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Abstract

While Alzheimer’s disease (AD) is traditionally associated with deficits in
episodic memory, early changes in other cognitive domains, such as attention, have
been gaining interest. In line with clinical observations, some animal models of AD
have been shown to develop attentional deficits, but this is not consistent across all
models. The APPswe/PS1AE9 (APP/PS1) mouse is one of the most commonly used
AD models and attention has not yet been scrutinised in this model. We set out to
assess attention using the 5-choice serial reaction time task (5CSRTT) early in the
progression of cognitive symptoms in APP/PS1 mice, using clinically translatable
touchscreen chambers. APP/PS1 mice showed no attentional changes across 5CSRTT
training or any probes from 9-11 months of age. Interestingly, APP/PS1 mice showed
increased impulsive and compulsive responding when task difficulty was high. This
suggests that while the APP/PS1 mouse model may not be a good model of
attentional changes in AD, it may be useful to study the early changes in impulsive
and compulsive behaviour that have been identified in patient studies. As these
changes have not previously been reported without attentional deficits in the clinic,
the APP/PS1 mouse model may provide a unique opportunity to study these specific
behavioural changes seen in AD, including their mechanistic underpinnings and
therapeutic implications.
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Introduction

Alzheimer’s disease (AD) is the most common form of dementia, affecting
approximately 50 million people worldwide®. The disease appears to start decades
prior to symptom development, starting with the accumulation of amyloid-beta (ApR)
that begins to form characteristic extracellular plaques. This is followed by the
hyperphosphorylation of tau and subsequent formation of neurofibrillary tangles
within neurons, and finally full gross atrophy of the brain?. These, and other,
molecular and cellular changes ultimately lead to progressive cognitive decline,
initially presenting with episodic memory changes that are closely followed by
executive function and attention deficits®™. Ultimately, patients are impaired in all
cognitive domains®. To date, drugs modifying the cholinergic system are standard
care for AD, but these are only symptomatic treatments and furthermore, are not
particularly effective®. In light of the growing burden of disease and lack of disease-
modifying treatments, animal studies are crucial to both better understand the disease
and to find more effective treatments.

In most cases of AD, the disease occurs sporadically; however, a small percentage
of cases are due to mutations in the amyloid precursor protein (APP) or presenilin 1 or
2 (PS1/PS2) genes’. These familial mutations cause over-production of the AP
peptide and early development of the disease in human patients, and have been
leveraged to develop many mouse models of AD, including the APPswe/PS1AE9
(APP/PS1) mouse®. This mouse model has two human mutations, the Swedish
mutation in the APP proteins and the deletion of exon 9 in the PS1 gene, and is
maintained either on a B6 or a B6/C3H background®. The APP/PS1 mouse has been
characterised extensively using traditional behavioural tasks such as the Morris water
maze and the novel object recognition task'®, however attention has not been
previously assessed in this model™'.

Changes in attention have recently been highlighted as an early symptom in AD
and understanding how deficits in attention arise may provide insights into
mechanisms that distinguish AD from normal aging™. There are multiple subtypes of
attention, including sustained, selective and divided attention. Sustained attention,
sometimes referred to as vigilance, is the ability to pay attention to a task over a
period of time®®. Individuals with mild cognitive impairment (MCI) and early AD
patients show deficits in sustained attention tasks***®. Specifically, mild AD patients
have shown a vigilance decrement in a digit discrimination task before deficits in
selective attention™®, and MCI and AD patients show increased reaction time in
multiple sustained attention tasks'’. Additionally, early AD patients made more errors
in a sustained attention to response task*® and multiple visual attention tasks™. The
severity of these deficits correlated with broad measures of cognitive decline in both
studies. Not only can attention deficits predict severity of cognitive decline, but
preliminary evidence suggests that this facet of attention may be able to predict
conversion of MCI patients to AD?. In a 20-month longitudinal study of 107 control
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and MCI participants, only reaction time on a simple sustained attention task declined
consistently over the 20-month period. This study comprehensively tested verbal
memory, visual memory, executive function and working memory and found them to
be stable, indicating that attentional abilities decline prior to other cognitive domains
in MCI, and thus may have predictive value for MCI to AD conversion®. Finally, the
anti-cholinergic drugs currently used for AD help more with attentional symptoms
than memory symptoms®. Thus, sustained attention is affected early in AD and may
provide information about disease progression, and as such is worth further
investigation in animal models.

A well characterised rodent task, the 5-choice serial reaction time task (5CSRTT),
has been used extensively in rodents to probe sustained attention as well as impulsive
and compulsive behaviour®. In this task, the animal initiates a trial and after a delay,
a stimulus is shown in one of five locations. The animal must respond to the location
the stimulus was presented in to receive a reward. The task can be made more
difficult to tax attention by reducing the stimulus duration or brightness or by
changing the delay prior to the stimulus presentation. This test has been adapted for
use in rodent touchscreen chambers, enabling high-throughput and standardised
assessment of attention in rodents®®. Three AD mouse models have been characterised
using the touchscreen version of the 5CSRTT; TgCRND8*, TgTau"*t 22 angd
3XTG-AD mice*’. These models have AP, tau or both AB and tau pathology
respectively. All these models were trained in the 5CSRTT task, followed by a probe
in which stimulus duration was reduced to tax attention. Both 4-5-month-old
TgCRNDS8 and 9-month-old 3xTG-AD models showed reduced accuracy compared to
WT animals at reduced stimulus durations®*?’. No changes in attention were
uncovered in the TgTau™"" model up to 17 months of age®. This difference in
phenotype expression could possibly indicate that it is the pathological A protein
and not the tau aggregates that may be responsible for attentional deficits in these
mouse models, however further testing of this idea is required.

