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Abstract 

Neurodegeneration is a hallmark of many dementias and thought to underlie a progressive 

impairment of neural plasticity. Previous work in mouse models of neurodegeneration shows 

pronounced changes in artificially-induced plasticity in hippocampus, perirhinal and prefrontal 

cortex. However, it is not known how neurodegeneration disrupts intrinsic forms of brain plasticity. 

Here we characterised the impact of tau-driven neurodegeneration on a simple form of intrinsic 

plasticity in the visual system, which allowed us to track plasticity at both long (days) and short 

(minutes) timescales. We studied rTg4510 transgenic mice at early stages of neurodegeneration (5 

months) and a more advanced stage (8 months). We recorded local field potentials in the primary 

visual cortex while animals were repeatedly exposed to a stimulus over 9 days. We found that both 

short- and long-term visual plasticity were already disrupted at early stages of neurodegeneration, 

and further reduced in older animals, such that it was abolished in mice expressing mutant tau. 

Additionally, visually evoked behaviours were disrupted in both younger and older mice expressing 

mutant tau. Our results show that visual cortical plasticity and visually evoked behaviours are 

disrupted in the rTg4510 model of tauopathy. This simple measure of plasticity may help understand 

how neurodegeneration disrupts neural circuits, and offers a translatable platform for detection and 

tracking of the disease. 

 

Introduction 1 

Neurodegenerative diseases are known to affect neural plasticity and memory. Previous research has 2 
identified cellular and circuit deficits in higher-order brain areas such as the entorhinal and hippocampal 3 
cortices, which may underlie the deficits in memory function. For example, in vitro measurements show 4 
artificially-induced (usually electrical) long term potentiation (LTP) is reduced in the hippocampus and frontal 5 
cortex in mouse models of Alzheimer’s Disease1-4. In vivo measurements in these mouse models also show 6 
disruption of artificially-induced LTP5,6. The complex connections and functions of the hippocampus and 7 
frontal cortex, however, make it difficult to design experiments that measure plasticity in these areas without 8 
using artificial stimulation. How degeneration disrupts intrinsic forms of brain plasticity is, therefore, largely 9 
unknown.  10 

Plasticity and neurodegeneration can occur in all neural circuits, even those involved in simpler brain 11 
functions. For example, degeneration is found in the primary visual cortex as well as the hippocampal 12 
formation in most transgenic mouse models of degeneration. The visual cortex potentially provides a simpler 13 



 

 

 

2 

and better-understood model for investigating the functional consequences of neurodegenerative diseases, 14 
because there are well established paradigms for studying intrinsic plasticity in the visual cortex, and its 15 
behavioural correlates. But which, if any, forms of visual cortical plasticity are impaired in mouse models of 16 
neurodegeneration is not known. Indeed, it is not yet clear that degeneration in visual cortex is accompanied 17 
by any functional changes. The characteristic orientation selectivity of neurons in V1 is preserved, even in 18 
late stages of degeneration, in mice that overexpress amyloid-β precursor protein (APP)7,8, and in the widely 19 
used and well-characterised rTg4510 mouse model of tauopathy9.  20 

We measured visual plasticity in the rTg4510 mouse model10,11. The rTg4510 mice develop progressive 21 
neurofibrillary tangles (NFT), neuronal loss and concomitant cognitive deficits10,12. High levels of mutant tau 22 
emerge in the hippocampus and neocortex (including visual cortex) between 2 and 4 months of age, and 23 
NFT are present by 4.5 months in hippocampus and 7-8 months in neocortex10,11. Cortical cell loss occurs 24 
slightly later, at about 8.5 months13. We therefore studied animals at early stages of neurodegeneration (~5 25 
months old) and at a more advanced stage where clear degeneration has taken place in the cortex (~8 26 
months). To characterise intrinsic plasticity, we studied responses to repeated presentation of a simple visual 27 
pattern. Over several minutes, repeated presentation of a visual pattern usually suppresses visual cortical 28 
responses to that pattern, a classical effect of sensory adaptation14,15. Over several days, however, repeated 29 
presentation of a visual pattern can instead increase response, involving a sleep-dependent process called 30 
stimulus response potentiation, or SRP16-18. SRP is a form of long-term plasticity that resembles canonical 31 
LTP, with which it shares mechanisms18. 32 

We found that basic visual evoked responses were largely unaffected, even at late stages of 33 
neurodegeneration, consistent with previous reports9. However, both short- (intra-day) and long-term (inter-34 
day) visual plasticity were disrupted, even at early stages of neurodegeneration. Both timescales of visual 35 
plasticity were further impaired in older animals, such that they were abolished at later stages of 36 
neurodegeneration. Additionally, we found that innate visually evoked behaviours were impaired in mice 37 
expressing the mutant tau. Our results therefore show that there are substantial changes in intrinsic visual 38 
cortical plasticity and in visual behaviour even early in the progression of degeneration in rTg4510 mice. The 39 
visual cortex may therefore provide a useful platform to study the impact of neurodegenerative disease on 40 
neural plasticity. 41 

Results 42 

We measured the local field potential (LFP) from the primary visual cortex (V1) of 50 rTg4510 mice, using 43 
electrodes targeted to layer 4. Half of the mice were placed on a doxycycline diet from 2 months of age, to 44 
suppress the expression of mutant tau (referred as Tau-)11,13,19. We used different animals to study early 45 
stages of neurodegeneration (~5 months) and more advanced stages (~8 months) (Fig. 1A). Mice fed a 46 
normal diet, and therefore continuing to express the mutant tau (referred as Tau+) showed increased tau 47 
pathology (F=23.61, p=10-4, two-way ANOVA, Fig. 1B, Fig. S1) and a significant reduction in the overall brain 48 
weight compared to Tau- animals (F=5.79, p=0.02, Fig. 1B). 49 

Visual cortical responses in rTg4510 mice 50 

We recorded the visual evoked potential (VEP) in response to a large sinusoidal grating, presented to the 51 
monocular visual field by a computer monitor. Mice were head-fixed but free to run on a styrofoam wheel. 52 
The contrast of the grating was flipped (reversed) every 0.5s, and the animals were exposed to 10 blocks of 53 
200 reversals, with 30s of a grey screen presented between blocks. Each reversal generated a VEP, with an 54 
initial negative deflection rapidly followed by a positive one (Fig. 1C). We found that the amplitude of the VEP 55 
was similar in Tau- and Tau+ animals, for both 5- and 8-month old animals (Fig. 1D). We calculated the VEP 56 
amplitude as the difference between the positive and negative peaks of the VEP signal and found no 57 
difference in the average amplitude between genotypes (F=0, p=0.95, two-way ANOVA) or age groups 58 
(F=3.17, p=0.08). A Tukey’s multiple comparison test showed no significant difference between Tau- and 59 
Tau+ VEP amplitudes at 5 months (Tau- 5m: 165±11, Tau+ 5m: 184±16, mean±SEM, p=0.85) or 8 months 60 
(Tau- 8m: 155±19, Tau+ 8m: 134±16, mean±SEM, p=0.79). At 8 months, the VEP signal reduced slightly for 61 
Tau+ mice compared to their 5-month old counterparts (Fig. 1E), but the effect did not reach significance 62 
(p=0.16, Tukey’s test). The VEP signal was more sustained in 8-month old animals for both Tau- and Tau+ 63 
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animals. Our results therefore show that basic visual cortical responses are largely preserved in the rTg4510 64 
mouse model, even during advanced neurodegeneration.  65 

