

reduced the time needed to find the hidden platform to that seen in WT mice. No difference was 345 

seen between PTP1B KO and WT mice (Fig. 4E). On the probe day, hAPP-J20 mice displayed 346 

fewer crossings of the precise platform area compared to WT mice and this deficit was rescued 347 

by neuronal PTP1B ablation (Fig. 4F), indicating that neuronal ablation of PTP1B prevents the 348 

cognitive decline in this AD mouse model. Similarly, fewer target quadrant crossings (Fig. 4G) 349 

were also observed in hAPP-J20 mice compared to WT mice. Importantly, this reduction of 350 

target quadrant crossings was not observed with neuronal ablation of PTP1B. Of note, unlike 351 

the previously described Nestin-Cre/PTP1Bflox mice where PTP1B is ablated in all neuro-352 

progenitors and display reduced adiposity and increased energy expenditure (Bence et al., 353 

2006), neuronal ablation of PTP1B in glutamatergic projection neurons did not affect body 354 

weight at 4 months when compared to WT mice (25.1 ± 1.5 g versus 27.8 ± 1.6 g, p=0.30, n=7 355 

and 15 mice, respectively).  356 

 357 

Neuronal ablation of PTP1B restores GSK3β phosphorylation in hAPP-J20 mice 358 

Since systemic inhibition of PTP1B restored the phosphorylation of cerebral GSK3β in hAPP-359 

J20 mice (Fig. 2), we asked whether neuronal ablation of PTP1B would have a similar effect 360 

(Fig. 5). Remarkably, neuronal ablation of PTP1B in hAPP-J20 mice was sufficient to restore the 361 

pGSK3β/GSK3β ratio compared to hAPP-J20 mice. Thus, neuronal PTP1B activation largely 362 

accounts for reduced phosphorylation of GSK3β in hAPP-J20 mice.  363 

 364 

Neuronal PTP1B KO does not attenuate inflammation in hAPP-J20 mice 365 

Since systemic PTP1B inhibition was found to reduce inflammation in hAPP-J20 mice, we 366 

asked whether neuron-specific ablation of PTP1B would have a similar effect (Fig. 6). 367 

Remarkably, inflammation was not affected by neuronal ablation of PTP1B: a similar elevation 368 

in IBA1-reactive areas (Fig. 6A) and GFAP-positive areas (Fig. 6B) were observed in the 369 

hippocampus CA3-region of both hAPP-J20 and hAPP-J20 PTP1B KO mice compared to WT 370 

mice. The IBA1-positive and GFAP-positive areas were not different between PTP1B KO and 371 

WT mice. Thus, ablation of PTP1B in glutamatergic neurons does not prevent 372 

neuroinflammation in hAPP-J20 mice.  373 

 374 

Neuronal ablation of PTP1B ameliorates neuron loss of hAPP-J20 mice 375 
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Because systemic inhibition of PTP1B prevented neuron loss in hAPP-J20 mice, we asked to 376 

what extent neuron loss is due to neuronal PTP1B activation (Fig. 6). Again, hAPP-J20 mice 377 

contained fewer neurons in the CA3-region compared to WT mice. This neuron loss was 378 

prevented by neuronal ablation of PTP1B. Taken together, these results indicate that in the 379 

absence of neuronal PTP1B, inflammation is not sufficient to cause hippocampal 380 

neurodegeneration in hAPP-J20 mice. 381 

 382 

Neuronal PTP1B increases Aβ plaque size without altering Aβ protein levels 383 

To determine whether neuronal PTP1B also affects the levels of Aβ proteins in hAPP-J20 mice, 384 

we analyzed Aβ protein burdens in hAPP-J20 and hAPP-J20 PTP1B KO mice using ELISA (Fig. 385 

7). Since we did not detect significant amyloidosis before 12 months of age (Fig. 7A,B), only 12-386 

month-old mice were used to examine the effect of neuronal PTP1B ablation on Aβ burden. 387 

Aβ42 is more prone to form Aβ oligomers and aggregates compared to Aβ40 (Kayed et al., 2003). 388 