To date, the APP/PS1 mouse model has been widely used to understand
mechanisms behind AB accumulation and memory decline, but attention has never
been assessed. Attention was assessed in APP/PS1 mice at 9-11 months, an age where
early cognitive decline and plaque accumulation has been previously described®?-3.
In addition to taxing their attention by reducing stimulus duration, we also tested
whether changing the delay before stimulus presentation or by reducing stimulus
brightness would reveal different attentional deficits. These task manipulations can
help elucidate impulsive and compulsive behaviour and have not been performed in
any AD mouse model previously. Stimulus brightness can also test visual ability on
top of probing sustained attention. We hypothesised that the APP/PS1 mouse model
would recapitulate the previously described accuracy deficits in other AD mouse
models during the stimulus duration probe and would likely show similar deficits
across other task manipulations. This study represents the first characterisation of
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attention, including impulsive and compulsive behaviour, in the APP/PS1 mouse
model of AD.

Methods

Animals

Male APPswe/PS1AE9 mice (Jax strain: 4462, n=11) and littermate controls
(n=10) on a 50:50 C57BL/6;C3H hybrid background were bred on site at the Florey
Institute of Neuroscience and Mental Health. Groups of mice were first housed in
standard individually ventilated cages with a small shelter on a 7am:7pm light cycle
until 6 months of age, after which they were moved to 16.5x31x11cm open top cages
(Wiretainers, R.E. Walters, Melbourne, Australia) with a reversed light cycle
(7pm:7am). Once acclimatised to this room, animals were weighed for 3 days to
obtain a free-feeding weight (FFW), and then food restricted to achieve 85% FFW.
Simultaneously, the mice began pre-training for behavioural testing. All procedures
were approved by The Florey Institute of Neuroscience and Mental Health Animal
Ethics Committee and were conducted in accordance with the Australian Code of
Practice for the Care and Use of Animals for Scientific Purposes as described by the
National Health and Medical Research Council of Australia.

Apparatus

Animals were tested in automated touchscreen-based operant systems (Campden
Instruments Ltd, Loughborough, UK). Task deployment and automated event
recordings were managed through the software Whisker Server and ABET II
(Layfette Instruments, Layfette, IN, USA). Apparatus and task training methods have
been published previously?.

Behavioural procedures

Pre-training

All behavioural procedures were performed during the dark phase of the animals.
Pre-training was conducted as described previously?. Animals were first habituated
to the touchscreen chambers with freely available rewards (Iced Strawberry Milk,
Nippy's Ltd, Moorook, Australia) for 20 minutes for 2 consecutive days, then trained
to nose-poke at a white square stimulus on the screen for the reward. Following this,
animals were trained to initiate 30 trials via head entry into the food magazine and
finally punished by a light turning on in the chamber for 5s time out, when it touched
the screen anywhere but the stimulus square. The reward volume for a correct
response at all stages was 7uL, and the inter-trial interval for both correct and
incorrect trials was 5s. Animals were 6 months of age at the beginning of pre-training.
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5-Choice Serial Reaction Time Task (5CSRTT) training

The 5CSRTT has been described in detail elsewhere?. Briefly, the animal must
voluntarily initiate the trial with a nose poke into the reward magazine, after which
there is a delay (baseline=5s) followed by a stimulus presentation in one of five
locations. The animal can then respond, either correctly, where it is presented with a
tone and reward, or incorrectly, where it is presented with a light and 5s time out
where it cannot initiate a new trial. The animal can also not respond (an omission) or
respond before the stimulus is presented (premature response), in which case they are
also presented with a light and time-out. The task is summarised in Figure la. If
animals continued to press the screen after an initial response, numbers of touches
were recorded as a perseverative response. Animals were presented with 50 trials or
allowed to perform for up to 1 hour per session, with sessions performed 6 days a
week.

During training, the initial stimulus duration was 32s. The animal was held at this
stage until they reached criterion (all 50 trials, >80% correct responses and <20%
omissions), at which point the stimulus was halved until they reached a 2s stimulus
duration (32, 16, 8, 4 and 2s). This 2s condition was the baseline condition needed to
continue into the probe stages of the 5CSRTT. Due to the age of the animals when
food restriction was started, FFWs were not consistently 85% until the 2s training
stage was reached, thus data to this point was not able to be scrutinised. Animals were
8.5 months of age at the end of training. A timeline of training and probes, including
the age of animals during those probes, is presented in Figure 1b.

5CSRTT probes

Once all animals were performing at baseline conditions, they were moved into a
series of 4 probes. Probes were performed for 2 consecutive days at a time, with
baseline sessions in between to maintain performance levels. During baselining,
animals were required to reach criterion for 2 consecutive days (all 50 trials, >80%
correct responses and <20% omissions). Animals were repeatedly tested at baseline
until the final animal reached criterion for the ‘re-baseline’. Thus, all animals
completed equivalent numbers of baseline sessions between the probes and
commence each probe at the same age. During probes, animals were tested 7 days a
week.

The stimulus duration probe allowed assessment of sustained, visuospatial
attention. Mice were assessed at reduced stimulus durations of 1, 0.8, 0.6, or 0.4s, in a
block design for 2 consecutive days. First, mice were tested on different stimulus
durations in a semi-randomised Latin square design to control for order effects. The
delay probe was presented next and allowed assessment of impulsive and compulsive
behaviours by altering the delay prior to stimulus presentation and monitoring
premature and perseverative responses. Animals were presented with two 2-day
blocks of either ‘short delays’ (2, 3, 4 and 5s) or ‘long delays’ (5, 6, 7 and 8s), in
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pseudo-randomised order between animals with baseline sessions in between,
ultimately completing 4 days of each delay block. The inclusion of the baseline delay
value of 5s in each probe, allowed the effect of shortening and lengthening the delay
from baseline value. . Presented third, the brightness probe tested sustained,
visuospatial attention as well as visual ability by reducing contrast of each stimulus,
with the 5 different levels of brightness (100%, 50%, 25%, 12.5% and 6.25%)
randomly presented within a session. Finally, the stimulus duration probe was
repeated. Animals were 11.5 months at the end of the probe sessions.