Figure 1 - Visual evoked responses in the primary visual cortex are largely preserved in 66 
neurodegeneration. A. At 2 months of age, half the rTg4510 mice were treated with and fed doxycycline 67 
(Dox) to suppress the expression of the transgene and arrest further accumulation of Tau. B. Left, 68 
comparison of average tau burden for each group of animals calculated as the mean grey levels within 69 
selected regions of interest in V1 and hippocampus (HPC) (Methods). Data are represented as 70 
mean±2*SEM. Right, comparison of overall brain weights at 5 months (5 m) and 8 months (8 m) timepoints. 71 
Data are represented as mean±SEM. C. Mice were head-fixed and allowed to run on a styrofoam wheel. 72 
After 5 min exposure to a homogenous grey screen, a full-screen, contrast reversing, sinusoidal grating 73 
pattern was presented to the left monocular visual field. The grating reversed every 0.5s, and the animal was 74 
exposed to 10 blocks of 200 continuous reversals, with 30s presentation of a grey screen between blocks. 75 
We recorded the local field potential (LFP) in the right primary visual cortex (V1). The LFP trace shown is the 76 
average time course across 10 stimulus blocks on one day in one Tau- mouse. Each reversal generated a 77 
visual evoked potential (VEP), characterized by an initial negative deflection and subsequent positive one. 78 
D. Average VEP responses on the first day of recording for Tau- and Tau+ animals at 5 months (left) and 8 79 
months (right). Shaded area represents the SEM. There was no significant difference in the size and shape 80 
of the VEPs between groups at either age (p=0.95, two-way ANOVA). E. Average VEP responses for Tau- 81 
(left) and Tau+ (right) mice obtained at 5 months and 8 months of age. VEPs were slightly reduced, and more 82 
sustained, for both Tau- and Tau+ mice at 8 months. 83 
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Visual plasticity is disrupted in mice expressing mutant Tau 84 

We hypothesised that plasticity is more likely to be affected than basic visual response at early stages of 85 
neurodegeneration. Stimulus-Response Potentiation (SRP) is a form of intrinsic cortical plasticity induced by 86 
repeated exposure to a visual stimulus over several days that can be measured in the VEP of mouse V116. 87 
To measure SRP in these animals we obtained VEP measurements from 24 5-month old rTg4510 mice (12 88 
Tau- and 12 Tau+) while they were exposed to a grating of one orientation (either 45° or -45° from vertical) 89 
over 9 days (thus becoming a familiar stimulus). On the first and last day of recordings (day 1 and day 9), 90 
five blocks of this familiar stimulus orientation were interleaved with five blocks of the orthogonal orientation 91 
(unfamiliar stimulus). On days 2-8, 10 blocks of the familiar stimulus were presented (Fig. 2A).  92 

Figure 2. Visual plasticity is reduced at early stages of tauopathy. A. Mice (5 months old) were exposed 93 
to a grating of one orientation (either 45° or -45°; ‘familiar’ stimulus) for 9 days. On the first and last day of 94 
recordings, five blocks of this familiar stimulus were interleaved with five blocks of a grating (‘unfamiliar’) 95 
whose orientation was orthogonal to the familiar grating. On days 2-8, 10 blocks of the familiar stimulus were 96 
presented. B. Change in the VEP amplitude from day 1 for the familiar stimulus for Tau- (blue) and Tau+ 97 
(red) animals over the course of days. Tau+ mice showed a slower potentiation of the LFP signal compared 98 
to Tau- animals. The open symbols on the right show the change in VEP amplitude in response to the 99 
unfamiliar stimulus on day 9. C-E. Comparison of average VEPs (top) and VEP amplitudes (bottom) between: 100 
days 1 vs 3 for the familiar stimulus (C), days 1 vs 9 for the familiar stimulus (D), and days 1 vs 9 for the 101 
unfamiliar stimulus (E).  102 

We found strong potentiation of the VEP signal in Tau- animals, and reduced and slower potentiation in Tau+ 103 
animals (Fig. 2). The VEP amplitude for Tau- mice reached a plateau around day 3-4 (Fig. 2B) while Tau+ 104 
mice showed a slower increase in the VEP amplitude, reaching a plateau around day 5-6. For example, the 105 
VEP amplitude of Tau- mice was 77±11 µV larger on day 3 than it was on day 1 (Fig. 2B,C; p=3.1*10-6, 106 
repeated measures ANOVA, Tukey’s pairwise comparison), while Tau+ animals showed only a moderate 107 
increase by day 3 (28±13 µV, p=0.03). By day 9, VEP amplitude had increased substantially for both groups 108 
of mice (Fig. 2D, Tau-: 92±15 µV, p=1.5*10-6, Tau+: 78±13, p=1.6*10-5). Repeated measures ANOVA on 109 
days 1 and 3 revealed a significant day by phenotype interaction (F=7.75, p=0.01), while the same 110 
comparisons for days 1 and 9 showed a significant effect of day (F=72.1, p=2.1*10-8) but no interaction 111 
(F=0.5, p=0.48). The slower growth in VEP amplitude in Tau+ animals was mainly due to slower changes in 112 
the positive deflection of the VEP signal in Tau+ animals (Fig. S2b). The negative deflection of the VEP was 113 
slightly larger in Tau+ mice than in Tau- mice, and increased at a similar rate in both groups (Fig. S2c). 114 

Repeated exposure to the familiar stimulus had less impact on VEP response to the unfamiliar stimulus 115 
(which was shown only on day 1 and day 9), for both groups (Fig. 2E, Tau-: unfamiliar VEP amp. 116 
change=54±10, p=0.2*10-3, Tau+: 15±27, p=0.03, Tukey’s test). In fact, growth in VEP responses to the 117 
unfamiliar stimulus on day 9 was comparable to growth in VEPs to the familiar stimulus on day 2 (Fig. 2B, 118 
Tau-: day 2 familiar VEP amp. change=51±12, p=0.89, Tau+: 21±8, p=0.72). Together these data suggest 119 
that the amplitude but not stimulus selectivity of response potentiation is affected in Tau+ animals. 120 

Overall our results suggest that visual cortical plasticity is disrupted even at this early stage of 121 
neurodegeneration. 122 
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Visual plasticity is reduced in older animals 123 

We showed that visual plasticity is affected even at early stages of neurodegeneration in rTg4510 mice. We 124 
then asked whether functional deficits increase with age by examining visual cortical plasticity in 8-month old 125 
rTg4510 mice. We obtained LFP responses from 26 8-month old transgenic mice (13 Tau- and 13 Tau+) 126 
using the same visual paradigm described above (Fig. 3A).  127 