Interestingly, we did not detect significant differences in Aβ40 and Aβ42 protein levels between 389 

hAPP-J20 and hAPP-J20 PTP1B KO mice in the soluble or the insoluble protein fractions, 390 

indicating that neuronal PTP1B does not affect Aβ protein levels in hAPP-J20 mice (Fig. 7C).  391 

We next quantified the accumulation of cerebral plaques in 12-month-old hAPP-J20 392 

PTP1B KO mice to determine whether neuronal PTP1B alters plaque load. While neuronal 393 

PTP1B ablation had no effect on the number of Thioflavin S-positive plaques of hAPP-J20 mice 394 

(Fig. 7D), total Thioflavin S-positive plaque areas were dramatically reduced in the hippocampus 395 

of hAPP-J20 PTP1B KO mice compared to hAPP-J20 mice. The mean plaque areas were also 396 

significantly reduced in the hippocampus of hAPP-J20 PTP1B KO mice compared to hAPP-J20 397 

mice. 398 

Similarly, Aβ plaque numbers were not different in hAPP-J20 and hAPP-J20 PTP1B KO 399 

mice (Fig. 7E), but each Aβ plaque was smaller and the total Aβ plaque area was reduced with 400 

neuronal PTP1B ablation. Together, these results suggest that PTP1B in neurons contributes to 401 

the accumulation of Aβ plaques in hAPP-J20 mice, perhaps by interfering with plaque growth 402 

dynamics. 403 

 404 

Discussion  405 

The present study identifies neuronal PTP1B as a key component required for the manifestation 406 

of spatial memory deficits and neurodegeneration in a mouse model of familial AD. Systemic 407 

selective inhibition of PTP1B or PTP1B ablation in neurons was sufficient to ameliorate spatial 408 
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learning and memory deficits of hAPP-J20 mice and prevent hippocampal neuron loss. These 409 

functional improvements were associated with restored phosphorylation and inhibition of 410 

cerebral GSK3β. Inflammation in hAPP-J20 mice was suppressed by systemic inhibition of 411 

PTP1B, but not by neuronal PTP1B ablation. Finally, neuronal ablation of PTP1B decreased 412 

hippocampal Aβ plaque size without altering cerebral Aβ protein levels. These findings imply 413 

that neuronal PTP1B drives the progression of AD in these mice.  414 

PTP1B modulates multiple pathways and processes that are linked to neuropathological 415 

conditions, such as AD and dementia (Vieira et al., 2017). GSK3β is inactivated by 416 

phosphorylation mainly through the action of protein kinase B (PKB) (Ueki et al., 1998).  PTP1B 417 

indirectly suppresses PKB activity either by inactivating the insulin signaling pathway (Gum et 418 

al., 2003; Bence et al., 2006; Pandey et al., 2014) or by silencing the BDNF receptor trkB (Li et 419 

al., 2007; Ozek et al., 2014). Thus, in hAPP-J20 mice neuronal PTP1B may drive GSK3β 420 

activity by interfering with insulin signaling, as we observed here, and also by interfering with 421 

trkB signaling.   422 

Suppressing GSK3β activity protects neurons from a variety of stressors and prevents 423 

cell death (D'Mello et al., 1994; Alvarez et al., 1999). In addition to its neurotoxic effects, GSK3β 424 

impairs memory performance: cerebral overexpression of GSK3β in mice disturbed spatial 425 

learning during Morris water maze experiments (Hernández et al., 2002), potentially due to 426 

interference with long term potentiation (Hooper et al., 2007). Also, GSK3β alters synaptic 427 

remodeling by inhibiting cAMP responsive element-binding protein (Hansen et al., 2004) and is 428 

involved in the regulation of cytoskeleton assembly (Koivisto et al., 2004) which is needed for 429 

synaptic reorganization during memory consolidation (Hooper et al., 2008). Thus, part of the 430 

beneficial effect of PTP1B inhibition or neuronal PTP1B ablation in neuronal loss and cognitive 431 

decline may result from restoring GSK3β phosphorylation/inhibition in this AD model.  432 