Progressive Ratio (PR)

Following all 5CSRTT probes, 11.5-month-old animals were trained on fixed
ratio 2, 3 and 5 paradigms, where the animal must touch the stimuli on the screen 2, 3
or 5 times respectively to receive one reward, before moving on to a progressive ratio
4 (PR) task. Here, the number of touches the animal must make to the screen
increases by n+4 for every reward they collect (e.g. 1 touch, 5 touches, 9, 13, 17 etc.),
and the point where the animal stops responding for 5 minutes or the point it reaches
after 1 hour, called the breakpoint, taken as a measure of motivation for the reward.
Animals were tested for 8 days on the PR task, then average breakpoint calculated
both per day and overall. Overall average number of touches to screen and reward
collection latencies per day were also analysed.

Statistical Analysis

For progressive ratio data, Student’s t-test were used to compare overall
breakpoint and touches and 2-way repeated measures ANOVA’s were used for
reward collection latencies and breakpoint over the 8 days of testing. Progressive ratio
data is presented as mean £ SEM (breakpoint and number of touches) and median %
95% CI (reward collection latencies). 5CSRTT data was analysed at the level of trial
using generalised linear, latent and mixed models (GLLAMM). GLLAMM were used
to implement a random effect analysis, with robust standard error estimation and
individual animals treated as random effects. These models were used not only as
they enable the analysis on a trial-by-trial basis, but also because they work well on
non-normally distributed data and can also account for the fact that some animals may
be run for a different number of days or may not complete the same number of trials
every day. GLLAMM were run with genotype, day, trial, timestamp, and, if required,
the relevant probe variable (stimulus duration, delay block (ie. long delay block and
short delay block), or stimulus brightness) as explanatory variables in the model,
while the odds of any response, a correct response, a premature response and the
expected number of perseverative responses as outcome variables. Two additional
explanatory variables investigating the effect of vigilance (trial bin, generated by
splitting the number of trials completed into 5 equal bins) and the interaction of trial
bin and genotype (trial bin*genotype) were included in the odds of response and odds
of correct response model, to investigate sustained attention across a single session.
GLLAMM analysis was performed to test if genotype and/or a probe would affect
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performance of animals on any outcome variables.

Specifically, logistic regressions were used to analyse the binary variables “any
response’, ‘correct response’, or ‘premature response’ with corresponding effect sizes
reported as adjusted odds ratios (aORs) with respective 95% confidence intervals
(95% Cls). To interpret these for genotype effects, an aOR of smaller than 1 indicates
that APP/PS1 mice are less likely to have responded to a trial, chosen correctly, or
made a premature response, while the corresponding 95% CI not including 1
represents statistical significance (p<0.05). Poisson regressions were used to analyse
count data, or the number of perseverative responses, with corresponding effect sizes
reported as adjusted incidence rate ratios (alRRs) with respective 95% Cls. The
interpretation for alRR being larger than 1 is that APP/PS1 mice have a higher
expected count of perseverative responses compared to control levels. To interpret the
effect of probe, an aOR less than 1 indicates that as stimulus duration/delay/stimulus
brightness decrease, the likelihood of a mouse correctly selecting, responding, making
a premature response will also reduce. Similarly, an alRR less than 1 indicates the
expected count of perseverative responses is lower. Median regressions were used to
analyse continuous variables, such as response and reward collection latencies, with
corresponding effect sizes reported as median differences (coefficients) in seconds
with respective 95% Cls. For these trial-by-trial analysis, odds ratios and incidence
rate ratios are presented as effect sizes with a 95% CI, while median coefficients in
seconds with 95% CI. For 5CSRTT mouse level data visualisation purposes only we
present mean £ SEM for accuracy (excluding omitted trials), response rate, premature
responses/trial, perseverative responses/trial, response latency and reward collection
latency. All statistical analyses were conducted using STATA v13IC (StataCorp,
College Station, TX USA).

Results

APP/PS1 mice show equivalent training and baseline performance to WT

mice on the 5CSRTT

On the final 2s stage of training, WT and APP/PS1 mice showed no differences in
accuracy (Figure 2a, aOR= 1.154 (95% CI: 0.777; 1.713), p=0.478) or response rate
(Figure 2b, aOR= 1.195 (95% CI: 0.898; 1.590), p=0.222). There were also no
differences in likelihood of a premature response (Figure 2c, aOR= 0.952 (95% CI:
0.481; 1.883) p=0.887) or the expected count of perseverative responses (Figure 2d,
alRR= 1.056 (95% CI: 0.753; 1.481), p=0.751). Adjusted odds ratios and incidence
rate ratios for these four measures are presented in Figure 2g. Finally, no differences
in correct response latency (Figure 2e, Median difference= -0.0560 (95% CI: -0.218;
0.106), p=0.499) or reward collection latency (Figure 2f, Median difference= 0.019
(95% CI: -0.076; 0.114), p=0.693) were seen, implying no differences in motor
performance between APP/PS1 and WT mice. During the probe period, animals
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performed numerous baseline 2s sessions. To test for changes over time, accuracy and
response rate on baseline days between probes were assessed with no differences seen
across the entire 5CSRTT probe period (Supplementary Figure 1; accuracy: aOR=
0.844 (95% CI: 0.549; 1.296), p=0.438); response rate: aOR= 1.003 (95% CI: 0.725;
1.388), p=0.986). The 3xTG-AD model has shown increased perseverative
responding only following a correct, not an incorrect or premature trial in the
5CSRTT previously”’. To investigate this, a trial type and genotype interaction
variable was generated and run through the perseverative response GLLAMM, with
no significant effect of the interaction variable (Supplementary Table 1), indicating
that the genotypes had equal counts of perseverative responses following different
trial types. Additionally, APP/PS1 and WT mice showed the equivalent number of
beam breaks in the touchscreen chambers during the 2s training sessions, signifying
that both genotypes are moving in the chamber a similar amount (Supplementary
Table 2).