Visual plasticity was reduced in older animals (Fig. 3). By day 9, the VEPs of Tau- mice showed a small but 128 
significant increase relative to day 1 (Fig. 3C, VEP amp. change=39±20 µV, p=0.02), while Tau+ animals 129 
showed minimal change (13±9, p=0.41). No significant change was observed for the unfamiliar stimulus in 130 
either group (Fig. 3D, Tau-: VEP amp. change=25±16, p=0.72, Tau+: 6±9, p=0.63). Our results suggest that 131 
there may be a combined effect of mutant tau expression and age leading to a complete disruption of visual 132 
cortical plasticity. 133 

Figure 3. Visual plasticity diminishes with age. A. Mice (8 months old) were exposed to a grating of one 134 
orientation (either 45° or -45°; ‘familiar’ stimulus) for 9 days (same as in Fig. 2A). B. Difference in the VEP 135 
amplitude from day 1 for the familiar stimulus for Tau- (blue) and Tau+ (red) animals over the course of days. 136 
8-month old Tau- mice showed a smaller potentiation of the LFP signal compared to 5-month old mice (Fig. 137 
2B). Tau+ mice showed no significant potentiation. The open symbols on the right show the change in VEP 138 
amplitude in response to the unfamiliar stimulus on day 9. C-D. Comparison of average VEPs (top) and VEP 139 
amplitudes (bottom) between: days 1 vs 9 for the familiar stimulus (C), and days 1 vs 9 for the unfamiliar 140 
stimulus (D).  141 

Similar response potentiation in Tau- and WT mice  142 

Tau- mice were fed with a doxycycline diet to suppress mutant tau transgene expression from the age of 2 143 
months. It is possible however that expression of mutant tau up to the age of 2 months, or a continued effect 144 
thereafter, could lead to functional deficits in these animals. For example, the reduced visual plasticity 145 
observed in 8-month old compared to 5-month old Tau- mice might be a pathological effect initiated by early 146 
tauopathy. We therefore compared the visual responses of Tau- mice with responses obtained from wild type 147 
(WT) littermates.  148 

At 5 months, WT mice showed similar VEP potentiation to the Tau- mice (Fig. S3A). By day 3, WTs showed 149 
a significant increase in the VEP amplitude for the familiar stimulus relative to day 1 (VEP amp. 150 
change=57±11 µV, p=0.005), similar to Tau- mice (Fig. S3A). At 8 months, the VEP amplitude was on 151 
average larger in WT compared to Tau- mice (F=0.92, p=0.35, one-way ANOVA). As for Tau- mice, however, 152 
8-month old WT mice showed reduced and slower potentiation of the LFP signal for the familiar stimulus 153 
compared to 5-month old mice (Fig. S3B). This suggests that the reduction in SRP at 8 months is largely an 154 
effect of age and not neurodegeneration in Tau- mice. 155 

Coincident changes in short-term visual plasticity  156 

We have shown that long-term visual plasticity is disrupted in rTg4510 mice using a simple and well-157 
established visual paradigm. Although SRP has been conventionally used as a measure of plasticity across 158 
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days, it can also be used to measure changes within a day, or within a block (adaptation). We therefore 159 
asked if there were also disruptions in plasticity at these shorter timescales. We analysed how responses 160 
changed within each day. We considered days 2-8 where only the familiar stimulus was presented (Fig. 4A). 161 
Responses gradually increased over the course of the first block of visual stimuli in all animals. In subsequent 162 
blocks, the amplitude of the VEPs usually reduced over the course of each block, consistent with classic 163 
sensory adaptation effects (Fig. 4B). We therefore focussed our analyses on the second and subsequent 164 
stimulation blocks. To quantify adaptation’s effects, we fitted a decaying exponential function to the within-165 
block time course of the VEP amplitude. We obtained the within-block time-course by subtracting the steady-166 
state VEP amplitude (the average of the last 100 reversals) from each block, and then averaging across 167 
blocks. We first averaged VEP responses across blocks 2-10 and found smaller adaptation effects in Tau+ 168 
than Tau- mice (Fig. 4C left panel; Tau-: 34±29 µV, Tau+: 19±40, p=0.0075, t-test). Adaptation effects were 169 
reduced in 8-month old Tau- mice compared to 5-month olds, and they were completely abolished in 8-month 170 
Tau+ mice (Fig. 4E,F; Tau-: 11±21, Tau+: -2±23, p=0.0001). 171 

Figure 4: Short-term visual plasticity is reduced in rTg4510 mice expressing mutant tau. A. We 172 
measured intra-day effects on experimental days 2-8. On each day 10 blocks of the familiar stimulus were 173 
presented, each consisting of 200 phase reversals and separated by 30s of a homogenous grey screen. B. 174 
Average VEP amplitude as a function of block number for 5-month old Tau- (blue) and Tau+ (red) mice. The 175 
VEP amplitude was calculated from non-overlapping averages of 20 reversals. With the notable exception of 176 
the first block, VEPs showed a reduction of responses within each block, consistent with classic sensory 177 
adaptation effects.  C. Average VEP responses for blocks 2-10 (Left) and separately for blocks 2-5 (Middle) 178 
blocks 6-10 (Right) on days 2-8, for Tau- and Tau+ animals. VEP amplitudes within each block were 179 
normalised by subtracting the average VEP amplitude of the last 100 reversals for that block. The within 180 
block amplitudes (at a resolution of 20 reversals) were then fit with a decaying exponential function of fixed 181 
τ=8.4 reversals (see Methods), and the amplitude of the exponential was extracted. D. Cumulative 182 
histograms of these fitted amplitudes for Tau+ (solid red) and Tau- (dotted blue) mice, normalised by the total 183 
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number of sessions for each cohort. At 5 months, Tau+ animals showed reduced within-block adaptation 184 
compared to Tau- mice for blocks 6-10, but not for blocks 2-5. E-F. Same as B-D for 8-month old animals. 185 
The within-block adaptation is reduced for Tau- mice at 8 months compared to 5 months. Tau+ mice showed 186 
no suppressive adaptation effect for either early or late blocks. 187 

The disruption to adaptation effects in 5-month old Tau+ mice was more apparent in later blocks than early 188 
blocks (Fig 4C). We calculated average VEP amplitudes separately for early blocks (2-5) and late blocks (6-189 
10), and estimated adaptation’s effect for both sets for each recording day in each animal (Fig. 4D). Tau+ 190 
animals showed less adaptation effects that Tau- mice in blocks 6-10 (Tau-: 47±43 µV, Tau+: 23±58, 191 
p=0.0025, t-test), but similar adaptation effects in blocks 2-5 (Tau-: 36±42 µV, Tau+: 28±53, p=0.328, t-test). 192 
Within-block adaptation effects were absent in 8-month Tau+ mice in both early and late blocks (Fig. 4F,G; 193 
blocks 2-5: Tau-: 14±29, Tau+: -7±39, p=0; blocks 6-10: Tau-: 16±25, Tau+: 7±27, p=0.0153, t-test). We 194 
conclude that adaptation effects are disrupted early in neurodegeneration, and abolished at later stages.   195 