Inflammation is a common phenomenon in AD (Heneka et al., 2015). However, it 433 

remains uncertain if inflammatory processes in AD patients substantially contribute to tissue 434 

degradation or if inflammation is rather a secondary effect in response to other pathological 435 

triggers (Akiyama et al., 2000). APP processing and Aβ accumulation result in the activation of 436 

microglia and astrocytes (Meraz-Ríos et al., 2013). We observed inflammation prior to 437 

accumulation of Aβ protein and plaque deposition in hAPP-J20 mice, as reported by others 438 

(Wright et al., 2013), suggesting that inflammation is an early response in this AD model. Our 439 

data suggest that PTP1B contributes to inflammation in hAPP-J20 mice, since systemic 440 

inhibition of PTP1B resulted in reduced hippocampal microgliosis and astrogliosis. Consistent 441 
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with our finding, intracerebral administration of a PTP1B inhibitor also reduces 442 

lipopolysaccharide-induced brain inflammation (Song et al., 2016). PTP1B could be activated as 443 

a result of endoplasmic reticulum stress from the toxicity of the mutant Aβ protein or as a 444 

consequence of inflammation.  445 

Although inflammation coincides with cognitive impairment in hAPP-J20 mice, we were 446 

surprised to find that neuronal PTP1B ablation in these mice could rescue neurodegeneration 447 

and cognitive deficits without reducing inflammation. This finding is particularly interesting 448 

because it dissociates inflammation from learning and memory deficits in hAPP-J20 mice at 6 449 

months of age. It remains to be determined whether this is also true in other mouse models of 450 

AD and even in humans afflicted with AD. If so, this might explain why an anti-inflammatory 451 

strategy failed to show clinical therapeutic benefit (Meyer et al., 2019). Our previous work 452 

indicates that the small protein LMO4 is an endogenous inhibitor of PTP1B (Pandey et al., 2013; 453 

Qin et al., 2015b) and loss of LMO4 reported in the hippocampus of AD patients postmortem 454 

(Leuba et al., 2004) would be consistent with PTP1B activation.  455 

Ablation of PTP1B in glutamatergic neurons did not alter Aβ40 or Aβ42 protein levels, but 456 

decreased Aβ plaque size. Interestingly, disease progression in patients does not correlate with 457 

plaque growth, probably due to constant resolution of Aβ plaques (Hyman et al., 1993). The 458 

mechanism behind this dynamic equilibrium is largely unknown, and although plaque growth 459 

may be modulated by microgliosis and astrogliosis (Yan et al., 2009), our finding that 460 

inflammation is not altered by neuronal ablation of PTP1B yet plaque size was reduced argues 461 

against this mechanism. Our data imply that neuronal PTP1B contributes to plaque growth 462 

and/or impairs plaque resolution, but it remains uncertain how PTP1B affects plaque dynamics. 463 

PTP1B is activated by chronic sleep fragmentation (Hakim et al., 2015), a common condition of 464 

patients with AD (Brzecka et al., 2018).  Hippocampal memory deficits in aging could be 465 

attributed to sleep disorders (Mander et al., 2013) that disrupt the normal oscillations in cerebral 466 

spinal fluid flow from the brain coupled with the sleep cycle (Fultz et al., 2019). These 467 

oscillations may be important to clear toxic metabolites from the brain, including amyloid. 468 

Whether the beneficial effects of pharmacological and genetic targeting of PTP1B on learning 469 

and memory are also mediated by an improved sleep cycle is an intriguing possibility that merits 470 

further investigation. 471 

A recent report showed that Trodusquemine enhances Aβ42 aggregation but suppresses 472 

its toxicity by displacing oligomers from cell membranes in C. elegans (Limbocker et al., 2019). 473 

Whether these effects are mediated by the C. elegans PTP1B homolog MOA-1/R155.2 remains 474 
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to be tested. Consistent with our findings, these authors saw no effect on Aβ42 protein levels 475 

with Trodusquemine treatment. Trodusquemine (MSI-1436), a natural compound, is a spermine 476 

metabolite of cholesterol that was isolated from dogfish shark liver (Rao et al., 2000; Zasloff et 477 

al., 2001). Trodusquemine is a reversible, non-competitive inhibitor of PTP1B (Ki 600 nM 478 