APP/PS1 mice have slightly higher responding during stimulus duration
probe 1

After training, 9-month-old APP/PS1 and WT animals were subjected to a series
of probe days where the stimulus duration was shortened from 2s to 1, 0.8, 06 or 0.4s
to tax sustained attention. Accuracy (Figure 3a and f, aOR= 0.746 (95% CI: 0.720;
0.774), p<0.001) and response rate (Figure 3b and f, aOR= 0.766 (95% CI: 0.713;
0.823), p<0.001) decreased as stimulus duration was decreased as expected. No effect
of genotype was seen on accuracy (Figure 3a and e, aOR= 1.099 (95% CI: 0.818;
1.476), p=0.531), but an increase the in odds of response in APP/PS1 mice was seen
(Figure 3b and e, aOR= 1.493 (95% CI: 1.021; 2.183), p=0.039). Premature and
perseverative responses were unchanged by genotype (Figure 3 c-e, aOR= 1.822
(95% CI: 0.967; 3.432), p=0.063; alRR= 1.209 (95% CI: 0.868; 1.684), p=0.262), and
were unchanged and increased respectively when stimulus duration was reduced
(Figure 3c-e, aOR= 0.898 (95% CI: 0.797; 1.012), p=0.077; alRR= 1.196 (95% CI:
1.125; 1.271), p<0.001). Vigilance across a session was assessed by splitting the trials
into 5 bins and assessing the effect of a trial bin*genotype interaction variable on
accuracy and response rate across those bins. No effect of genotype was seen across
bins for odds of correct, (Supplementary Figure 2; aOR= 1.058 (95% CI: 0.941,;
1.187), p=0.347), but there was an effect of the interaction variable on the odds of
response (aOR= 1.173 (95% CI: 1.071; 1.286), p=0.001), in line with the increased
odds of response seen across the entire probe. APP/PS1 and WT mice showed similar
numbers of beam breaks throughout the stimulus duration probe, indicating equivalent
activity (Supplementary Table 2) Perseverative responding following the 3 different
trial types (correct, incorrect, and premature) was also assessed, with no effect of the
genotype-trial type interaction variable (Supplementary Table 1).
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APP/PS1 mice perform equivalently to WT mice when the delay before
stimulus presentation is changed

During the delay probe, mice were tested at delays shorter or longer than the
baseline 5s. No differences between WT and APP/PS1 mice were seen in accuracy
(Figure 4a and g, aOR= 0.992 (95% CI: 0.619; 1.590), p=0.974), response rate
(Figure 4b and G, aOR= 1.135 (95% CI: 0.792; 1.626), p=0.491), premature
responses (Figure 4c and g, aOR= 1.215 (95% CI: 0.719; 2.052), p=0.466) or
perseverative responses (Figure 4d and g alRR= 1.326 (95% CI: 0.830; 2.117),
p=0.238). When assessing the effect of the delay probes on mice regardless of
genotype, short delays increased the odds of correct selection (Figure 4e, aOR= 1.438
(95% CI: 1.050; 1.969), p=0.024), and both APP/PS1 and WT mice showed
decreased odds of responding (i.e. response rate) (Figure 4e, aOR= 0.700 (95% CI:
0.563; 0.869), p=0.001), as well as less premature responses (Figure 4e, aOR= 0.179
(95% CI: 0.111; 0.290), p<0.001). The expected number of perseverative responses
was unchanged by shorter delays (Figure 4e, aOR= 0.858 (95% CI: 0.629; 1.170),
p=0.332). When tested at longer delays mice, regardless of genotype, exhibited
decreased odds of correct selection (Figure 4f, aOR= 0.645 (95% CI: 0.491; 0.849),
p=0.002), increased odds of premature responses (Figure 4f, aOR= 1.424 (95% CI:
1.022; 1.982), p=0.037) and an increased number of perseverative responses (Figure
4f, alRR=5.846, 95% CI: 4.017; 8.508, p<0.001). Odds of response were unchanged
at longer delays (Figure 4f, aOR= 0.903 (95% CI: 0.730; 1.116), p=0.343). Vigilance
across delay probes and perseverative responding following different trial types were
also assessed, with no effect of the genotype-interaction variable observed in either
case (Supplementary Figure 2; Accuracy: aOR= 0.915 (95% CI: 0.800; 1.047),
p=0.195. Response: aOR= 1.088 (95% CI. 0.917; 1.291), p=0.334, and
Supplementary Table 1 respectively). WT and APP/PS1 mice showed similar levels
of activity throughout the delay probe, as assessed by beam breaks (Supplementary
Table 2)

APP/PS1 mice show increased premature and perseverative responding when
stimulus brightness is reduced