We found that, unlike Tau- animals, 8-month old WTs showed similar within block adaptation effects to 5-196 
month old WTs, suggesting that while long term plasticity is reduced in older WT animals, short term plasticity 197 
is not (Fig. S4, Fig. 4; 5m WT: 26±29; 8m WT: 27±31). Reduced adaptation in older Tau- animals compared 198 
to WT may reflect persistent impact of the initial tau accumulation before the onset of the doxycycline 199 
treatment (which was started at 2 months), subsequent incomplete suppression of the transgene, or age-200 
dependent effects of other genetic disruptions in this mouse model (see Discussion). 201 

Differences in visual plasticity cannot be explained by differences in behavioural state 202 

Animals were free to run on a foam wheel during the recording session, and we observed epochs of 203 
running and variations in pupil size in all animals. Visual cortical responses, as well as responses earlier in 204 
the visual pathway, are known to vary with behavioural state as defined by running speed or pupil area20. 205 
Tau+ rTg4510 mice have also been reported to have abnormal locomotion behaviours19,21,22. We therefore 206 
wanted to know if the differences observed in visual plasticity between Tau+ and Tau- animals might be 207 
explained by differences in behavioural state. We used two approaches to address this. We first refined our 208 
analyses by only considering VEP responses during either stationary (speed < 5cm/s) or running (speed > 209 
5cm/s) epochs. We next used a model to evaluate the contribution of various parameters to the observed 210 
responses. 211 

The VEP signal was smaller during running, in both Tau- and Tau+ mice (Fig. 5A). This reduction was seen 212 
across all days and animals (Fig. 5B), and was slightly more pronounced in Tau+ animals. To establish 213 
whether the animal’s locomotion state was responsible for the differences observed in SRP between groups, 214 
we calculated the change in the VEP amplitude from day 1, but considering only stationary or only running 215 
epochs (Fig. 5C; Sup. Fig. S5B). The differences in SRP between Tau- and Tau+ mice were more 216 
pronounced when we considered only stationary epochs (Fig. 5C, S5C-D), so differences in running 217 
behaviour cannot explain the differences in SRP.  218 

Our analyses show that VEP amplitude is dependent on behavioural state, and varies within a day (Fig 4). 219 
These effects might combine to accentuate or mask plasticity across days. To assess the relative impact of 220 
time and behaviour on the VEP, we used an elastic net regularization model to predict the VEP amplitude for 221 
each animal using Day, Block number, movement Speed and Pupil diameter as regressors. We found Day 222 
to have a positive impact on the VEP amplitude, thus predicting the increase in VEP amplitude across days 223 
(Fig. 5D). Consistent with our observations on visual plasticity (Fig. 2,3), the impact of Day in predicting the 224 
VEP amplitude was greater for Tau- than Tau+ animals, for both 5-month old and 8-month old animals. 225 
Similarly, Day had a lower impact at 8 months than 5 months old. Block number had a negligible overall 226 
impact in predicting the VEP amplitude compared to the other predictors considered here. Increases in 227 
behaviour (defined by pupil diameter and speed) had a negative impact on the VEP amplitude, and this 228 
relationship was similar across phenotypes and age groups. In addition, there was no correlation between 229 
behaviour and days (Pupil: r = -0.03, Speed: r=0.07) suggesting that behaviour cannot explain the VEP 230 
increase across days. Therefore, our results suggest that the VEP potentiation to the familiar stimulus across 231 
days is an effect of experience to the visual stimulus and not an effect of changes in the behavioural state of 232 
the animals. 233 
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Figure 5: Differences in visual plasticity are not due to differences in behavioural state. A. VEP 234 
responses on day 1 for Tau- (blue) and Tau+ (red) 5-month old animals calculated during running 235 
(speed>5cm/s) and stationary epochs. Running reduces the VEP signal for both groups of mice. B. VEP 236 
amplitude during stationary versus running epochs for individual Tau- (blue circles) and Tau+ (red triangles) 237 
mice. Each symbol represents the VEP amplitude on one day in one animal. C. Difference in the VEP 238 
amplitude from day 1 for the familiar stimulus, for Tau- (left) and Tau+ (right) 5-month old animals, calculated 239 
for only stationary or only running epochs. VEP potentiation was evident in both groups of animals for both 240 
behavioural states. D. We fitted an elastic net regularization model to predict the VEP amplitude for each 241 
animal using days, block number, movement speed and pupil diameter as regressors. We assessed the 242 
impact of each regressor in predicting the VEP amplitude as the product between each learned weight and 243 
observed variable, divided by the predicted value across the entire regularisation path (of elastic net 244 
regression). The panel shows the average regressor impact for each genotype at 5 and 8 months of age. 245 

Visual evoked behaviours are reduced in naive Tau+ mice 246 

In animals, including mice, an unexpected or unfamiliar visual stimulus usually evokes instinctive behavioural 247 
responses. In head-fixed animals who are unable to run, these behavioural responses can include low 248 
amplitude muscle movements (‘fidgeting’). SRP in the mouse visual cortex has previously been associated 249 
with habituation of fidgeting18. To establish whether reduced plasticity in Tau+ mice is associated with 250 
reduced behavioural responses in our conditions, we assessed the impact of stimulus presentation on pupil 251 
diameter and movement speed, both at first exposure to the stimulus, and later when animals were more 252 
experienced.  253 

Tau- (and WT) mice showed large dilation of the pupil and an increase in the movement speed at the onset 254 
of their very first exposure to the grating stimulus (day 1, block 1; Fig. 6A,B, Fig. S3). These responses quickly 255 
habituated, both within the session (Sup. Fig. S6) and over the course of days (Fig. 6C,D). By contrast, Tau+ 256 
mice showed no visual evoked behavioural responses to the onset of the stimulus (Fig. 6A,B). These group 257 
differences in visual evoked behaviours were clear at both 5 and 8 months of age. 258 

Experienced Tau- animals (days 6-8) showed a small constriction of the pupil in response to the stimulus 259 
onset. This constriction was more pronounced in Tau+ animals (Fig. 6C). There was no change in the 260 
movement speed for both groups in response to the stimulus, although experienced Tau- mice showed larger 261 
average speed compared with the Tau+ mice (Fig. 6D). Overall, our results suggest that visual evoked 262 
responses are disrupted even in early stages of neurodegeneration. 263 
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Figure 6: Visual evoked behaviours are reduced in Tau+ mice. A. Top: Images of the normalized pupil 264 
responses to the onset of the stimulus of the first block presented for naive animals (day 1; one animal per 265 
row). Pupil responses are normalized to the average pupil size during stationary epochs for 12s before the 266 
stimulus onset where mice were viewing a grey screen. Bottom: Mean (±SEM) pupil responses for naive 267 
Tau- (blue) and Tau+ (red) animals for both age groups. B. Top: Images of the natural logarithm of movement 268 
speed responses to the onset of the stimulus for naive animals (day 1). Bottom: Mean (±SEM) movement 269 
speed for naive Tau- (blue) and Tau+ (red) animals for both age groups. C-D. Average normalized pupil 270 
responses and average movement speed to the onset of the stimulus for experienced animals (days 6-8). 271 
Horizontal dashed lines indicate the stimulus onset. 272 

