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Abstract
The combination of amyloid beta and tau pathologies leads to tau-mediated neurodegeneration in Alzheimer’s 
disease. However, the relative contributions of amyloid beta and tau peptide accumulation to the manifestation 
of the pathological phenotype in the early stages, before the overt deposition of plaques and tangles, are still 
unclear. We investigated the longitudinal pathological effects of combining human-like amyloidosis and tauopathy 
in a novel transgenic rat model, coded McGill-R-APPxhTau. We compared the effects of individual and combined 
amyloidosis and tauopathy in transgenic rats by assessing the spatiotemporal progression of Alzheimer’s-like 
amyloid and tau pathologies using biochemical and immunohistochemical methods. Extensive behavioral testing 
for learning and memory was also conducted to evaluate cognitive decline. Additionally, we investigated brain 
inflammation, neuronal cell loss, as well as synaptic plasticity through acute brain slice electrophysiological 
recordings and Western blotting. Evaluation of Alzheimer’s-like amyloidosis and tauopathy, at the initial stages, 
unexpectedly revealed that the combination of amyloid pathology with the initial increment in phosphorylated 
tau exerted a paradoxical corrective effect on amyloid-induced cognitive impairments and led to a compensatory-
like restoration of synaptic plasticity as revealed by electrophysiological evidence, compared to monogenic 
transgenic rats with amyloidosis or tauopathy. We discovered elevated CREB phosphorylation and increased 
expression of postsynaptic proteins as a tentative explanation for the improved hippocampal synaptic plasticity. 
However, this tau-induced protective effect on synaptic function was transient. As anticipated, at more advanced 
stages, the APPxhTau bigenic rats exhibited aggravated tau and amyloid pathologies, cognitive decline, increased 
neuroinflammation, and tau-driven neuronal loss compared to monogenic rat models of Alzheimer’s-like amyloid 
and tau pathologies. The present findings propose that the early accumulation of phosphorylated tau may have a 
transient protective impact on the evolving amyloid pathology-derived synaptic impairments.
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Background
The two neuropathological hallmarks of Alzheimer’s 
disease (AD) are the extracellular deposition of amy-
loid beta (Aβ) plaques and intracellular neurofibrillary 
tangles (NFTs) which are composed of abnormally phos-
phorylated tau proteins forming paired helical filaments 
(PHFs). The pathological consequences of the accumula-
tion of the Aβ peptide [79, 115] and of hyperphosphory-
lated tau proteins [66, 83, 92, 106] in the brain present 
unique aspects of disease. Interventions that individu-
ally target Aβ [29, 77, 94] or tau [39, 80, 108] have not yet 
yielded substantive outcomes on cognition, emphasizing 
the need to understand their effects in combination.

The “Trigger and Bullet” hypothesis proposes Aβ as the 
initiator of tau-mediated neurodegeneration [17]. While 
significant emphasis has been placed on the role of amy-
loid pathology in AD, it is ultimately the accumulation of 
tau that correlates more strongly with cognitive decline 
and brain atrophy than Aβ [4, 10, 13, 14, 42, 48, 51, 91]. 
Investigations in transgenic rodents demonstrated an 
exacerbated fibrillary tau pathology by the combination 
of both amyloid and tau pathologies [23, 44, 73, 104]. 
Preclinical studies have also demonstrated that Aβ is suf-
ficient to provoke synaptic dysfunction in ex vivo [58, 
105] and in live transgenic animal models [85, 86, 96] 
to elicit transmitter-specific synaptic losses (for review 
[11, 113]). Even at pre-plaque stages, the intraneuronal 
accumulation of Aβ peptides provokes cognitive deficits 
in APP transgenic rats [62, 71]. However, the relation-
ship between Aβ and tau at the earliest stages of the AD 
pathology, such as at the synapse, remains unclear. To 
best investigate such an early pathological scenario, we 
resorted to generating a rat transgenic model displaying 
both the AD-like amyloidosis and tauopathy. Towards 
such an objective, we crossed the well-established 
McGill-R-Thy1-APP [52, 62, 71] and recently established 
McGill-R955-hTau [35, 36] transgenic (Tg) rat models, in 
their respective heterozygous forms, to generate a bigenic 
rat model with slow-progressing, human-like, amyloid 
and tau pathologies. Rats present several disease-rele-
vant advantages over mice for these objectives, includ-
ing endogenous expression of all isoforms of tau [50], 
an immune system similar to humans [22, 109], superior 
behavioral display [32, 67, 107] and an APOE protein 
with properties akin to the human APOE4 which accel-
erates tau-mediated neurodegeneration in vivo [95, 103].

Contrary to expectations, these studies revealed that 
the early combined amyloid and tau pathologies resulted 
in enhanced synaptic strength as evidenced by increased 
LTP formation compared to age-matched rats display-
ing only the amyloid (APP+/−) or the tau (R955-hTau+/−) 
pathology. Based on our subsequent investigations of 
these unexpected findings, we pose the possibility that 
a protective-like effect of the incipient tau accumulation 

over the initial amyloid-induced synaptic dysregulation 
and cognitive impairments could be mediated by a differ-
ential CREB phosphorylation and an increased genera-
tion of postsynaptic density proteins. At advanced stages, 
we demonstrate that the combined AD-like Aβ and tau 
transgenic expression resulted in increased amyloido-
sis and tauopathy as compared to that of the transgenic 
version of single pathologies, and, likewise, more marked 
cognitive impairments.

Materials & methods
Animals
Generation of the McGill-R-Thy1-APP [71] and McGill-
R955-hTau [35, 36] transgenic (Tg) rat models were 
achieved as previously described. Tg APP rats [71] 
expressing human APP751

Swe, Ind under the murine 
Thy1.2 promoter, and, transgenic R955-hTau rats [74] 
expressing the longest isoform (2N4R) of human P301S 
mutated tau, were genetically crossed to produce the big-
enic APPxhTau rats with a Wistar background. For sim-
plification, McGill-R-Thy1-APP rats are referred to as 
“APP”, McGill-R955-hTau is “R955-hTau”, and the bigenic 
McGill-R-APPxhTau is “APPxhTau”. Only heterozygous 
animals were used given that heterozygous animals pro-
duce milder pathologies compared to their homozygous 
kin, enabling a greater sensitivity to observe early effects 
and to incorporate the risk factor of aging. Rat littermates 
were housed in groups of 3–4 in a GR1800 double-decker 
cage system (Techniplast, Int.) under a 12:12 light: dark 
cycle and were provided standard chow and water ad libi-
tum. The use of animals for this study was approved by 
the McGill Animal Care Committee under the guidelines 
of the Canadian Council on Animal Care (CCAC).

Experimental design
Male and female Tg rats were bred alongside wild type 
(Wt) littermate controls and raised in independent sets of 
cohorts to one of three endpoints at 12, 20 and 24 months 
of age (M) with a sample size of at least 10 per group per 
time point (Supplemental Table 1). Each end point com-
prised of two independently evaluated cohorts of males 
and females to ensure replication. At each endpoint, rats 
underwent behavioral testing for cognition, followed by 
brain perfusion and tissue collection for the subsequent 
examination of amyloid and tau pathologies in the brain.