Stimulus brightness was reduced from 100% to 6.25% to increase attentional load.
Approximately chance performance (1 in 5, or 20%) was observed at the 6.25%
brightness, indicating that the mice were unable to see the stimulus and were thus
responding randomly. Accuracy (Figure 5a and e-f, aOR= 0.614 (95% CI: 0.588;
0.641), p<0.001) and response rate (Figure 5b and e-f, aOR= 0.714 (95% CI= 0.685;
0.744), p<0.001) were dramatically reduced at the 3 lowest levels of stimulus
brightness for both APP/PS1 and WT mice, with no effect between genotypes (Figure
5 a-b and e; correct: aOR= 0.779 (95% CI: 0.539; 1.127), p=0.185, response: aOR=
1.109 (95% CI: 0.881; 1.396), p=0.378,), indicating equivalent sustained and visual
attentional abilities. Interestingly, both an increased odds of a premature responses
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(Figure 5c and f, aOR= 2.872 (95% CI: 1.640; 5.031), p<0.001) and an increased
number of perseverative responses (Figure 5d and f, alRR= 1.417 (95% CI: 1.080;
1.859), p=0.012) were seen in APP/PS1 animals across the probe. This indicated that
in high-attentional load situations, APP/PS1 mice are more impulsive and compulsive
than their WT counterparts. When assessing the effect of the stimulus brightness
probe regardless of genotype, both WT and APP/PS1 mice showed an increased
number of perseverative responses as stimulus brightness was decreased, (Figure 5d
and f, alRR= 1.450 (95% CI: 1.368; 1.537), p<0.001), while premature responses
were unchanged (Figure 5c¢ and f, aOR= 1.020 (95% CI: 0.957; 1.086), p=0.548).
Vigilance across the different stimuli brightness levels was assessed, with a
significant interaction between trial bin and genotype on odds of correct response
(Supplementary Figure 2; aOR= 0.866 (95% ClI: 0.769; 0.975), p=0.018) but not odds
of response (Supplementary Figure 2, aOR= 1.098 (95% CI: 0.984; 1.225), p=0.095).
Perseverative responding following the 3 different trial types (correct, incorrect, and
premature) was also assessed, with no effect of the genotype-trial type interaction
variable (Supplementary Table 1). Equivalent numbers of beam breaks between WT
and APP/PS1 mice indicate similar levels of activity throughout the brightness probe
(Supplementary Table 2).

APP/PS1 mice show equivalent performance on stimulus duration probe 2

At 11 months of age, mice were retested on the stimulus duration probe. As
before, APP/PS1 mice and WT mice both show unchanged measures on accuracy
(Figure 6a and e, aOR=0.993 (95% CI: 0.682; 1.446), p=0.972), premature responses
(Figure 6¢ and e, aOR= 0.916 (95% CI: 0.538; 1.560), p=0.747) and perseverative
responses (Figure 6d and e, alRR= 1.096 (95% CI: 0.807; 1.489), p=0.557). In
contrast with the increased response rate observed in 9-month-old APP/PS1 mice in
the first stimulus duration probe, response rate at 11 months of age was equal between
genotypes (Figure 6b and e, aOR= 1.197, (95% CI. 0.872; 1.642) p=0.267).
Regardless of genotype, decreasing stimulus duration decreased odds of correct
selection (Figure 6a and f, aOR= 0.765 (95% CI: 0.740; 0.792), p<0.001) or response
rate (Figure 6b and f, aOR= 0.783 (95% CI: 0.741; 0.828), p<0.001), increased the
incidence of perseverative responses (Figure 6d and e, alRR= 1.220 (95% CI: 1.167,
1.276), p<0.001) and did not change the odds of a premature response (Figure 6¢ and
f, aOR= 0.940 (95% CI: 0.847; 1.043), p=0.244). This mirrors the effect of reducing
stimulus duration in the first stimulus duration probe. As with all probes so far,
activity was equal between APP/PS1 and WT mice, as assessed by beam breaks
(Supplementary Table 2). Vigilance across delays and perseverative responding
following different trial types were also assessed, with no effect of genotype observed
(Supplementary Figure 2; Accuracy; aOR= 1.047 (95% CI: 0.927; 1.184), p=0.459;
Response; aOR= 1.010 (95% CI: 0.899; 1.134), p=0.87) and Supplementary Table 1
respectively). As this probe was a repeat of that performed at 9 months, we compared
performance of APP/PS1 and WT mice between the two probes. During the repeated
probe, mice showed a reduced likelihood that they would respond to a trial
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(Supplementary Figure 3b and e, aOR= 0.766 (95% CIl= 0.662; 0.886), p<0.001)
although this was independent of genotype (Supplementary Figure 3b and f, aOR=
0.76 (95% ClI= 0.531; 1.086), p=0.132). Furthermore, both groups showed reduced
odds of a premature response (Supplementary Figure 3c and e, aOR=0.657 (95% Cl=
0.446; 0.97), p=0.034) and decreased expected count of perseverations
(Supplementary Figure 3d and e, alRR= 0.69 (95% CIl= 0.594; 0.801), p<0.001).
Again, both of these changes were genotype independent (Supplementary Figure 3c, d
and f, premature: aOR= 0.574 (95% Cl= 0.324; 1.017), p=0.057, perseverative
responses: alRR= 0.927 (95% CI= 0.645; 1.332), p=0.682), indicating both WT and
APP/PS1 mice showed the decreased response rate, premature response rate and
number of perseverations during the second stimulus duration probe compared to the
first stimulus duration probe. The odds of correct response were the same across the
repeated probe (Supplementary Figure 3a and e, aOR=1.094 (95% CIl= 0.881; 1.358),
p=0.417), regardless of genotype (Supplementary Figure 3a and f, aOR= 0.862 (95%
Cl=0.603; 1.234), p=0.418)

APP/PS1 mice show slightly higher breakpoints than their WT counterparts
on the progressive ratio task

To assess level of task participation, mice were subjected to the progressive ratio
task at the end of 5CSRTT testing. APP/PS1 mice showed a slightly elevated average
breakpoint compared to their WT counterpart (Supplementary Figure 4a, t-test,
t(18)=2.401, p=0.027) although this effect was not significant across the week of
testing (Supplementary Figure 4b, two-way ANOVA, F(1,18)=3.837, p=0.066).
Overall, APP/PS1 mice made about 35 more touches during a session compared to
their WT counterparts (Supplementary Figure 4c, t(18)=2.261, p=0.036). Reward
collection latency, which has been interpreted as a measure of motivation, was
unchanged between the WT and APP/PS1 mice (Supplementary Figure 4d,
F(1,18)=0.0436, p=0.837).