(Krishnan et al., 2014)) with 200-fold selectivity compared to the closest homologue TC-PTP 479 

(Lantz et al., 2010a). Trodusquemine readily crosses the blood brain barrier, with a half-life of > 480 

1 week in vivo (Zasloff et al., 2001; Ahima et al., 2002; Lantz et al., 2010a). By inhibiting PTP1B, 481 

Trodusquemine promotes insulin and leptin signaling (Ahima et al., 2002; Lantz et al., 2010a; 482 

Roitman et al., 2010) and since Trodusquemine has undergone clinical trials for safety and to 483 

treat obesity (Nguyen et al., 2012), it could be readily repurposed to treat AD. 484 

Our study showed that Trodusquemine robustly ameliorated AD symptoms in the hAPP-485 

J20 mouse model, but also induced weight loss. Before transition to clinical studies, the lowest 486 

optimal effective dose of Trodusquemine should be determined, with minimal weight loss and 487 

maximal effect on the AD phenotype. Furthermore, it will be important to test this therapeutic 488 

approach in other models of AD, particularly in models with tau pathologies. It is worth noting 489 

that GSK3β drives production of tau protein and its aggregation to neurofibrillary tangles 490 

(Hooper et al., 2008). GSK3β inhibitors were shown to be beneficial in AD rodent models, but 491 

have side effects that induce apoptosis and memory impairment in healthy controls (Hu et al., 492 

2009). However, a phase 2 clinical trial of GSK3  inhibitor found no clinical benefit (Lovestone 493 

et al., 2015). Since our data show that PTP1B is upstream of GSK3  activation, targeting 494 

GSK3  alone may be insufficient to improve AD. Trodusquemine does not harm cerebral 495 

integrity or cognitive performance of WT mice, as we reported previously (Qin et al., 2015c). 496 

Thus, inhibition of PTP1B by Trodusquemine or related compounds (Qin et al., 2015a) would be 497 

a preferable target to attenuate GSK3β hyperactivity in AD.  498 

In summary, we show that neuronal PTP1B is required for neuron loss and memory 499 

impairment in this mouse model of familial AD. In addition, we demonstrate a novel 500 

pharmacological approach to ameliorate the progression of this devastating neurological 501 

disorder.   502 
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Figure legends 503 

Figure 1. PTP1B inhibition by Trodusquemine ameliorates the cognitive impairment of 504 

hAPP-J20 mice. Trodusquemine (Trod) treatment over 30 days (5 mg/kg/5days, i.p.) decreased 505 

the latency to find the hidden platform for hAPP-J20 mice during the training phase (A) and 506 

improved memory (crossings at the area where the platform was located (B) and target 507 

quadrant crossings (C)) on the probe day in Morris water maze experiments. (D) Swimming 508 

speed. (E) Body weight progression.  (n= 10-15 mice per group. A, repeated measures two-way 509 

ANOVA: genotype/treatment, F(3,42)=6.541, p=0.0010; time, F(4,168)=32.52, p<0.0001; 510 

subjects (matching), F(42,168)=3.668, p<0.0001; interaction, F(12,168)=2.993, p=0.0008; *, 511 

post hoc pairwise comparisons between Veh WT and Veh hAPP-J20, day 3, 4, 5: p=0.0031, 512 

0.0017, 0.0002, respectively; #, post hoc pairwise comparisons between Veh and Trod hAPP-513 

J20, day 4, 5: p=0.0368, p<0.0001, respectively.  B, two-way ANOVA: genotype, F(1,42)=11.11, 514 

p=0.0018; treatment, F(1,42)=9.532, p=0.0036; interaction, F(1,42)=1.267, p=0.2667; *, post 515 

hoc comparisons between Veh WT and Veh hAPP-J20, p=0.0101 and between Veh and Trod 516 

hAPP-J20, p=0.0371 C, two-way ANOVA: genotype, F(1,42)=2.864, p=0.0980; treatment, 517 