Animal behavior
Animals were habituated to handling by experimenters at 
least two weeks prior to behavioral testing. Assessment 
of cognition was achieved using a battery of behavioral 
tests during the beginning of the light cycle including the 
novel object location (NOL), novel object recognition 
(NOR), the social interaction (SI) test [35, 72] and Morris 
water maze (MWM) tasks using previously established 
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protocols [35, 36, 49, 74]. The Y-maze task was also 
included to assess exploration and working memory [41]. 
Animal tracking data was recorded and scored with the 
assistance of Ethovision XT (Noldus, The Netherlands). 
Experimenters were blinded to genotype. To provide an 
overall assessment of cognitive status, as done previ-
ously [35, 36], a global cognitive index (CI) composite 
score was calculated by converting the behavioral score 
of each test component into a fraction of the maximum 
achievable value for each task (ranging from 0 to 1) and 
the values from each test were averaged across tasks for 
each animal.

Y-maze
The three-armed Y shaped maze (Y-maze) task to evalu-
ate short-term working memory and general exploratory 
behavior was achieved as previously described [41] with 
minor modification. In brief, rats were placed in a three-
armed plexiglass apparatus (45 × 12 × 35 cm) diverging at 
120° coated in fresh bedding mixed with soiled bedding 
of experimental animals, in one arm facing the end of the 
arm and were given 8 min to explore freely. Entries into 
each arm were scored when the animal placed all four 
limbs inside the arm. The total number of entries and 
number of alternations or ‘triads’ was recorded.

Tissue collection
Rat brain tissues were collected as previously described 
[35]. In brief, rats were heavily anesthetized in 1% sodium 
pentobarbital (Equithesin) prior to transcardial brain 
perfusion with chilled phosphate-buffered saline. One 
brain hemisphere was fixed in 4% paraformaldehyde 
and the other hemisphere was further dissected to sepa-
rate the cerebral cortex and hippocampus before being 
snap frozen in dry ice and stored at -80  °C until use for 
biochemistry.

Immunohistochemistry and immunofluorescence
Immunohistochemical procedures on 40 μm coronal sec-
tions were done as previously described with minor mod-
ification [35]. Slices were washed in TBS and quenched 
in 3% hydrogen peroxide. Immediately after blocking in 
10% normal goat serum (NGS) in TBS with 0.1% Tri-
ton X-100 (TBS-T), primary antibodies (Supplemental 
Table 3) were incubated in 5% NGS and TBS-T over-
night at 4  °C on a shaker. After subsequent washes in 
TBS-T, slides were incubated in either mouse anti-HRP 
monoclonal antibody (1:30) pre-incubated with 5 µg/mL 
HRP (MAP/HRP kit, MediMabs, Canada) or Vectastain 
ABC-HRP kit (Vector Laboratories, USA) for 1 h at room 
temperature. Slices were washed with TBS, incubated in 
6 mg/ml 3,3-Diaminobenzidine (Sigma, USA) for 10 min 
at room temperature, and then underwent brown chro-
mogen activation in 1% hydrogen peroxidase. For blue 

chromogen, slices were further washed in TBS, then 
underwent incubation of goat anti-mouse and MAP-
HRP, followed by visualization using the VECTOR SG 
substrate kit (Vector Laboratories). Stained slices were 
then mounted onto gelatin-coated slides and mounted 
using Entellan (Millipore). For immunofluorescence 
experiments, following blocking and primary antibody 
incubation as described above, slices were incubated in 
secondary antibody solution containing 5% NGS and 
TBS-T in the dark for 2 h at room temperature. Second-
ary antibodies were incubated at the same time. Slices 
were then washed and incubated in a 1ug/ul solution of 
4′,6-diamidino-2-phenylindole (DAPI) for 5  min in the 
dark, then coverslipped using aqua polymount media 
(Polysciences). Co-localization and cell counting experi-
ments was achieved by examining images containing five 
1  μm Z-stacks merged into a Z-projection. Brightfield 
images were obtained using an Axio Imager M2 with an 
AxioCam506 color digital camera and ZEN v2.3 Blue 
imaging software (Zeiss, Germany). Fluorescence images 
were acquired using an LSM800 confocal laser scanning 
microscope (Zeiss, Germany). Image analysis of total 
fluorescence intensity, cell counts, and percent area was 
accomplished using ImageJ (NIH, USA) with consistent 
mask thresholds per experiment using at least two slices 
per animal and one to two images per region of interest 
per slice. Fluorescence intensity is expressed in arbitrary 
fluorescence units (AU).

Quantification of amyloid beta and tau proteins by 
electrochemiluminescence immunoassay (ECLIA)
For Aβ, thirty milligrams of cortical brain tissue were 
homogenized in TBS buffer (150 mM NaCl, 50 mM 
Tris-HCl, 5 mM EDTA, pH 7.6) with protease inhibi-
tors (Complete mini, Roche). Following ultracentrifuga-
tion (Beckman-Coulter Optima MAX-XP) at 100,000  g 
for 1 h at 4ºC, supernatants were collected and stored as 
the soluble fraction. Pellets were resuspended in a Tris-
guanidine buffer (5  M guanidine HCl, 50mM Tris HCl, 
pH 8.0), spun again at 100,000 g to obtain the insoluble 
fraction. Supernatants were stored at -80ºC. Aβ peptides 
1–42, 1–40 and 1–38 were quantified using the V-Plex 
Aβ peptide panel (6e10) kit (K15200E-1, Mesoscale Dis-
covery, USA) according to manufacturer’s instructions.

Procedures for Sarkosyl-based separation of aggregat-
ing tau, as is done in human brain to isolate paired helical 
filaments [1] were done as previously described using 200 
milligrams of cortical brain tissue [35, 36]. Total tau and 
total phosphorylated tau (ptau) Thr231 were quantified 
using the Phospho (Thr231)/Total Tau kit (#K15121D, 
Mesoscale Discovery, USA) and the assay was run 
according to manufacturer’s instructions.
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Western blot
Twenty to fifty milligrams of snap frozen hippocampal 
brain tissue were processed as previously described [35]. 
Hippocampal homogenates and Sarkosyl-based soluble 
and insoluble cortical fractions were analyzed by Western 
blot. After blocking in 5% non-fat milk or bovine serum 
albumin (BSA), primary antibodies (Supplemental Table 
3) were incubated overnight at 4  °C with agitation. The 
following day, blots were incubated in a species-specific 
HRP-conjugated secondary antibody and bands were 
imaged using Western lightning plus chemilumines-
cence substrate (Perkin Elmer, USA) and an Amersham 
600 Imager (GE Healthcare, Canada). Optical densities of 
protein bands of interest were obtained using ImageLab 
6.0 (Bio-Rad, USA), normalized to glyceraldehyde-
3-phosphate dehydrogenase (GAPDH) and expressed as 
fold-change of wild type littermates.