Discussion

In this study, we have shown that APP/PS1 mice do not show attention
impairments in the 5CSRTT, at either baseline or when task parameters were
manipulated to tax attention. Some subtle changes were evident in APP/PS1 mice,
including a small increase in response rate and increased premature and perseverative
responding, however these increases were not seen consistently across training and all
variations of the task. Additionally, a slight increase in breakpoint in PR was
observed. This study represents the first analysis of attention in the APP/PS1 mouse
model of AD and suggests that this model is not ideal for studying early attention
impairments associated with slow amyloid accumulation.

The lack of change in accuracy and response rate in the 5SCSRTT performance by
APP/PS1 mice is somewhat surprising, as two amyloid-driven AD mouse models, the
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TgCRNDS8 and 3xTG-AD mice, have shown deficits in this task following plaque
build-up at 4-5 months and 9 months of age respectively®*?’. It is possible that in this
study, APP/PS1 mice were assessed before the onset of attentional impairments.
Against this idea, studies scrutinising other facets of executive function in APP/PS1
mice have reported reversal impairments at 6-8 months of age in the T water maze®®*
and Morris water maze®3*%2¢ 'however these are not directly comparable to attention
as assessed by 5CSRTT. APP/PS1 mice were tested between 9-11 months, an age
deemed to be an equivalent stage of cognitive deficit to the 5CSRTT assessments of
the 3xXTG-AD and TgCRNDS8 mice. At 9 months of age, APP/PS1 mice have been
shown to have deficits in spatial memory, reversal, fear conditioning and
ethologically relevant behaviours like burrowing and nest building as well as
increased amyloid beta (plaques, Ap40 and Ap42 oligomers), neuroinflammation and
tau hyperphosphorylation in the brain®2*. However, age of onset of certain cognitive
deficits can be hugely varied across studies; for example, Stewart et al*’ compared
when spatial memory deficits occurred over various tasks in the Tg2576 model of
AD, and showed that only 64% of studies show MWM deficits at 8 months,
indicating that the age in which a deficit is seen in one study is not necessarily
indicative of when it will occur in another. Furthermore, behavioural results have
been shown to vary considerably between laboratories®® and between experimenter
%940 and it is possible that APP/PS1 mice housed in our facility would show
impairments in attention later in disease progression. Thus, it is still possible that an
older cohort of APP/PS1 mice would mirror attention deficits found previously in
other AD mouse models and further testing of attention in animals beyond 12 months
of age is warranted. Further to this, it is critical to extend this study to female mice.
Various animal studies have indicated that female AD mouse models progress in a
divergent way to male AD mice, showing accelerated AB build up and earlier onset of
cognitive changes, but a longer lifespan**2. The choice to use only males in this
study was not due to the commonly held misconception that the behaviour of female
mice is more variable due to their oestrus cycle®®, but because of unavoidable
equipment limitations that restricted the study to touchscreen chambers where only
male mice are tested. Future studies should be conducted in female mice to better
understand how AD affects women and improve pre-clinical translation.

Methodological differences between this study and those scrutinising attention in
the 3XTG-AD and TgCRND8 mouse models could also account for differences in
their performance®’. 3xTG-AD and TgCRND8 mouse models, were tested in Med
Associates operant chambers, which are square in shape. Conversely, mice in our
study were assessed in Bussey-Saksida Campden trapezoid shaped chambers. The
trapezoidal design was intended to improve the animals ability to pay attention to the
screen, making it easier to learn and perform tasks in these chambers, although to our
knowledge this hypothesis has not been directly tested®®. Thus, the trapezoid shaped
chamber may have decreased the difficulty of the 5CSRTT and as a result could
account for normal attention seen in APP/PS1 animals in the present study. In line
with this, TgTau™*" mice??® were also tested in the trapezoid shaped chambers and
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showed no changes in 5CSRTT performance. It is still possible that our original
hypothesis, that attentional impairments in the 5CSRTT are linked to amyloid (not
tau) pathology, was correct, but this seems less likely given the present study.
Another experimental factor that could potentially alter the difficulty of the 5CSRTT
is the light phase in which they are tested. While APP/PS1 mice in the present study
were tested during their dark phase, TQCRND8 mice were tested during the light
phase, when they were less active. Testing during the light phase has been shown to
increase error rates on a tone discrimination task in C57BL/6 mice, compared to those
tested in the dark phase®™. Could testing during the light phase unmask a subtle
phenotype in TgCRND8 mice? While testing during the dark phase has many
advantages including timing cognitive assessment with the animal’s active period and
not disrupting normal sleeping patterns, mice are exposed to brief intermittent light
from both stimuli and chamber illumination following incorrect responses. While
there is evidence that dim light can disrupt circadian rhythm in rodents, such
disruptions have only been shown when animals were exposed continuously
throughout the 12-hour dark phase®. It is possible that the brief light exposure in
touchscreens in this study could have disrupted circadian rhythms in the APP/PS1
animals, however if this was deleterious, we would have expected to see impairments
in accuracy in the task. Differences in the caloric value of the reward has also been
shown to affect touchscreen performance®®, and differences in the reward used for the
studies scrutinising attention in AD mice could account for divergent phenotypes.
While APP/PS1 and TgTau™"" mice received strawberry milk rewards, 3xTG-AD
and TgCRND8 mice received sugar pellets. A study comparing plain and strawberry
milk to low fat milk demonstrated that mice not only have a lower breakpoint for low-
fat milk, but are slower to learn a task in the touchscreens®®. The plain and low-fat
milk had equal amounts of sugar while the strawberry and plain milk have equal
calorie content, indicating that calorie content, rather than flavour, are an important
driver of both motivation and learning. Motivation has been shown to impact
cognitive performance; one study has shown mice perform better on a sustained
attention task when there is a higher likelihood of reward*, while another shows that
higher value rewards evoke more neuronal activity in the visual cortex of monkeys,
and these neurons exhibited a strong attention effect®. This indicates that reward
value can have a strong effect on performance. As such, strawberry milk may confer
more reward value than sugar pellets, making the strawberry milk rewarded version of
the 5CSRTT used in this study easier. This could mask any subtle performance
differences between APP/PS1 and WT mice.