Discussion 273 

In this study, we evaluated visual cortical plasticity in the rTg4510 mouse model of neurodegeneration. We 274 
measured both short term suppression and long-term potentiation of the visual evoked LFP response in V1, 275 
in mice with mutant tau expression (Tau+), or with that expression suppressed (Tau-). We made these 276 
measurements at two time points, at an early (5 months), and a more advanced (8 months) stage of 277 
neurodegeneration10,11,13,23, which allowed us to estimate the progression of the pathology and its correlates 278 
in cortical plasticity. The results indicate that visual evoked responses are robust in both Tau- and Tau+ mice 279 
in both age groups. However, Tau+ animals show impaired visual cortical plasticity both within and across 280 
days. At 8 months of age, visual plasticity is reduced in Tau- animals, and practically abolished in Tau+ 281 
animals, potentially indicating a combined effect of age and tauopathy. In addition, we found an absence of 282 
behavioural responses to novel visual stimuli in Tau+ animals. Overall, these data indicate that tau-283 
associated neurodegeneration has an impact on both long and short-term visual plasticity, and their potential 284 
behavioural correlates. 285 

Visual cortical plasticity in neurodegeneration 286 

We have shown that naive visual evoked responses in V1 of rTg4510 mice are largely unaffected in Tau+ 287 
animals, even at advanced stages of neurodegeneration (8 months). These observations are consistent with 288 
previous work which shows robust orientation and direction selectivity in V1 of APP and rTg4510 mouse 289 
models7-9. The limited impact of degeneration on these basic visual properties of cortical neurons may 290 
suggest that the accumulation of tau is not sufficient to disrupt neuronal function9.  However, orientation and 291 
direction selectivity may rely primarily on the functional properties of thalamocortical relay cells, and the 292 
pattern of their cortical projections, rather than intracortical operations24. These basic functional properties 293 
may therefore be resilient, because the thalamus is largely unaffected in many models of neurodegeneration, 294 
including the rTg4510 model. Functional properties that depend on cortical cellular mechanisms, and the 295 
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balance of intra-cortical excitation and inhibition are more likely to be affected earlier in neurodegeneration 296 
25. Our observations support this hypothesis because visual cortical plasticity, which is likely to be more 297 
dependent on these processes, is disrupted in the rTg4510 mice. 298 

We monitored visual plasticity at short- and long timescales. Stimulus response potentiation (SRP) is a form 299 
of long-term plasticity that is dependent on parvalbumin-positive interneuron activity26, and is thought to co-300 
opt similar pathways to thalamocortical LTP27, including synaptic plasticity, NMDA receptor activation and 301 
increased AMPA receptor trafficking16,18. Some of these circuits, particularly parvalbumin interneurons, are 302 
also thought to be important in ocular dominance plasticity28,29. There is some evidence that inhibitory 303 
pathways are more profoundly affected early in neurodegeneration in the rTg4510 model30, so our 304 
observation of reduced SRP in Tau+ animals may be consistent with disruption of ocular dominance plasticity 305 
in the visual cortex of APP and PS1 mouse models31,32.  306 

Our experimental design allows for measurements at multiple timescales, and we found concomitant 307 
changes at short and long time scales of plasticity. Short-term visual plasticity, usually known as adaptation, 308 
is linked to transient changes in the responsivity of synapses33 or post-synaptic mechanisms related to spike 309 
frequency adaptation34. In 8-month old Tau+ animals, we found no sign of suppressive adaptation effects, 310 
even though the amplitude of the VEP was similar to that in Tau- animals, where we saw robust adaptation 311 
effects (albeit less than in 5-month old Tau- animals). Reduced adaptation effects in older Tau+ animals may 312 
reflect disruption of adaptation mechanisms in excitatory synapses or spike-frequency adaptation. There is 313 
also some evidence that adaptation effects include increased inhibition35, so absence of adaptation effects 314 
in older Tau+ animals may also reflect substantial disruption to inhibitory circuits. In 5-month old animals, 315 
adaptation effects in early blocks each day were similar in Tau+ and Tau- animals. In later blocks, adaptation 316 
effects were reduced in Tau+ animals. This reduced adaptation might reflect partial disruption to the same 317 
mechanisms that are then grossly impaired at 8-months, such that disruption to them is only revealed after 318 
prolonged bouts of stimulation. The reduced adaptation effects seen in later blocks may, however, also arise 319 
if additional suppressive adaptation effects in Tau+ animals are recruited over longer time-scales (that may 320 
exert an effect across blocks), or if mechanisms that allow recovery from the preceding block are impaired. 321 
Our results therefore suggest that even early stages of neurodegeneration have an impact on both synaptic 322 
mechanisms and intracellular trafficking in V1. We note, however, that because we measured the local field 323 
potential, our measurements reflect the pooled signal of excitatory and inhibitory synapses36,37. Spiking 324 
activity in individual neurons, which depends on idiosyncratic and finely balanced excitation and inhibition, 325 
may show variable effects.   326 

We have shown that a simple visual paradigm allows easy characterisation of the impact of 327 
neurodegeneration on intrinsic plasticity in awake animals, both at short (seconds and minutes) and longer 328 
(days) time scales. We have also shown that plasticity over longer time scales is markedly reduced in older 329 
animals, consistent with age-related reductions in ocular dominance plasticity in mice that have been 330 
documented previously38,39. In humans, repetitive visual stimulation produces a lasting enhancement of VEPs 331 
as measured by EEG40,41, similar to SRP. This potentiation has been shown to be impaired in disorders that 332 
are thought to be associated with hypofunction of the NMDA receptor, like schizophrenia42. AD patients also 333 
show a deficit in NMDAR-dependent forms of cortical plasticity43. Assessing whether VEP potentiation is 334 
impaired in individuals with or at risk of AD, or in normal ageing, could be a subject for future studies. If true, 335 
it could provide a framework to assess disease progression in these patients that could be less invasive and 336 
cheaper than other biomarkers. Similarly, short-term visual adaptation effects are easy to measure in 337 
humans, both perceptually and via non-invasive EEG or fMRI measurements44. 338 

Visual deficits are common in dementia, and are particularly acute in patients with posterior cortical atrophy 339 
(PCA), which affects many sufferers of Alzheimer’s disease (AD)45. The neural bases of these effects in PCA 340 
patients is thought to be tau-related pathological changes in posterior cortices such as the occipital lobe46-48. 341 
Recent large-scale characterisations of tau-patterning in AD show that a posterior, occipitotemporal subtype 342 
is as frequent as other subtypes49. Functional measurements of visual cortical plasticity may therefore be 343 
particularly relevant to these individuals. 344 
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Plasticity in rTg4510 mouse model of tauopathy 345 