Semi-quantitative reverse transcription polymerase chain 
reaction (qRT-PCR)
Total RNA content was extracted from ten milligrams 
of cortical and hippocampal brain homogenates using 
an RNEasy mini prep kit (Qiagen #74106, Germany) 
according to manufacturer’s instructions. RNA under-
went reverse transcription into cDNA using the IScript 
rt-qPCR Supermix (Bio-Rad #170–8841, USA) and a 
standardized PCR protocol (priming at 25°C for 5 min, 
reverse transcription at 46°C for 20 min, inactivation 
at 95°C for 1 min). cDNA was stored at -20°C until use. 
Optimized dilutions of cDNA underwent PCR to detect 
the respective transgenes (hAPP: For 5’ CAG ATC CAT 
CAG GGA CCA AA 3’, Rev 5’ ACT GGT TGG TTG 
GCT TCT AC 3’; hTau: For 5’ GAA GAT GTG ACA 
GCA CCC TTA G 3’, Rev 5’ GTC TCC AAT GCC TGC 
TTC TT 3’) and was normalized against to two house-
keeping genes (GAPDH: For 5’ TGA TGG GTG TGA 
ACC ACG AG 3’, Rev 5’ TCA TGA GCC CTT CCA CGA 
TG 3’; HPRT1: For 5’ CAG GCC AGA CTT TGT TGG 
AT 3’, Rev 5’ TCC ACT TTC GCT GAT GAC AC 3’). 
Relative gene expression was quantified and expressed as 
2ddCT.

Acute brain slice electrophysiology and induction of long-
term potentiation (LTP)
Twenty-month-old rats (n = 4–6) were deeply anesthe-
tized using CO2. After confirming unresponsiveness, rats 
were immediately decapitated, and forebrains were care-
fully extracted and mounted onto a VT1200S vibratome 
(Leica, Germany) with a basin containing fresh ice-cold 
cutting solution containing (2.5 mM KCl, 0.1 mM CaCl2, 
4 mM MgCl, 1.25 mM KH2PO4, 26 mM NaHCO3, 1.6 
mM glucose and 0.25 M sucrose, osmolarity of 350–360 
and pH 7.35). Coronal slices 350  μm thick were then 
transferred into artificial cerebral spinal fluid (aCSF, 125 

mM NaCl, 2.5 mM KCl, 2 mM CaCl2, 1 mM McCl2, 1.25 
mM NaH2PO4, 26 mM NaHCO3, 25 mM glucose, osmo-
larity 310–320, pH 7.35) warmed to 32 °C and allowed to 
stabilize for 1 h followed by further resting at room tem-
perature for 30 min. Slices were transferred to a Faraday 
cabinet equipped with a slice recording chamber contain-
ing aCSF and 10 µM bicuculline methobromide to block 
GABAergic inputs. Slices were allowed to rest for 30 min 
before recording baseline evoked field excitatory post-
synaptic potentials (EPSPs). A tungsten stimulating elec-
trode was gently positioned at the CA1 stratum radiatum 
with a glass micropipette on the CA1 Schaeffer collateral 
downstream of the stimulating electrode. EPSPs were 
recorded using Clampex, Multiclamp and Clampfit soft-
ware (Molecular Devices, USA). After achieving a stable 
baseline recording of 30 min, high frequency stimulation 
(HFS, 100 pulses at 100 Hz) were invoked to induce long-
term potentiation (LTP). EPSPs were recorded minimally 
for one hour after HFS.

Statistical analysis
Statistical analysis was performed with the assistance of 
GraphPad Prism 8 software (San Diego, USA) using a 
global alpha of 0.05. Both males and females were pooled 
in the analysis. Data are presented as mean +/- stan-
dard error of the mean (SEM). Each time point and each 
brain region were analyzed independently. Two-tailed 
unpaired t-tests were performed on single factor, single 
comparisons. One-way and Two-way ANOVA, as appro-
priate, were followed up with Bonferroni’s adjustment 
for three or less comparisons, and Holm-Sidak’s multiple 
comparisons otherwise. One-way and two-way repeated 
measures ANOVA (RM-ANOVA) were followed up 
with Holm-Sidak’s pairwise comparisons using a mixed 
design. If a significant interaction was found, only simple 
main effects of genotype were examined. Statistical outli-
ers were removed from datasets using Grubbs test.

Results
Tau accelerates amyloid pathology during advanced stages 
of plaque deposition
The progressive human amyloid pathology in APP+/− 
transgenic (Tg) rats was examined and compared to 
APPxhTau rats at 12, 20 and 24 months of age (M). At 
12  M, both APP+/− and APPxhTau Tg rats exhibited 
similar magnitudes of human intracellular Aβ immuno-
reactivity (IR) in the hippocampus and cerebral cortex 
as revealed by the human Aβ specific monoclonal anti-
body McSA1 [47] (Fig. S1b-c). By 20  M, approximately 
one third of the APP+/− and APPxhTau rats developed 
diffuse plaques (Supplemental Table 2) in the entorhinal 
area and more in the subiculum region of the hippocam-
pus (Fig. 1a-b, d-e). However, no differences in the num-
ber of plaques between APP+/− and APPxhTau rats was 
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Fig. 1 Amyloid plaque pathology in heterozygous APP and APPxhTau transgenic rats. (a, d, g, j) Representative micrographs of coronal brain sections 
illustrating human amyloid beta (Aβ) immunoreactivity in the caudal hippocampus and cerebral cortex at 20 (a-f) and 24 months of age (g, l). Note that 
plaque deposition initially appears in the subiculum and entorhinal area (red arrows). (b, e, h, k) Representative micrographs of the subiculum region of 
the hippocampus illustrating the appearance of diffuse and dense core plaques, and higher abundance of dense core plaques in 24-month-old bigenic 
rats. (c, f, i, l) Representative immunofluorescence micrographs illustrating aggregated amyloid material as shown by the colocalization between Thiofla-
vinS (This) and Aβ in the subiculum. Quantification of the number of plaques in the subiculum at 20 (m) and 24 months of age (n) per region of interest 
(ROI). (o-q) Quantification of the Aβ42/40 ratio in the soluble (o) and insoluble brain fractions (p) as well as in cerebrospinal fluid (CSF) (q) showing an 
acceleration of Aβ peptides in 24-month-old APPxhTau rats as compared to APP+/− single transgenics (n = 5–9). Scale bar a, d, g, j = 2000 μm; b-c, e-f, h-i, 
k-l = 100 μm. * p < 0.05; ** p < 0.01
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observed in the subiculum (Fig. 1m), nor in other regions 
of the hippocampus (Fig. S1e) and cerebral cortex (Fig. 
S1f ). Scarcely, plaques in the subiculum showed dense 
core properties as shown by ThioflavinS-immunoreactive 
particles colocalized with Aβ (Fig. 1c, f ).

At 24  M, APP+/− and APPxhTau rats developed more 
advanced plaque pathology as shown by an overall 
increased abundance and spread of plaques into other 
cortical and caudal hippocampal regions (Fig. 1g, j). Fur-
ther, half of the APPxhTau rats developed cortical plaques 
compared one third in APP+/− rats, suggestive of elevated 
cortical amyloid pathology (Supplemental Table 2). There 
were no differences in the number of rats with hippo-
campal plaque deposition. In the subiculum, APPxhTau 
rats developed approximately two-fold more plaques 
than APP+/− rats (Fig.  1n). Further, increased density of 
ThioflavinS immunofluorescent material was observed, 
indicating elevated density of mature plaques (Fig.  1l). 
Within other brain regions, there were no differences in 
the total number of plaques within the hippocampus (Fig. 
S1g) and cerebral cortex (Fig. S1h).