F(1,42)=3.775, p=0.0587; interaction, F(1,42)=4.595, p=0.0379). *, post hoc comparisons 518 

between Veh WT and Veh hAPP-J20, p=0.0365 and between Veh and Trod hAPP-J20, 519 

p=0.0466. D, two-way ANOVA, genotype, F(1,42) = 0.5482, p=0.4632; treatment, F(1, 42) = 520 

2.084, p=0.1562; interaction, F(1,42) = 4.622, p=0.0374. E, repeated measures two-way 521 

ANOVA, genotype/treatment, F(3,42)=14.74, p<0.0001; time, F(6, 252)=17.05, p<0.0001; 522 

subjects (matching), F(42,252)=8.676, p<0.0001; interaction, F(18, 252)=14.34, p<0.0001. 523 

 524 

Figure 2. PTP1B inhibition by Trodusquemine restores insulin response and 525 

phosphorylated/inactive GSK3β in hAPP-J20 mice. (A) Tyrosine-phosphorylated IRS1 levels 526 

are compared under basal conditions and in response to insulin stimulation in acutely cultured 527 

brain slices from hAPP-J20 or WT mice treated chronically with Trodusquemine or vehicle (as in 528 

Fig. 1D). The effects on GSK3β phosphorylation were also examined.  Signals were quantified 529 

in (B and C). pIRS1/IRS1 ratio three-way ANOVA: genotype, F(1,16)=24.36, p=0.0001; Veh vs 530 

Trod, F(1,16)=15.82, p=0.0011; Veh vs Insulin, F(1,16)=39.36, p<0.0001; genotype x Veh vs 531 

Trod, F(1,16)=0.1608, p=0.6937; genotype x Veh vs Insulin, F(1,16)=3.524, p=0.0788; Veh vs 532 

Trod x Veh vs Insulin, F(1,16)=1.100, p=0.3098; genotype x Veh vs Trod x Veh vs Insulin, 533 

F(1,16)=0.1197, p=0.7339. Post hoc pairwise comparisons between Veh and Insulin WT, *, 534 

p=0.0305, between Veh and Trod/Insulin WT, ***, p=0.0002 and between Veh and Trod/Insulin 535 
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hAPP-J20, *, p=0.0184. pGSK3β/GSK3β ratio three-way ANOVA: genotype, F(1,16)=1.663, 536 

p=0.2155; Veh vs Trod, F(1,16)=0.2183, p=0.6467; Veh vs Insulin, F(1,16)=39.71, p<0.0001; 537 

genotype x Veh vs Trod, F(1,16)=18.71, p=0.0005; genotype x Veh vs Insulin, F(1,16)=1.162, 538 

p=0.2971; Veh vs Trod x Veh vs Insulin, F(1,16)=3.7977, p=0.0691; genotype x Veh vs Trod x 539 

Veh vs Insulin, F(1,16)=1.057, p=0.3192. Post hoc pairwise comparisons between Veh and 540 

Insulin WT, *, p=0.0147, between Veh and Insulin J20, *, p=0.0134,  and between Veh and 541 

Trod/Insulin hAPP-J20, **, p=0.0008,  (D) In acutely isolated brain sections, basal 542 

phosphorylation of cerebral GSK3β (pGSK3β to total GSK3β, pGSK3β/GSK3β) in hAPP-J20 543 

mice was rescued when hAPP-J20 mice were chronically treated with Trodusquemine (n=5-7 544 

mice, two-way ANOVA: genotype, F(1,19)=0.1750, p=0.6804; treatment, F(1, 19)=2,077, 545 

p=0.1658; interaction, F(1, 19)=13.69, p=0.0015; Post hoc pairwise comparisons between Veh 546 

WT and Veh hAPP-J20, *, p=0.0480 and between Veh and Trod hAPP-J20, **, p=0.0092).   547 

 548 

Figure 3. PTP1B inhibition by Trodusquemine reduces inflammation and neuron loss in 549 

the hippocampus CA3 region of hAPP-J20 mice. Inflammation was assessed by (A) IBA1 550 

and (B) GFAP immunostaining in the hippocampal CA3 region. Neurons identified by NeuN 551 

immunostaining were counted in CA3 (C) and CA1 (D). Nuclei are counterstained with DAPI. 552 