Inherent differences in the extended behavioural phenotype between the 3
amyloid driven AD mouse models could also explain the disparate results. For
example, 3XTG-AD mice have exhibited increased anxiety at similar ages to their
attentional deficits®**. Furthermore, hyperactivity has been reported in 3xTG-AD
male mice® and TgCRND8 mice®, potentially confounding touchscreen
performance. Increased hyperactivity or anxiety could easily confound the attentional
ability of an animal and are thus important parameters to consider. Despite these
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reports, one of the SCSRTT touchscreen assessments of TJCRND8 mice reported
normal activity (measured by total beam breaks®*), while it was not assessed in the
3xTG-AD study?’. Inconsistencies in the phenotype of AD mouse models are not
uncommon®". This extends to reports of anxiety in APP/PS1 mice, with some
studies showing increased anxiety*®*®, while others show no change® or even
decreased anxiety®>®. Hyperactivity has been reported to be increased in APP/PS1
mice at 6 months®, however, in another study, hyperactivity was reported at 12
months®’. In our studies, we showed no changes in total beam breaks between WT
and APP/PS1 mice, indicating normal activity in our cohort. These inconsistencies in
phenotype descriptions make it difficult to clearly interpret how other behavioural
impairments could interact with the expression of attentional abnormalities in
touchscreen studies.

Other potential reasons for the absence of attentional deficit in APP/PS1 mice in
our study could be intrinsic to touchscreen testing. First, caloric restriction is essential
to motivate mice in touchscreen testing, but caloric restriction has considerable effects
on longevity and has been shown to improve cognition in AD mouse models®.
Specifically, caloric restriction has been shown to decrease amyloid build up in
APP/PS1 mice®, 3xTG-AD® and other animal models of AD®"®". Another
confounding element of touchscreen testing is the daily training involved in both
learning and performing the multiple probes of the 5CSRTT. Various styles of
computerised cognitive training are being investigated as a therapy in AD®. Studies
in MCI/AD patients have shown that training in a particular domain (e.g. attention)
leads to improvements on performance on all tasks in that domain®. The touchscreen
training employed in this study was extensive, and as mice received daily sessions for
6 months, we can infer the effect of long training. Accuracy was unchanged both
across all baseline sessions between probes and between the two stimulus duration
probes. Thus, it appears that once animals reached criterion on training their
performance was relatively stable. While stable performance is indicative of lack of
cognitive improvement with increasing exposure to training on touchscreens, it is still
possible that it masked a subtle deficit in APP/PS1 mice or delayed the expression of
any impairment.

While no attentional phenotypes were noted in APP/PS1 mice, we did detect a
slight increase in premature and perseverative responding during the brightness probe.
This increased perseveration phenotype is partially in agreement with previously
published results from 3XxTG-AD mice, where perseverative responding was increased
following correct responses (but not incorrect or premature) in the stimulus duration
probe. No changes in perseveration were observed in 5CSRTT assessments of the
TgCRNDS8 model®*. Premature and perseverative responding is traditionally measured
during the delay probe as a proxy of impulsive and compulsive behaviour. During the
delay probe in this study, high performance (>90% accuracy) in both WT and
APP/PS1 mice may have obscured any differences in this behaviour. APP/PS1 mice
were particularly taxed during the brightness probe, as it was the only case in which
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they performed at chance level. It could be that increased perseverative behaviour in
this mouse model is unmasked when they are challenged sufficiently. In support of
this interpretation is the fact that 3xTG-AD mice showed an impairment in the probe
in which increased perseveration was also reported, indicating that the set of task
parameters were particular challenging and thus lead to perseveration. In conflict with
this, the TQCRND8 mouse model showed no increase in perseveration despite a
significant impairment in attention. However, perseverative responding was not
scrutinised at the level of trial type in this study, and thus may not have been
identified. Finally, the slight increase in breakpoint in progressive ratio could also be
attributed to increased perseverative behaviour. Interestingly, no increases in
premature responses in AD models have been noted previously. Premature responding
is indicative of impulsive behaviour and, in line with our results, another mouse
model expressing multiple APP mutations, APP-KI mice, exhibit increased impulsive
and compulsive behaviour before developing attentional deficits in a serial reaction
time task’®. Our findings, together with previous evidence, suggest that perseveration
and potentially subtle impulsivity may be caused by some APP mutations.
Furthermore, these data demonstrate that when impulsive and compulsive behaviour
is expressed in these mouse models, it appears to occur prior to attention deficits.

Impulsive and compulsive behaviour have not been extensively studied in AD
patients, but there are some relevant studies. First, impulsivity has been noted in
patients, with a lack of premeditation (i.e. to reflect on consequences) shown on an
impulsivity scale correlating with the increased number of false alarms on a Go/NoGo
task’®. This is analogous to the impulsive behaviour seen in the APP/PS1 mice.
Secondly, some level of compulsive behaviour has been noted in AD patients,
including repetitive responding to a stimulus’®, which again is analogous to the
behaviour noted in the APP/PS1 mice in this study. Thus, the impulsive and
compulsive behaviour seen in the APP/PS1 mice could be clinically relevant to AD
patients.