Quantification of Aβ peptides at 12, 20 and 24  M 
revealed a marked increase in the Aβ42/40 ratio in 
APPxhTau rats as compared to APP+/− at 24 M for both 
the soluble (Fig.  1o) and insoluble fractions (Fig.  1p) 
but not at earlier time-points. Further, a decrease in the 
Aβ42/40 ratio in the CSF, as is observed in human AD 
[19, 40, 99], was detected in APPxhTau compared to 
APP+/− rats (Fig. 1q), and overall paralleled the increased 
CNS plaque pathology. Investigation of the transcript 
and protein levels of APP as well as the protein lev-
els of the soluble APP alpha (sAPPα) fragment showed 
that total APP (22C11) protein levels were elevated by 
approximately 3-4-fold in both APP+/− and APPxhTau 
rats compared to wild type (Wt) rats at 20 M (Fig. S2a-
b) and 24  M (Fig. S2a, c). Further, APP protein expres-
sion in APPxhTau was similar to that of APP+/− Tg rats 
at both time points (Fig. S2b-c). To rule out gene expres-
sion changes as a cause for pathology, we evaluated the 
gene expression of the human APP transgene by qRT-
PCR, which revealed no differences between APP+/− and 
APPxhTau rats (Fig. S2g). Consistently, levels of the neu-
roprotective sAPPα protein fragment were not signifi-
cantly different between APP+/− and APPxhTau rats at 20 
(Fig. S2e) and 24 M (Fig. S2f ). Altogether, the above evi-
dence demonstrates that combining mild expression of 
human tau with amyloid exacerbated the advanced, but 
not initial, amyloid pathology in this rat model.

Amyloid facilitates downstream tau hyperphosphorylation 
and oligomerization
The initial human-like tauopathy in R955-hTau+/− rats 
was previously evidenced by a subtle increase in ptau 
Ser202-Thr205 (AT8 monoclonal antibody (mAb)) IR 

after 18  M followed by a surge of ptau Ser202-Thr205, 
pThr231 and oligomeric tau after 24M [36]. By compari-
son, 20-month-old R955-hTau+/− and APPxhTau rats 
exhibited a similar distribution of AT8 IR in neurons of 
the cerebral cortex and hippocampus (Fig. 2a, c), includ-
ing the entorhinal cortex (Fig. 2b, d) and subiculum (Fig. 
S3a-b). Interestingly, confocal analysis of samples dual 
immunolabelled for human Aβ (McSA1 IR) and tau (AT8 
IR) revealed a colocalization of Aβ and ptau in 24-month-
old APPxhTau rats. This colocalization was solely present 
in rats with severe pathology and was not observed in 
rats with milder pathology or at 20 M (Fig. 2e, j). Protein 
levels of ptau Ser202-Thr205, as examined by Western 
blot after Sarkosyl-based separation, were similar across 
genotypes in the Sarkosyl-soluble fraction (Fig.  2k-l). In 
contrast, Sarkosyl-insoluble pSer202-Thr205 IR, normal-
ized to total tau protein detect by Tau-5, was elevated 
significantly in APPxhTau, but not R955-hTau+/− rats, 
as compared to Wt rats (Fig. 2k, m), suggesting a ramp-
ing up of tau hyperphosphorylation and oligomerization 
attributed to amyloid plaque pathology. When AT8-IR 
was normalized to total protein by GAPDH and to wild 
type rats to account for nonspecific reactivity, the results 
trended the same (Fig. S3e-f ). During more advanced 
plaque pathology at 24 M, ptau Ser202- Thr205 was ele-
vated in APPxhTau rats compared to R955-hTau+/− rats 
as shown by an increased burden of AT8 IR in neurons 
of the cortex and hippocampus (Fig. 2g, i). Accordingly, 
AT8 IR was also increased in cortical homogenates of 
APPxhTau rats in both Sarkosyl-soluble (Fig.  2l) and 
Sarkosyl-insoluble fractions (Fig.  2m), demonstrating 
accelerated ptau for an epitope known to become com-
promised in early stages in AD.

Immunoreactivity for ptau Thr231 (AT180 mAb), was 
only detected at 24  M and showed elevated IR in the 
CA1-CA2 region of the hippocampus (Fig. 2n-o) and the 
entorhinal cortex (Fig.  2p-q) of APPxhTau rats as com-
pared to R955-hTau+/− rats. Accordingly, ultrasensitive 
electrochemiluminescence assays (ECLIA) revealed that 
ptau Thr231 was 2-3-fold higher in the Sarkosyl-insol-
uble fraction of APPxhTau rats as compared to R955-
hTau+/− rats at 24 M, whereas no differences were found 
at younger ages (Fig. 2r). Examination of total tau levels 
in Sarkosyl- soluble and insoluble fractions by ECLIA 
revealed early increases of Sarkosyl-insoluble total tau 
in R955-hTau+/−, but not APPxhTau as compared to Wt 
rats at 12 M (Fig. 2s). By 20 M, Sarkosyl- insoluble total 
tau protein was similarly elevated in both R955-hTau+/− 
and APPxhTau rats. Interestingly, at 24  M, Sarkosyl-
insoluble total tau was 1.5-fold higher in APPxhTau rats 
as compared to R955-hTau+/− rats (Fig.  2s). In contrast, 
in Sarkosyl-soluble fractions, both ptau Thr231 (Fig. S3g) 
and total tau (Fig. S3h) peaked at approximately 2-3-
fold higher than Wt rats with no detectable differences 
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Fig. 2 Acceleration of tau hyperphosphorylation at pSer202-Thr205 and pThr231 in 24-month-old APPxhTau rats. (a, c, f, h) Representative micrographs 
illustrating pSer202-Thr205 immunoreactivity in the cerebral cortex and hippocampus as probed using the monoclonal antibody AT8 and in the ento-
rhinal area (b, d, g, i), in neurons at 20 (a-d) and 24 months of age (f-i). In APPxhTau rats, colocalization of human amyloid beta and total human tau was 
detected in the most severe cases as shown by representative confocal micrographs at 20 (e) and 24 months of age (j). (k) Representative Western blots of 
cortical brain homogenates from the Sarkosyl-soluble (l) and Sarkosyl-insoluble (m, labelled in red) fractions in 20 and 24-month-old rats. Quantification 
of ptau at Ser202-Thr205 revealed increased Sarkosyl-insoluble tau protein in APPxhTau rats at 20 months as well as at 24 months in the Sarkosyl-soluble 
and insoluble tau. (n-q) Representative micrographs of the CA1-CA2 region of the hippocampus (n-o) and the entorhinal cortex (p-q) at 24 months of 
age illustrating elevated ptau Thr231 immunoreactivity in APPxhTau rats as compared to R955-hTau+/− single transgenics. Quantification of Sarkosyl-
insoluble ptau Thr231 (r) and total tau (s) by electrochemiluminescence assays (ECLIA) revealed increased accumulation of tau proteins in 24-month-old 
APPxhTau rats as compared to wild type and R955-hTau+/− rats (n = 6–9). Scale bar a, c, f, h 1000 μm; b, d, g, i 100 μm q-t 200 μm. * p < 0.05; ** p < 0.01; 
***p < 0.001; ****p < 0.0001
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between R955-hTau+/− and APPxhTau rats, regardless 
of age. The differences in tau levels were not due to dif-
ferences in tau expression since tau gene expression, 
as assessed by qRT-PCR, was not significantly differ-
ent between R955-hTau+/− and APPxhTau rats at any 
age (Fig. S3i). Furthermore, tau pathology in APPxhTau 
rats did not produce overt NFTs as demonstrated by the 
absence of misfolded pre-tangle tau (MC1 mAb) or overt 
pSer396-Ser404 (PHF1 pAb) c-terminal ptau immunore-
activity (data not shown). Altogether, this signifies a pro-
gressive acceleration of tau pathology driven by amyloid 
pathology.