Previous work in rTg4510 mice has shown a link between neurodegeneration and plasticity in high-level 346 
cortical circuits. rTg4510 mice show impaired long-term depression in perirhinal cortex synapses, which may 347 
underlie defects in long-term recognition memory50. Impairments in LTP are also observed in the 348 
hippocampus51-53 and frontal cortex54 of rTg4510 (and APP/PS1) mice, including changes in intrinsic 349 
membrane properties, depolarisation of the resting potential, increased excitability and changes in spiking 350 
dynamics. These cellular changes are accompanied by disturbed oscillations in the LFP and disordering of 351 
‘place cells’ in hippocampus55-57. These deficits in both short- and medium-term neuronal plasticity are not 352 
simply a result of accumulation of insoluble NFT, and arise before pronounced changes in cellular 353 
morphology54,58,59. Our findings complement and extend these studies by showing that intrinsic LTP-like 354 
visual plasticity is also disrupted in rTg4510 animals in vivo, even at early stages of neurodegeneration. We 355 
have further shown that visual plasticity decreases with age even in Tau- and WT animals. Our results 356 
suggest that age should be taken into account when studying the impact of neurodegeneration on LTP-like 357 
effects in older animals. Finally, we have shown that there are substantial changes in plasticity in primary 358 
visual cortex, an area which contributes to functional responses in higher-order brain areas like the 359 
hippocampus, perirhinal and prefrontal cortices. The contribution of primary sensory cortices may therefore 360 
need to be considered when studying the impact of neurodegeneration on plasticity in higher-order areas in 361 
vivo. 362 

The functional effects observed at early stages of neurodegeneration in rTg4510 mice may be explained by 363 
increased synaptic instability as a result of synaptic density reduction and increased dendritic spine turnover60 364 
or may reflect mislocalization of soluble tau to dendrites61. Synaptic instability is likely to impair long-term 365 
plasticity processes and might explain the reduction in SRP that we see in Tau+ mice. Our findings of 366 
impaired short-term adaptation effects in 5-month old Tau+ mice may reflect postsynaptic abnormalities as 367 
a result of tau accumulation in dendritic spines, or a reduction in availability of excitatory synapses, which is 368 
then exacerbated in older animals. Future studies could utilise our findings in the visual cortex to study the 369 
relationship between plasticity impairments and synaptic dysfunction in neurodegeneration in vivo. The 370 
changes in short-term adaptation effects that we see in Tau+ mice provide a particularly attractive target for 371 
experimental measurements. 372 

We note that retinal and optic nerve atrophy has been reported in late-stages (ca. 7.5 months) of rTg4510 373 
neurodegeneration62. These changes in retinal structure may be expected to reduce the visual cortical 374 
response as measured by the VEP. However, we found that VEP amplitude was robust, even in 8-months 375 
old Tau+ animals. Tau+ mice also have altered circadian rhythms, with increased periods of wakefulness, 376 
less time in non-rapid-eye-movement sleep63, and altered sharp-wave ripple dynamics57. These changes 377 
may contribute to the changes in long-term visual plasticity that we observed as sleep is important for SRP 378 
in mouse V117,27,64,65.  379 

Recent work66 shows that in the rTg4510 mouse model, a fragment of the Fgf14 gene was replaced by the 380 
insertion of the P301L transgene (tau-Tg). This genetic disruption may influence the progress of neuronal 381 
loss and behavioural abnormalities alone or in combination with the expression of the mutant tau. Our 382 
experiments mitigate these potential offsite effects by comparing Tau- and Tau+ mice, that differ in mutant 383 
tau expression but not genotype. In addition, our comparisons of Tau- with WT littermates reveal similar long-384 
term plasticity and visual evoked behaviour. Interestingly, older (8 m) Tau- mice showed reduced adaptation, 385 
or short-term plasticity but WT animals did not. Adaptation effects are generally thought to be preserved with 386 
age in humans67,68. It is possible that reduced adaptation in Tau- animals could be an effect of the Fgf14 387 
deletion or it could be an effect of tau accumulation before the onset of the doxycycline treatment (which 388 
started at 2 months). If the latter is true, this would render adaptation as a more sensitive assay to assess 389 
functional changes in neurodegeneration in older animals.  390 

Previous studies have reported alterations in rTg4510 mouse behaviour: Tau+, and to a lesser extent, Tau- 391 
mice tend to show hyperactivity and motor stereotypy, whilst maintaining good motor coordination19,21,22,63,69. 392 
These mice do not appear to respond to novelty, and have impaired spatial working memory19,21. In our 393 
experiments on head-fixed animals, Tau+ animals reacted less to the appearance of a new visual stimulus 394 
than did their Tau- or WT counterparts, consistent with reduced novelty responses. This insensitivity to 395 
novelty may partly reflect a lack of arousal or a deficit in attention, which may in turn indicate deficiencies in 396 
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noradrenaline circuits that appear critical for these processes70. The CamKIIa promoter that drives transgene 397 
expression in the rTg4510 mouse is likely to be expressed in locus coeruleus71, and it is therefore possible 398 
that the noradrenalin input to cortex is disrupted in Tau+ mice.  399 

Conclusions 400 

Plasticity is a hallmark of neuronal function, important for learning and memory. Neurodegenerative diseases 401 
like AD not only disrupt neuronal structure and function, but erode the flexibility of neurons and circuits. 402 
Failure of synaptic plasticity is assumed to occur early in the course of AD. We verified the effect of tauopathy 403 
on an intrinsic form of sensory learning and memory in V1 of mouse. We found impaired visual plasticity even 404 
at early stages of neurodegeneration, before substantial neuronal loss occurs. Our measurements offer a 405 
simple and direct readout of intrinsic plasticity in degenerating brain circuits, and a potential target for 406 
understanding, detecting and tracking that neurodegeneration, in humans as well as in animal models.  407 

Methods 408 

Animal Experiments 409 

All experiments were performed in accordance with the Animals (Scientific Procedures) Act 1986 (United 410 
Kingdom) and Home Office (United Kingdom) approved project and personal licenses. The experiments were 411 
approved by the University College London Animal Welfare Ethical Review Board under Project License 412 
70/8637.  413 

The generation of rTg4510 transgenic mice was performed as described previously11,19. A total of 50 male 414 
transgenic mice and 16 wild-type (WT) littermates were obtained at approximately 7 weeks of age from Eli 415 
Lilly and Company (Windlesham, UK) via Envigo (Loughborough, UK). At 8 weeks of age, to suppress tau 416 
expression, 25 of the 50 transgenic mice were treated with Doxycycline, which included four 10mg/kg bolus 417 
oral doses of doxycycline (Sigma) in 5% glucose solution by oral gavage across 4 days, followed by ad libitum 418 
access to Teklad base diet containing 200ppm doxycycline (Envigo) for the duration of the experiment. The 419 
mice in this group were designated ‘Tau-’ animals. The remaining 25 animals, designated as ‘Tau+’, and the 420 
WT animals received 4 oral doses of the vehicle (5% glucose) and had ad libitum access to standard feed 421 
for the duration of the experiment. All animals also had ad libitum access to water. Mice were subsequently 422 
divided into two cohorts. One cohort was tested at approximately 5 months (22-26 weeks, 12 Tau-, 12 Tau+, 423 
6 WT), and another cohort was tested at approximately 8 months of age (31-35 weeks, 13 Tau-, 13 Tau+, 424 
10 WT). Mice were group housed to a maximum of 5 individuals per cage until 3 days before surgery, when 425 
they were separated into individual cages. All animals were kept under a 12-hour light/dark cycle, and both 426 
behavioural and electrophysiological recordings were carried out during the dark phase of the cycle. 427 