Scale bars: 50 μm, n= 4-5 mice per group. Two-way ANOVA for IBA1: genotype, F(1,14)=11.31, 553 

p=0.0046; treatment, F(1, 14)=1.842, p=0.1962; interaction, F(1, 14)=5.010, p=0.0420. Post hoc 554 

pairwise comparison between Veh WT and Veh hAPP-J20, **, p=0.0085. Two-way ANOVA for 555 

GFAP: genotype, F(1,15)=6.853, p=0.0194; treatment, F(1,15)=1.057, p=0.3202; interaction 556 

F(1, 15)=9.893, p=0.0067. Post hoc pairwise comparisons between Veh WT and Veh hAPP-557 

J20, **, p=0.0046, and between Veh and Trod hAPP-J20, *, p=0.0494. Two-way ANOVA for 558 

NeuN in CA3: genotype, F(1,14)=12.48, p=0.0033; treatment, F(1,14)=2.904, p=0.1104; 559 

interaction, F(1,14)=0.8006, p=0.3860. Post hoc pairwise comparison between Veh WT and 560 

Veh hAPP-J20, *, p=0.0442. Two-way ANOVA for NeuN in CA1: genotype, F (1,15) = 1.555, 561 

p=0.2315; treatment, F (1,15) = 0.302, p=0.5907; interaction, F (1,15) = 0.3264, p=0.5762. 562 

 563 

Figure 4. Neuronal PTP1B ablation prevents cognitive deficits in hAPP-J20 mice. 564 

Immunofluorescence staining of cryostat brain sections reveal loss of PTP1B in hippocampal 565 

neurons of PTP1B KO (A) and hAPP-J20 PTP1B KO (B) mice. Dashed areas are enlarged in 566 

(C), showing cytoplasmic PTP1B staining in neurons is lost with PTP1B ablation. NeuN labels 567 
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neurons and DAPI labels nuclei. Scale bars, 50 m (A) and 20 m (C). (D) Immunoblot of acute 568 

brain slices shows marked reduction of PTP1B in PTP1B KO and hAPP-J20 PTP1B KO mice. 569 

(E) Spatial learning and memory were impaired in 6-month-old hAPP-J20 mice over the 6-day 570 

training phase of the Morris water maze test, as measured by the latency to locate the hidden 571 

platform using spatial reference cues.  On the probe day, hAPP-J20 mice seldom crossed the 572 

platform area (F, where the platform had been located during training) or the target quadrant 573 

(G). These deficits were rescued in hAPP-J20 mice with neuronal ablation of PTP1B (n=8-13 574 

mice per group, repeated measures two-way ANOVA for (E), genotype, F(3,38)=8.033, 575 

p=0.0003; time, F(5,190)=37.45, p<0.0001; subjects (matching), F(38,190)=3.925, p<0.0001; 576 

interaction, F(15,190)=1.385, p=0.1579. Post hoc pairwise comparisons between Veh WT and 577 

Veh hAPP-J20, *, day 3, 4, 5, 6: p=0.0070, 0.0016, 0.0033, 0.0031, respectively. Two-way 578 

ANOVA for (F), genotype, (F1, 38)=2.731, p=0.1067; PTP1B deletion, F(1,38)=11.04, p=0.0020; 579 

interaction, F(1,38)=9.056, p=0.0046. Post hoc pairwise comparisons between Veh WT and Veh 580 

hAPP-J20, *, p=0.01 and between Veh and Trod hAPP-J20, **, p=0.0013. Two-way ANOVA for 581 

(G), genotype, (F1, 38)=14.13, p=0.0006; PTP1B deletion, F(1,38)=2.215, p=0.1449; 582 

interaction, F(1,38)=3.208, p=0.0813).  Post hoc pairwise comparison between Veh WT and 583 

Veh hAPP-J20, *, p=0.017. 584 

 585 

Figure 5. Neuronal PTP1B ablation restores the phosphorylated/inactive form of GSK3β 586 

in hAPP-J20 mice. (A) Brain sections were subjected to immunoblot analysis to compare the 587 