Aβ-induced impairments in cognition are initially 
counteracted by tau accumulation
Given that the combined presence of amyloid and tau 
facilitated the development of their respective pathologi-
cal phenotype, we then examined their merged effect on 
cognition. Unexpectedly, our findings revealed that the 
combination of amyloid and tau acts as a double-edged 
sword on cognitive abilities. At first, their combination 
is seemingly protective against Aβ-induced cognitive 
decline to then accelerate it at late pathological stages. In 
more detail, there was a clear and early effect attributed 
to amyloid on cognition in APP+/− rats. At 12 M, minor 
cognitive impairments could be detected in APP+/− rats 
but not in R995-hTau+/− and APPxhTau rats. As such, 
12-month-old APP+/− rats, which display iAβ and no 
amyloid plaque deposition, presented an impaired abil-
ity to discriminate the relocated object during the novel 
object location (NOL) task (Fig. S4a). However, at this 
time-point none of the Tg rat groups showed impair-
ments during the other investigated behavioral tasks 
compared to Wt rats (Fig. 3a-d, S4a-b), including the dis-
crimination ratio (DR) during the novel object recogni-
tion (NOR) (Fig.  3a), interaction time during the social 
interaction task (SI) (Fig. 3b), latency to find the hidden 
platform during the training (Fig. 3c) and probe trials of 
the Morris water maze (MWM) (Fig. 3D) as well as the 
percentage of alternations during the Y-maze (Fig. S4b). 
Compiling the scores from all behavioral tasks into a 
global cognitive index (CI) composite score translated 
into a 20% reduction in overall cognitive performance 
in 12-month-old APP+/− compared to Wt rats (Fig. S4c) 
while APPxhTau rats showed a cognitive index like that 
of Wt and R955-hTau+/− rats.

At 20 M, the negative effects of Aβ on cognition wors-
ened. APP+/− rats were impaired in all tasks employed 
except for the SI task where statistical significance was 
not reached. At this time-point, cognitive impairments 
also became apparent in R955-hTau+/− rats. R955-hTau+/− 
rats presented a reduced DR during the NOL task (Fig. 
S4d), a reduced interaction time in the SI task (Fig. 3f ) as 
well as an increased latency to platform in the acquisition 

phase of the MWM (Fig.  3g). However, they performed 
significantly better than APP+/− rats in other tasks includ-
ing the NOR (Fig. 3e), Y-maze (Fig. S4e), and the probe 
test of the MWM (Fig.  3h). Consequently, the CI was 
severely reduced in APP +/− compared to Wt rats but was 
elevated in comparison to R955-hTau+/− rats (Fig. S4f ).

Unexpectedly, APPxhTau rats performed similarly to 
R955-hTau+/− rats but distinctly better than APP+/− rats 
in the NOR task (Fig. 3e). This apparent compensation of 
behavioral performance by tau was also observed during 
the Y-maze as shown by a partially abolished percentage 
of alternations in APPxhTau rats (Fig. S4e). The SI task 
revealed social withdrawal behaviors in Tg rats harbour-
ing the tau transgene, shown by a significant reduction in 
the interaction time in R955-hTau+/− and APPxhTau rats 
(Fig. 3f ). Most strikingly, APPxhTau rats performed simi-
larly to the cognitively unimpaired Wt rats during the 
acquisition phase and the probe test of the MWM, mark-
edly contrasting in the impaired APP+/− rats (Fig. 3g-h). 
However, the combination of the behavioral outcomes in 
the CI composite score obscured these differences indi-
cating an overall reduced performance in all Tg animals 
by 40% compared to Wt.rats (Fig. S4f ). In APPxhTau 
rats, the negative effects from Aβ on cognitive perfor-
mance were counteracted by tau at stages resembling 
the initial Aβ plaque deposition. As expected, at the 
latest time point of 24  M, multiple and more advanced 
deficits in cognition were detected in all Tg rat groups 
compared to Wt rats. Further, APPxhTau rats presented 
significantly worse cognitive measures compared to 
APP+/− rats in multiple tasks including in the NOL (Fig. 
S4g), NOR (Fig. 3i), SI (Fig. 3j), and the acquisition phase 
of the MWM (Fig.  3k), with a trended decrease in the 
time spent in the correct quadrant during the probe test 
(Fig. 3l). This was reflected by a lower CI indicating that 
cognitive status in APPxhTau rats was 65% lower com-
pared to Wt rats, whereas APP+/− and R955-hTau+/− rats 
were 40% lower compared to Wt rats (Fig. S4i). This con-
firms an exacerbation of cognitive impairments when 
both pathologies are present and simultaneously worse.

Tau accumulation transiently counteracts Aβ-induced 
impairments in synaptic plasticity
To confirm and further investigate the unexpected 
amelioration in cognitive performance observed in 
20-month-old APPxhTau rats, we performed acute brain 
slice electrophysiology to induce long-term potentiation 
(LTP) in the CA1 region of the hippocampus. Twenty-
month-old APP+/− and R955-hTau+/− rats exhibited an 
impaired LTP response after high frequency stimula-
tion (HFS) compared to Wt rats, as shown by a decay-
ing of field excitatory post-synaptic potential (fEPSPs) 
that returned to baseline as early as 30  min post-HFS 
(Fig.  4a). Interestingly, the combination of APP+/− and 
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R955-hTau+/− transgenes produced a partial rescue in 
synaptic function as shown by restoration of fEPSP 
strength in APPxhTau, significantly elevated compared to 
APP+/− and R955-hTau+/− rats.

We then examined cellular pathways potentially 
explaining the rescue of Aβ-induced impairments by tau. 
The phosphorylation of Cyclic response element bind-
ing protein (pCREB) at Ser133 is critical for dynami-
cally mediating synaptic plasticity in the hippocampus 
[16, 30, 88] and results in translocation of CREB-regu-
lated transcription in response to neuronal activation. 
Nuclear CRTC1 immunofluorescence was defined as the 

signal which overlapped with DAPI staining for hetero-
chromatin. We found that CA1 hippocampal neurons of 
APP+/− rats showed a decrease in nuclear CRTC1 com-
pared to Wt rats as shown by a reduction in CRTC1 
colocalization with DAPI (Fig.  4b). Such a reduction 
was not found in R955-hTau+/− rats. In addition, levels 
of nuclear CRTC1 in APPxhTau rats were similar to Wt 
and R955-hTau+/− rats, suggesting a tau-mediated res-
cue of Aβ-induced impairments in synaptic plasticity 
and potential stabilization of pCREB/CBP/CRTC1 com-
plexes to engage gene transcription. Furthermore, West-
ern blotting on hippocampal homogenates revealed that 