Surgery 428 

Mice were anaesthetised for surgery with 3% isoflurane in O2. Preoperative analgesia (Carprieve, 5mg/kg) 429 
was given subcutaneously and lubricant ophthalmic ointment was applied. Anaesthesia was maintained with 430 
1-2% isoflurane in O2 and the depth was monitored by absence of pinch-withdrawal reflex and breathing rate. 431 
The body temperature was maintained using a heating blanket. A small craniotomy hole (<1mm2) was made 432 
over the right primary visual cortex (2.8mm lateral and 0.5mm anterior from lambda) and a chronic local field 433 
potential (LFP) recording electrode (Bear lab chronic microelectrode Monopolar 30070, FHC, USA) was 434 
implanted approximately 400-450μm below the cortical surface. A ground screw was implanted over the left 435 
prefrontal cortex and a custom-built stainless-steel metal plate was affixed on the skull. Dental cement 436 
(Super-Bond C&B, Sun Medical) was used to cover the skull, ground screw and metal plate, enclosing and 437 
stabilizing the electrode. Analgesic treatment (Metacam, Boehringer Ingelheim, 1mg/kg) mixed in condensed 438 
milk was provided orally for three days after the surgery. Mice recovered for at least 7 days before the first 439 
recording session. 440 

Visual Stimulus Presentation & Experimental Setup 441 

Visual stimuli consisted of full-field, 100% contrast sinusoidal gratings generated using BonVision72, 442 
presented on a γ-corrected computer monitor (Iiyama ProLite EE1890SD). The gratings were presented in a 443 
circular aperture with hard edges, outside of which the monitor was held at the mean luminance (‘grey 444 
screen’). The grating was oriented at either -45° or 45° from vertical, and reversed contrast (flickered) at a 445 
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frequency of 1.95Hz. The display was placed 15cm from – and normal to – the mouse and centred on the 446 
left visual field. The stimulus was warped to maintain visual angle across the monitor. 447 

One week after the surgery, mice were placed on a styrofoam wheel with a grey screen and habituated over 448 
5 days to the experimental set-up by progressively increasing the time spent head-fixed, from ~5 mins to 30 449 
mins. Mice were allowed to run on the wheel, and their speed was recorded using a rotary encoder. Pupils 450 
were imaged using an infrared camera camera (DMK 22BUC03, ImagingSource; 30 Hz) focused on the left 451 
eye through a zoom lens (Computar MLH-10X Macro Zoom Lens), and acquired by the same computer that 452 
presented the visual stimulus. Pupil estimates (position, diameter) were tracked online using custom routines 453 
in Bonsai. At the beginning of each recording session, mice were presented with a grey screen for 3-5min. 454 
On the first day of recordings, mice were presented with 5 blocks of a grating oriented at 45° and 5 blocks of 455 
a grating oriented at -45°, alternating between the two. Each block consisted of 200 continuous reversals, 456 
and were separated by 30s, during which the monitor was held at the mean luminance. For 6 animals (2 WT, 457 
2 Tau- and 2 Tau+), each block consisted of 400 phase reversals. On days 2-8, mice were presented with 458 
10 blocks of a single oriented grating (familiar stimulus), that was either 45° or -45°, randomly assigned for 459 
each animal (counterbalanced between groups). The last day of recordings, day 9, was similar to day 1. For 460 
days 1 and 9, whether the first block presented would be the familiar or the unfamiliar stimulus (presented 461 
only on the first and last day of recordings), was randomly assigned for each animal. 462 

Neural Recordings 463 

Signals from the recording electrode were acquired, digitised and filtered using an OpenEphys acquisition 464 
board connected to a different computer from that used to generate the visual stimulus. The 465 
electrophysiological and rotary wheel signals were sampled at 30kHz. These data were synchronised with 466 
pupil video recordings and visual stimulus via the signal of a photodiode (PDA25K2, Thorlabs, Inc., USA) 467 
that monitored timing pulses on a small corner of the monitor shielded from the animal. 468 

Data analysis 469 

All data were analysed using custom software written in MATLAB (MathWorks). Neural and wheel data were 470 
filtered with an 8th order Chebyshev Type I lowpass filter and downsampled to 1kHz.  471 

VEP analysis: VEPs were averaged across all phase reversals and blocks for each stimulus on each day. 472 
To estimate the VEP amplitude, the LFP signal was filtered using a second order bandpass filter with a 0.3Hz 473 
low cut and 50Hz high cut frequency. The negative trough was defined as the minimum value within the first 474 
150ms after stimulus reversal, and the positive peak was defined as the maximum value within the first 475 
250ms. The amplitude was defined as the difference between this trough and peak. 476 

Pupil data: Eye blinks were removed by identifying any points that were two times above the variance of the 477 
eye position. Removed values were replaced using nearest neighbour interpolation. Pupil area (in pixels) 478 
was converted to mm2 by multiplying with the square of the camera resolution (in mm/pixel). Responses were 479 
then normalised to the average pupil area in the two minutes before the stimulus onset, where animals were 480 
viewing a grey screen. 481 

Wheel data: We estimated the speed and direction of the rotating wheel using a quadrature encoder. 482 
Rotations were converted to speed by multiplying with the wheel circumference and dividing by the encoder 483 
resolution. Speed was then smoothed using a gaussian filter with a 50ms window. 484 

Regression: We fitted an elastic net regularization model to predict the VEP amplitude for each animal using 485 
days, block number within each day, movement speed and pupil area as regressors. Regressors and 486 
predicted value were normalized to range between 0 and 1 before fitting. We explored the entire 487 
regularisation path by using N values (<=10,000) of the regularisation hyperparameter, fixing the ratio of the 488 
λ1 and λ2-norm regularisers to 2. The impact M of each regressor r in predicting the VEP amplitude was 489 
calculated as: 490 

 491 
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Where 𝑙 is the regularization hyperparameter, 𝑡	denotes each time there is a stimulus reversal (𝑡 =492 
1: 𝑛𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑟𝑒𝑣𝑒𝑟𝑠𝑎𝑙	𝑒𝑎𝑐ℎ	𝑑𝑎𝑦 ∗ 𝑛𝑢𝑚𝑏𝑒𝑟	𝑜𝑓	𝑑𝑎𝑦𝑠), 𝑤 is the learned weight, 𝑟8 denotes each respective 493 
regressor (where 𝑖 is either days, block number, speed, pupil area) and 𝑦 is the predicted value of the elastic 494 
net model. Note that if two or more regressors are correlated, the regularization model can assign weights to 495 
one or both regressors. 496 