Ser9-phosphorylated (inactive) form of cerebral GSK3β to total GSK3β, quantified in (B). n= 3-8 588 

mice/genotype. Two-way ANOVA: genotype, F(1, 20)=1.371, p=0.2555; PTP1B deletion, F(1, 589 

20)=0.1390, p=0.7132; interaction, F(1, 20)=11.63, p=0.0028). Post hoc pairwise comparisons 590 

between Veh WT and Veh hAPP-J20, *, p=0.0105 and between Veh and Trod hAPP-J20, *, 591 

p=0.0363.  592 

 593 

Figure 6. Neuronal PTP1B ablation does not affect inflammation but prevents neuron loss 594 

in the hippocampus of hAPP-J20 mice. Inflammation was assessed by (A) IBA1 and (B) 595 

GFAP immunostaining in the CA3 hippocampal region. (C) Neurons identified by NeuN 596 

immunostaining were counted. Nuclei are counterstained with DAPI. Scale bars: 50 μm, n= 3-5 597 

mice per group. Two-way ANOVA for IBA1: genotype, F(1,12)=18.17, p=0.0011; PTP1B 598 

deletion, F(1, 12)=0.2628, p=0.6175; interaction, F(1, 12)=0.03385, p=0.8571. Post hoc pairwise 599 
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comparisons between WT and hAPP-J20, *, p=0.0335 and between WT and hAPP-J20 PTP1B 600 

KO, *, p=0.0212. Two-way ANOVA for GFAP: genotype, F(1, 15)=21.76, p=0.0003; PTP1B 601 

deletion, F(1, 15)=0.0953, p=0.7618; interaction, F(1, 15)=1.371, p=0.2599). Post hoc pairwise 602 

comparisons between WT and hAPP-J20, **, p=0.0042 and between WT and hAPP-J20 PTP1B 603 

KO, *, p=0.015. Two-way ANOVA for NeuN: genotype, F(1,14)=3.023, p=0.1040; PTP1B 604 

deletion, F(1, 14)=0.0927, p=0.7653; interaction, F(1, 14)=7.569, p=0.0156). Post hoc pairwise 605 

comparison between WT and hAPP-J20, *, p=0.0405. 606 

 607 

Figure 7. Neuronal PTP1B ablation reduces Amyloid β plaque burden in the hippocampus 608 

of hAPP-J20 mice. (A) Soluble and insoluble Aβ protein levels analyzed by ELISA with protein 609 

from hemispheres of hAPP-J20 and hAPP-J20 PTP1B KO mice at 6 and 12 months of age. n= 610 

3-7 mice per group. Only values above detection thresholds of the ELISA assays (indicated by 611 

dashed lines) were considered for statistical analysis. Two-way ANOVA for soluble Aβ42: 612 

genotype, F(1, 19)=6.422, p=0.202; age, F(1, 19)=5.526, p=0.0297; interaction, F(1, 19)=5.998, 613 

p=0.0242. Post hoc pairwise comparison between WT and hAPP-J20 at 12 months, **, 614 

p=0.0034. Two-way ANOVA for insoluble Aβ40: genotype, F(1, 20)=3.288, p=0.0848; age, F(1, 615 

20)=7.173, p=0.0144; interaction, F(1, 20)=3.456, p=0.0778. Post hoc pairwise comparison 616 

between WT and hAPP-J20 at 12 months, *, p=0.0426.  Insoluble Aβ42: Student’s t test 617 

(p=0.0022). (B) Hippocampal plaques were visualized by Thioflavin S staining (100 μm scale 618 

bar) at ages indicated. (C) Soluble or insoluble Aβ protein levels are compared by ELISA with 619 

protein from hemispheres of 12-month old hAPP-J20 and hAPP-J20 PTP1B KO mice (n= 4-7 620 

mice per group). Thioflavin-S-positive (D) and Aβ-positive (E) plaques in the cortex and 621 

hippocampus were compared between hAPP-J20 and hAPP-J20 PTP1B KO mice at 12 months 622 

of age. 100 μm scale bar, n= 4-5 mice per group.  Student’s t test for (D), ***, p=0.0003, **, 623 

p=0.0067; for (E), **, p=0.0054, *, p=0.0406. 624 

  625 
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