Fig. 3 Tau dictates cognitive status in APPxhTau rats with an initial compensatory effect followed by exacerbation of impairments. Evaluation of cognition 
using a panel of behavioral tests conducted in cohorts of rats at 12 (a-d), 20 (e-h) and 24 months of age (i-l) including discrimination of a novel object 
during the novel object recognition (NOR) (a, e, i), interaction time with an age- and sex-matched unfamiliar conspecific during the three-chamber social 
interaction task (b, f, j), and time required to find the hidden platform during the training phase of the Morris water maze (c, g, k) and the probe trial (d, 
h, l). At 20 months of age, the amyloid-derived impairments in APPxhTau rats during the NOR (e) and MWM tasks (g) are compensated by tau. Note that 
performance of APPxhTau rats during the MWM (g) is similar to that of Wt rats whereas single transgenic APP+/− and R955-hTau+/− rats show impairments 
on days 3, 4 and 5. At 24 months, the NOR (i) and MWM (k) tasks show significantly lower scores in APPxhTau rats as compared to APP+/− rats (n = 8–15). * 
p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001
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Fig. 4 Tau counteracts amyloid-induced deficits in synaptic plasticity and induces distinct alterations to CREB phosphorylation in 20-month-old AP-
PxhTau rats. Acute brain slice recordings of field excitatory postsynaptic potentials (fEPSP) slope expressed as a percentage of baseline (a). Quantification 
of fEPSP 30–60 min after HFS demonstrating impaired responses after high frequency stimulation (HFS) in 20-month-old APP+/− and R955-hTau+/− rats 
and a partially abolished response in APPxhTau rats. (b) Quantification of CRTC1 and DAPI colocalization fluorescence intensity in the CA1 region of the 
hippocampus. (c-d) Representative Western blots of hippocampal homogenates illustrating alterations to CREB phosphorylation at Ser 133 as well as 
protein expression of established protein kinases and phosphatases of CREB at 20 (c, e-i) and 24 months of age (d, j-n). Quantification of Western blots 
for pCREB (e, j), CaMKIV (f, k), pGSK3β Tyr216 (g, l), p44/42 MAPK (Erk1/2) (h, m), and PP1α (i, n) illustrating early elevations in protein expression of kinases 
such CaMKIV and GSK3β as well as phosphatases such as PP1α in 20-month-old APPxhTau rats (n = 6–9). * p < 0.05, ** p < 0.01, **** p < 0.0001
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at 20  M, the pCREB Ser133/Total CREB ratio was sig-
nificantly elevated in APPxhTau and R955-hTau+/− rats 
but not in APP+/− rats as compared to Wt littermates 
(Fig.  4e) whereas total CREB expression was unaffected 
(Fig. S5e). Further investigation of protein kinases and 
phosphatases that regulate pCREB Ser133 was then per-
formed. Interestingly, Calcium-calmodulin kinase IV 
(CaMKIV), the most important Ca2+-activated CREB 
kinase in vivo which is activated by sustained synaptic 
excitation, was elevated only in APPxhTau rats (Fig.  4f ) 
whereas Calcium-calmodulin kinase II alpha (CaMKIIα) 
protein expression was unchanged (Fig. S5f ). Glycogen 
synthase kinase 3 beta (GSK3β), also known as a promi-
nent tau kinase and inhibitor of CREB activity, exhibited 
elevated phosphorylation at Tyr216 in 20-month-old 
APPxhTau and R955-hTau+/− rats as compared to APP+/− 
and wild type rats (Fig. 4g). pGSK3β at Ser9 trended simi-
larly with a possible synergy in APPxhTau rats (Fig. S5g). 
In contrast, p44/42 mitogen-activated protein kinase 
(p44/42MAPK, Erk1/2) that signals to an independent set 
of CREB kinases (RSK1-3 and MSK1/2) was elevated only 
in R955-hTau+/− rats (Fig.  4h). Phosphatases of CREB 
such as Protein phosphatase 1 alpha (PP1α) was elevated 
in APP+/− but was abolished to baseline in APPxhTau rats 
(Fig.  4i) whereas calcineurin (PP2B) was unaltered (Fig. 
S5h). However, p38MAPK, another tau kinase affiliated 
with synaptic plasticity that signals to CREB through 
MSK1, was unaltered in 20 M transgenic rats (Fig. S3k). 
Further to it, our findings suggest that the observed ben-
eficial interaction between amyloid and tau in stimulating 
CREB/CRTC1 signaling at 20 M is mediated by a fine bal-
ance between CaMKIV and PP1α effects with a contribu-
tion of GSK3β. At 24 M, such differences in the pCREB 
ratio (Fig. 4j), total CREB (Fig. S5k) and CaMKIV protein 
expression were absent (Fig.  4k). However, p38MAPK 
were significantly increased by 2-3-fold in APPxhTau as 
compared to APP+/− and Wt rats (Fig. S3l). Similar to the 
observations at 20  M, CaMKIIα showed no differences 
across groups (Fig. S5l), Interestingly, PP1α was signifi-
cantly reduced in R955-hTau+/− and APPxhTau rats as 
compared to Wt (Fig.  4n), whereas pGSK3β (Fig. S5m) 
and PP2B (Fig. S5n) was unaffected in 24-month-old rats. 
This emphasizes that the observed changes pertaining to 
CREB phosphorylation at 20 M were transient.

Next, we investigated postsynaptic proteins involved 
in the LTP response including the N-methyl-D-aspar-
tate receptor (NMDAR) as well as the post-synaptic 
density protein (PSD-95) and the Src kinase Fyn, which 
are proteins involved in modulating NMDARs, using 
Western blot on hippocampal homogenates (Fig.  5a-b). 
At 20 M, the protein levels of PSD-95 (Fig. 5c) and Fyn 
(Fig.  5d) were increased by 6- and 4-fold, respectively, 
in APPxhTau compared to Wt and APP+/− rats, while no 
differences in overall NMDAR expression were detected 

for the NMDAR2B (Fig.  5e), NMDAR1 (Fig. S5c), nor 
NMDAR2A subunits (Fig. S5d). Investigation of presyn-
aptic markers showed no significant changes at 20  M, 
including synaptophysin (Syp) as a marker of presynaptic 
density (Fig. 5f ) and neurofilament light chain (Nf-L) for 
axonal degeneration (Fig. 5g), indicating no overt changes 
in presynaptic vesicles or overt neurodegeneration. Dur-
ing advanced plaque pathology and hyperphosphorylated 
tau at 24 M, PSD-95 levels were not significantly differ-
ent (Fig. 5h). In contrast, Fyn levels were marginally ele-
vated in APPxhTau rats compared to APP+/− rats, with 
a lesser magnitude than that observed at 20 M (Fig. 5i). 
As expected, a tau-mediated decrease in synaptophysin 
was observed in both R955-hTau+/− and APPxhTau rats 
(Fig.  5k). However, no changes in Nf-L were detected 
(Fig. 5l) nor NMDAR2B (Fig. 5j), NMDAR1 (Fig. S5i) and 
NMDAR2A (Fig. S5j), resembling a human-like presyn-
aptic density loss preceding neurodegeneration. Alto-
gether, our findings suggest that in addition to its effects 
on CREB/CRTC1 signaling, the rescue of Aβ-induced 
deficits by tau at 20 M is mediated in part by PSD-95 and 
Fyn signaling.