Visual adaptation: To estimate the adaptation effect for each animal, for each day, the VEP amplitude was 497 
calculated within a block using a step of 20 reversals. The mean amplitude of the last 200 reversals was 498 
subtracted from each block and amplitudes were averaged over blocks 2-10, or blocks 2-5, or blocks 6-10. 499 
A decaying exponential function was fitted to the averaged data using least squares. The exponential time 500 
constant for each animal was fixed to t=8.4 reversals. This value was calculated by fitting the exponential to 501 
the mean trace obtained by averaging over all animals, for days 2-8, and blocks 2-10. 502 

Brain samples 503 

Mice were euthanised by overdose injection of pentobarbital (intraperitoneal) and perfused with phosphate-504 
buffered saline (PBS). Brains were removed, weighed, and the right hemisphere was fixed in 10% buffered 505 
formalin until processed (7-13 months) for immunohistochemistry pathology assessment. 506 

Histopathology  507 

Immunohistochemistry was performed for all mice. The brains were immersed in PBS that contained 30% 508 
sucrose, and subsequently cut into 40μm parasagittal sections on a cryostat (Leica CM1520). Antigen 509 
retrieval was achieved through heating sections in citrate buffer (pH 6.0; Vector Labs) in an oven at 60°C 510 
overnight. Slides were treated with 0.3% hydrogen peroxide solution (3% in distilled water) for 10min to 511 
eliminate endogenous peroxidase activity, and subsequently washed with PBS with 0.5% Triton X-100. 512 
Immunohistochemistry was performed using a primary antibody for tau phosphorylated at serine 202 (mouse 513 
monoclonal AT8, 1:1000, Thermo Fisher Scientific). The Mouse on Mouse (MOM) Detection Kit (Vector Labs, 514 
BMK-2202) was used for staining, with buffers prepared as described in standard protocol supplied with the 515 
kit. After rinsing, slides were treated for 5 min with the chromogen 3,3’-diaminobenzidine (DAB; Vector 516 
Laboratories, SK-4105) to allow visualisation. The slides were then coverslipped with Shandon ClearVue 517 
Mountant XYL (Thermofisher) and digitised using a Leica Microscope (DMi8 S) coupled with a Leica camera 518 
(DFC7000 GT; Leica Microsystems). The Fiji image processing package was used to view the digitized tissue 519 
sections 73. At least 3 regions of interest (ROIs) of the same size were selected from approximately the same 520 
brain location in V1 and hippocampus for each animal. In cases where V1 sections were fragmented (n=12), 521 
additional ROIs were selected from elsewhere in the cortex. To assess the tau burden, a normal distribution 522 
was fit to the image of each ROI and the mean and standard deviation were obtained and averaged over all 523 
ROIs for each animal (Fig. S1). To compare the tau burden in V1 and hippocampus, the mean values 524 
obtained from the fitted distributions were zscored and sign inverted (Fig. 1). These analyses were performed 525 
in a blinded fashion. 526 

Statistical analyses 527 

All data are presented as a mean ± standard error of the mean (SEM). Statistical comparisons were 528 
performed in MATLAB and SPSS (IBM). A two-way or a repeated-measures ANOVA was applied for all 529 
comparisons. p < 0.05 was used as the significance threshold. Exact p values are given. 530 
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Supplementary Figures 

 

Figure S1: Immunohistochemical profiling of 5- and 8-month old rTg4510 mice. A-B. Representative 

immunohistochemical images from the V1 of Tau- mice receiving doxycycline (Dox) treatment and Tau+ 

mice (Non-Dox) at 5 months old (A) and 8 months old (B). C. Average of the mean grey levels (left) and 

standard deviation (right) of ROIs selected in V1 for each animal (Methods). Data are represented as 

mean±2*SEM. D. Same as in C. for hippocampal ROIs. Tau+ animals were characterised by a smaller 

mean and larger standard deviation compared to Tau- and WT animals, confirming that the doxycycline 

treatment was successful. 
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Figure S2: Differences in visual plasticity between Tau+ and Tau- animals are attributed mainly to 

the positive deflection of the VEP signal. a. Average VEP amplitude, defined as the difference between 

the positive and negative peaks of the VEP signal, across days. b. Difference between the positive 

deflection of the VEP signal and the baseline as a function of days, averaged across Tau+ and Tau- 

animals. c. Difference between the negative deflection of the VEP signal and the baseline as a function of 

days, averaged across the groups of animals. d-f. Same for 8-month old animals. 

 

 

Figure S3: VEP and behavioural responses are similar in Tau- and Wild Type (WT) mice. A. Average 

VEP amplitude as a function of days for 5-month old Tau- mice (blue) and WT littermates (black). The 

panels on the right show the average VEP signal on top and the VEP amplitude of individual animals on 
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the bottom for days 1 and 3. VEPs significantly increased by day 3 relative to day 1 for the familiar stimulus 

for both Tau- and WT animals. B. Average VEP amplitude as a function of days for 8-month old Tau- mice 

(blue) and WT littermates (black). The panels on the right show the average VEP signal and the VEP 

amplitude of individual animals for days 1 and 9. WT mice had on average a larger VEP amplitude than 

Tau- mice but the VEPs increased at a similar rate as a function of days. The rate and magnitude of 

potentiation was reduced compared to 5-month old animals. C. Left: Images and average responses of the 

normalized pupil to the onset of the stimulus of the first block presented for naive (top) and experienced 

(bottom) WT mice. Right: Images and average responses of the movement speed. 

 

 

Figure S4: Adaptation in WT animals does not reduce with age (related to Figure 4). A. Average VEP 

amplitude as a function of block number for 5-month old WT mice (black) and 8-month old WT mice (grey). 

The VEP amplitude was calculated from non-overlapping averages of 20 reversals. With the notable 

exception of the first block, VEPs showed a reduction of responses within each block, consistent with classic 

sensory adaptation effects. B. Average VEP responses for blocks 2-5 (Left) and blocks 6-10 (Right) on 

days 2-8. C. Cumulative histograms of the fitted amplitudes showing no significant differences between 5- 

and 8-month old WT mice for either early (2-5) or late (6-10) blocks.  
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Figure S5: Running reduces the VEP amplitude but does not affect stimulus-response potentiation 

in either Tau+ or Tau- animals. A. Difference in the VEP amplitude from day 1 for the familiar stimulus for 

Tau- (left) and Tau+ (right) 5-month old animals over the course of days calculated considering only 

stationary or running epochs. B. Same as in A for 8-month old animals. C. Unnormalized VEP amplitude 

as a function of days for 5-month old Tau- (left) and Tau+ (right) mice calculated considering only stationary 

or running epochs. D. Same as in C for 8-month old animals. 

 

 

Figure S6: Visual evoked behaviour habituates quickly in Tau- animals. Mean (±SEM) normalized 

pupil responses (top) and movement speed (bottom) to the onset of the stimulus during the first five blocks 

of presentation for naive Tau- animals (day 1). 
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