Enhanced tau-driven hippocampal neuronal loss in aged 
APPxhTau rats
R955-hTau+/− rats develop neuronal loss in the CA1 
after 24M [36] while neuronal loss is absent in APP+/− 
rats. To determine whether tau-driven degeneration is 
accelerated in APPxhTau rats we examined the number 
of NeuN-IR cells in the CA1 and subiculum regions of 
the hippocampus and in the entorhinal cortex. At 20 M 
(Fig. 6a), there was no neuronal loss in any of the brain 
regions examined in any of the rat groups (Fig. 6b, S6a-b). 
At 24 M, our results showed a marked reduction in the 
number of NeuN-immunofluorescent labelled neurons in 
the CA1 of APPxhTau rats as compared to Wt (~ 25%), 
APP+/− (~ 25%) and to R955-hTau+/− (~ 15%) rats (Fig. 6c). 
This neuronal loss was accompanied by a disorganiza-
tion of the neuronal layers. As expected, neuronal loss 
was also present in the CA1 of R955-hTau+/−, but not in 
APP+/− rats (Fig. 6c). A significant neuronal loss was also 
evident in the entorhinal cortex of APPxhTau rats (Fig. 
S6d), indicating an amplification of tau-driven degenera-
tion by amyloid.

Synergistic effects of amyloid and tau on microglia and 
astrocyte reactivity
As a CNS inflammatory response plays a principal com-
ponent in amyloid and tau pathologies, we examined 
whether their combination would amplify glial activa-
tion in APPxhTau rats using quantitative immunohisto-
chemical approaches. At 20 M, there were no differences 
between groups in the total number of microglial cells 
(Fig.  7b) or astrocytic reactivity (Fig.  7e), measured 
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by GFAP immunofluorescence intensity, in any of the 
regions of interest including the hippocampus, subicu-
lum (Fig. S6e, i), or entorhinal cortex (Fig. S6f, j). How-
ever, microglial cell abundance, as assessed by Iba1 IR, 
was elevated in the CA1 of 24-month-old Tg rats as com-
pared to Wt rats (Fig.  7c). Notably, microglia appeared 
to be recruited to the Aβ-burdened neuronal layers of 
the hippocampus in APP+/− rats, whereas R955-hTau+/− 
rats uniquely developed the appearance of rod-shaped 
microglia trailing the apical dendrites of CA1 pyra-
midal neurons. Furthermore, both these transgene-
specific observations were detected in combination in 
aged APPxhTau rats, implicating a collective synergy in 
microglia. Signs of astrocytosis also emerged at 24 M as 
shown by a 2-fold increase in glial fibrillary acidic pro-
tein (GFAP) immunofluorescence intensity in APP+/− 
and R955-hTau+/− as compared to Wt rats (Fig.  7f ). 

Interestingly, in APPxhTau rats, GFAP fluorescence 
intensity in the CA1 region was greater than that of the 
single Tg rats and Wt littermates. In addition, increased 
GFAP fluorescence was detected in other investigated 
brain regions including the subiculum in 24-month-old 
R955-hTau+/− and APPxhTau as compared to Wt rats (Fig. 
S6k). Together, these findings demonstrate a robust and 
synergistic CNS inflammatory response to the combina-
tion of amyloid and tau pathology during the advanced 
plaque pathology, involving altered glial morphology 
resembling a reactive state, which may contribute to the 
accelerated cognitive decline, along with the increased 
neuronal loss.

Fig. 5 Combination of amyloid and tau alters postsynaptic density proteins involved with NMDA receptor activity (a-b) Representative Western blots on 
hippocampal homogenates of 20-month-old (c) and 24-month-old rats (d) illustrating elevated postsynaptic density 95 (PSD-95) (c) and Fyn (d) protein 
expression in 20-month-old APPxhTau rats as compared to APP+/− and wild type rats, whereas NMDAR2B (e), Synaptophysin (f, Syp) and neurofilament 
light chain (g, Nf-L) expression are unaffected. At 24 months, PSD-95 (h) and Fyn (i) are elevated in APPxhTau rats as compared to wild type and APP+/− 
rats. NMDAR2B (j) remained at levels similar to wild type rats. Syp protein expression was diminished in R955-hTau+/− and APPxhTau rats (k) whereas Nf-L 
expression was unaffected (l) (n = 6–9). * p < 0.05, ** p < 0.01, ***p < 0.001
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Discussion
Our investigations of the separate pathologies in trans-
genic models supports several independent studies dem-
onstrating that brain amyloidosis can provoke very early 
cognitive decline at pre-plaque stages [9, 15, 28, 46, 62, 
68, 70, 102, 111]. Such a well-established negative effect 
of amyloid likely would be unnoticed in the human given 
its superior cognitive reserve [97, 98, 114]. In compari-
son, pre-tangle tau pathology as represented in R955-
hTau+/- rats has a more subtle impact on cognition than 
pre-plaque Aβ pathology although it causes initial neuro-
nal loss. However, only the advanced human-like tauopa-
thy, as reproduced in multiple tau transgenic models, 
does lead to substantive neuronal cell death, brain atro-
phy and noticeable ventricular dilation [27, 31, 35, 74, 87, 
89, 100, 117]. These aspects are particularly pronounced 
in homozygous R955-hTau rats and in P301S transgenic 
tau mice crossed to a human ApoE4 background [95].

To further investigate the individual and combined con-
tributions of the AD-like amyloid and tau pathologies to 
early pathological stages, we utilized the McGill-R-Thy1-
APP [71] and the McGill-R955-hTau [35, 36] transgenic 
rat models to generate the APPxhTau rat line. APPxhTau 
rats recapitulated features of the earliest disease stages of 
the amyloid and tau pathologies, providing information 
which would be difficult, if not impossible, to acquire 
from human brain samples. These aspects include the 
initial intraneuronal Aβ accumulation as reported origi-
nally in the human brain [45, 112] and reproduced in 
transgenic mouse [15, 82] and rat models of the amyloid 
pathology [34, 62]. Such early amyloid burden provokes 

cognitive deficits in rodents, as also exemplified in 
APPxhTau rats. The APPxhTau rats also demonstrated to 
accumulate Sarkosyl-insoluble ptau Thr231, a tau phos-
phorylated site implicated in early stages of AD [7, 8, 43], 
without developing overt tau neurofibrillary inclusions 
(NFT’s). However, the nature of the tau species present 
in the insoluble fraction – whether they are fibrillar or 
oligomeric – remains to be established. As expected, at 
advanced stages the combined overexpression of Aβ and 
tau had an incremental effect on the classical brain AD-
like pathology as well as significant additive effects on 
cognition, synaptic plasticity, inflammation and neuro-
nal loss. Here we describe a colocalization event between 
Aβ and human tau in neurons (Fig.  2J). As Aβ and tau 
have previously been found to colocalize in dystrophic 
neurites proximal to amyloid plaques [56, 101] and in 
synaptosomes [37], we suspect that such a colocalization 
reflects the intraneuronal accumulation of both peptides 
in early disease stages.

Contrary to our expectations, the present study addi-
tionally revealed a transient protective effect of tau 
against Aβ-induced cognitive impairments at 20 months 
of age, as illustrated in Fig. 3. These findings do not nec-
essarily contradict contemporary studies that have dem-
onstrated that at late pathological stages such as the 
transition from MCI to clinical AD, the exponential tau 
pathology is the main driver of cognitive decline lead-
ing to dementia [3, 6, 14, 18, 38, 63, 75, 84]. Interestingly, 
Morgan and colleagues reported an apparent benefit of 
overexpressing P301L mutated human tau, driven by the 
prion promoter, on motor function in the JNPL3 line of 

Fig. 6 Accelerated neuronal loss and hippocampal disorganization in 24-month-old APPxhTau rats. (a) Representative immunofluorescence micrographs 
of the CA1 region of the hippocampus at 20 and 24 months of age illustrating the disrupted organization of neurons in R955-hTau+/− and APPxhTau rats 
at 24 months (white arrows). Quantification of the total number of NeuN-immunolabelled neurons per region of interest (ROI) in the CA1 at 20 (b) and 24 
(c) months of age demonstrating a significant reduction of neurons in R955-hTau+/− rats, with greater losses in APPxhTau rats (n = 6–9). Scale bar: a 100 μm

 



Page 14 of 20Emmerson et al. Acta Neuropathologica Communications          (2024) 12:193 

APP transgenic mice before the onset of paralysis [78]. 
The impact of tau on cognition is also dramatically illus-
trated in an AD individual homozygous for the Christ-
church mutation in APOE, which presented low levels of 
tauopathy and absence of dementia even when displaying 
an advanced brain amyloidosis [3, 24, 53, 93]. Aβ pep-
tides have a negative effect on LTP formation in ex vivo 
conditions [105] and such impairment of synaptic func-
tion is also observed in vivo [85, 86]. Tau is a cytoskel-
etal protein that facilitates the stability of microtubules 
for axonal growth and transport. For these reasons, we 
hypothesized that the early protective effect on cognition 
may be mediated by the moderate elevation of tau levels 

and the likely physiological activities at postsynaptic sites 
rather than downstream synaptic loss.

Our findings extend and deepen the works of others 
that have reported a counteractive interaction between 
Aβ and tau within neuronal circuitry. For example, intro-
ducing a human tau transgene was shown to counteract 
amyloid-induced hyperactivity by suppressing Ca2+ cur-
rents and neuronal activity in APP/PS1xrTg4510 mice 
[21]. Similarly, tau dampened the excitatory effects of 
hAPP on entorhinal circuit excitability in APPxP301L 
Tg mice as demonstrated in ex vivo electrophysiologi-
cal analyses [2]. Such a potentially protective effect of 
tau on cognition might in part explain the decades-long 

Fig. 7 Transgenic APP+/− and R955-hTau+/− rats exhibit robust inflammatory responses in microglia and astrocytes with downstream additive effects on 
astrocyte reactivity. (a) Representative micrographs of microglial cell abundance in the CA1 region of the hippocampus, as shown by Iba1 immunoreac-
tivity (brown) in APP+/−, R955-hTau+/− and APPxhTau transgenic rats as compared to wild type (Wt) rats at 20 and 24 months of age. At 24 months of age, 
a CNS inflammatory response and microgliosis was detected as quantified by an increase in the total number of Iba1-immunorective cells (c) but not at 
20 months (b) including the occurrence of rod-shaped microglia. (d) Representative immunofluorescence micrographs of the glial fibrillary acidic protein 
(GFAP) at 20 and 24 months of age illustrating an elevation and exacerbated astrocytic fluorescence intensity in the CA1 of 24-month-old APPxhTau rats 
as compared to wild type and single APP+/− and R955-hTau+/− transgenic rats (n = 6–10). Scale bar: a 100 μm; d 50 μm. * p < 0.05, ** p < 0.01, **** p < 0.0001
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asymptomatic phase during preclinical AD in a scenario 
of sustained Aβ expression. Certainly, it has long been 
suspected that the human brain developing AD suc-
cumbs to physiological exhaustion through several pro-
posed mechanisms. Our work demonstrates that this 
counteractive synaptic effect occurs during the early 
stages of the AD continuum, before the onset of well-
characterized events such as extracellular amyloid and 
neurofibrillary tau deposition. Furthermore, we reasoned 
that, in these early stages, the physiological activities of 
tau at the postsynaptic sites might counteract the initial 
Aβ-induced hyperexcitability, thereby contributing to 
this distinct early protective effect of tau.

As illustrated in Fig. 8, we propose a theoretical mecha-
nism for the tau-associated early protective effects. Based 
on the present study, this mechanism would likely include 
the increase in dendritic proteins such as Fyn kinase 
and PSD-95 rendering a neuroprotective phenotype. In 
line with this, reintroducing Fyn after ablation has been 
shown to rescue LTP impairments in vivo [20, 25, 59, 
64, 81], and the PSD-95 protein has revealed a protec-
tive role in synaptic function [33, 65]. Additionally, while 
postsynaptic PSD-95/tau/Fyn complexes stabilize the 
NMDAR receptor and mediate Aβ-induced excitotoxic-
ity [60], the site-specific phosphorylation of tau at Thr205 

[61] mitigated Aβ toxicity by disrupting NMDAR/PSD-
95/tau/Fyn complexes, a consequence consistent with 
the early appearance and accumulation of ptau Ser202-
Thr205 in transgenic rats harbouring the tau transgene. 
Based on the present findings, we speculate that the early 
tau-driven protective phenotype might be attributed to 
increases in Fyn and PSD-95.

In parallel to the increase in Fyn and PSD-95, this study 
further revealed a perplexing relationship between amy-
loid and tau on the phosphorylation of CREB Ser133 
in a synaptic activity-dependent manner. An abnormal 
decrease in pCREB and nuclear CRTC1 is affiliated with 
reduced synaptic plasticity and occurs in AD [5, 76] as 
well as in animal models of amyloid pathology [110]. 
Still, the impact of tau on pCREB and CRTC1 has not 
been fully resolved. Tau accumulation may potentially 
alter pCREB by activating PP2B and CaMKIV [116]. 
Therefore, in addition to elevated Fyn and PSD-95, the 
increased CaMKIV protein expression may contribute 
to a calcium-dependent restoration of synaptic function 
in 20-month-old APPxhTau rats, as a sustained CaMKIV 
activity mediates pCREB at Ser133 and provides neuro-
protection from NMDAR-mediated excitotoxicity may 
further contribute to the elevated pCREB levels. Notably, 
there was also elevation in GSK3β, which inhibits CREB 

Fig. 8 Proposed mechanism of action for the transient effects of tau in early stages of AD-like pathology. (A) sufficient Aβ-induced hyperexcitability 
hinders synaptic function and induces a cascade of cognitive changes. (B) tau mediates a temporary stabilization of the NMDAR in a phosphorylation-
dependent mechanism, counteracting the effects of Aβ by elevating proteins associated with neuroplasticity signaling such as CREB (C) Provided there 
is no removal of pathology, synaptic tau becomes hyperphosphorylated and aggregation-prone
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phosphorylation, but also is intimately tied to tau hyper-
phosphorylation and excitotoxicity. Our findings further 
exemplify a dysregulation of GSK3β in AD and is consis-
tent with GSK3β being a well-established link between 
amyloid and tau [26, 54, 55, 57, 69, 90].

In summary, the slow progressing phenotype of 
APPxhTau rats has unveiled the existence of an early, 
yet transient, stage of AD pathology during which tau 
appears to correct the synaptic dysfunction provoked 
by the intraneuronal accumulation of Aβ oligomers. 
Such stage would be difficult to unravel in human brain 
samples from the earliest preclinical stages of AD and 
it would be clinically unnoticed in the human given its 
superior cognitive reserve. However, it might represent a 
yet unnoticed early component in the continuum of the 
AD pathology.
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