In conclusion, APP/PS1 mice show normal attention at 9-11 months on the
S5CSRTT task and probes, with an indication of increased impulsive and compulsive
behaviour when attention is taxed. It remains to be determined if this absence of
attentional phenotype will be unmasked at later disease progression and also whether
any cognitive deficits occur prior to attentional deficits. This warrants further
investigation to evaluate the validity of touchscreen testing as a translational tool in
rodent models of AD. Furthermore, our findings provide further insights into the
utility, and potential limitations, of this particular AD model in preclinical drug trials.
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Figure 1. Schematic of the 5 Choice Serial Reaction Time Task (5CSRTT) and
timeline.

(@) An illustration of the 5CSRTT task. First the animal initiated a trial (1) via a

nose-poke into the food magazine, followed by a delay (2) and then the stimulus
appeared in one of 5 locations (3). The animal then responds to the correct grid
position (4a) and receives a reward (5a), or responds prematurely (during the delay)
(2a), to the incorrect position (4b) or not at all (i.e. an omission, 4c), all of which
caused the house light to turn on and a 5s time out was initiated (5b). (b) Timeline of
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the study. Animals were food restricted then began pre-training at 6 months of age.
Following this, animals began 5CSRTT training, which took 3-10 weeks. At 9 months
of age, animals began the series of probes (first stimulus duration, then delay, then
stimulus brightness followed by a repeat of the stimulus duration probe) that took 3
weeks each. Finally, animals were trained to touch a stimulus multiple times for one
reward then performed the progressive ratio 4 (PR) task for 8 days. Animals were 12
months at the end of the PR task.

Figure 2. WT and APP/PS1 mice do not differ during the final stage of
5CSRTT training.

WT and APP/PS1 mice show similar, accuracy, response rate, rate of premature
responses and rate of perseverative responses as well as similar correct response and
reward collection latencies during the final 2s stage of 5CSRTT training. (a) Accuracy
excluding omitted trials. (b) Response rate. (¢) Number of premature responses per
trial. (d) Number of perseverative responses per trial. (¢) Latency to make a correct
response. (f) Reward collection latency (g) Odds ratio for correct selection, response
and premature responses, and incidence rate ratio for perseverative responses during
2s training, showing no effect of genotype. (a-f) are presented as mean £ SEM with
individual animals as dots. (g) presents odds ratio/incidence rate ratio + 95% ClI,
showing the effect of genotype on correct selection, response, premature responses or
perseverative responses. (h) presents median coefficients in seconds with 95% ClI,
showing the effect of genotype on correct response latency and reward collection
latency. * = p <0.05; *** = p <0.001

Figure 3. 9-month-old APP/PS1 mice show slightly increased responding on a
stimulus duration probe compared to WT littermate controls.

Reducing stimulus duration does not significantly alter correct, premature or
perseverative responses across genotype, but APP/PS1 mice do show increased odds
to respond to a trial compared to WT. (a) Accuracy excluding omitted trials. (b)
Response rate. (c) Number of premature responses per trial. (d) Number of
perseverative responses per trial. (€) The effect of genotype on the odds ratio over the
stimulus duration probe, with the APP/PS1 mice showing an increased odds of
response. (f) The effect of reduced stimulus duration on the odds ratio for correct
selection, with the odds of a correct selection, a response and a premature response
being significantly decreased, while the incidence of perseverative responses
significantly increases. (a-d) are presented as mean + SEM while (e-f) represent odds
ratios/incidence rate ratios £ 95% CI, showing the effect of genotype or probe
respectively on correct selection, response, premature responses or perseverative
responses. * = p <0.05; *** =p <0.001

Figure 4. WT and APP/PS1 mice perform equally well at short and long
delays.
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Performance measures on a delay probe at 10 months of age do not differ due to
genotype. (a) Accuracy excluding omitted trials. (b) Response rate. (c) Number of
premature trials per trial. (d) Number of perseverative trials per trial. (e) The effect of
reduced delay, showing decreased odds of responses and premature responses, and
increased odds of correct responses. (f) The effect of increased delay, showing
decreased correct response and increased premature and perseverative responses. (g)
The effect of genotype over the delay probe, showing no differences. (a-d) are
presented as mean + SEM while (e-g) represent odds ratios/incidence rate ratios +
95% CI, showing the effect of probes or genotype on correct selection, response,
premature responses or perseverative responses. * = p < 0.05; *** = p < 0.001

Figure 5. APP/PS1 mice make more premature and perseverative responses
when stimuli brightness is reduced compared to WT animals.

Reducing stimuli brightness significantly reduced accuracy and response rate
equally between WT and APP/PS1 mice, but APP/PS1 mice show elevated premature
and perseverative responses compared to WTs. (a) Accuracy excluding omitted trials.
(b) Response rate. (c) Number of premature trials per trial. (d) Number of
perseverative trials per trial. (¢) The effect of genotype over reduced stimulus
brightness, showing increased premature and perseverative responses. (f) The effect
of decreased stimulus brightness, showing decreased odds of correct selection or
response and an increased expected count of perseverative responses. (a-d) are
presented as mean + SEM while (e-f) represent odds ratios/incidence rate ratios +
95% ClI, showing the effect of genotype or probe respectively on correct selection,
response, premature responses or perseverative responses. * = p < 0.05; *** = p <
0.001

Figure 6. 11-month-old WT and APP/PS1 mice show no differences in the
repeat of the stimulus duration probe.

Reducing stimulus duration for a second time does not significantly alter
accuracy, response rate, premature or perseverative responses between genotypes. (a)
Accuracy excluding omitted trials. (b) Response rate. (¢) Number of premature trials
per trial. (d) Number of perseverative trials per trial. (e) The effect of genotype over
reduced stimulus duration, showing no changes. (f) The effect of decreased stimulus
duration, showing decreased correct selection, response and increased perseverative
responses. (a-d) are presented as mean = SEM while (e-f) represent odds
ratios/incidence rate ratios £ 95% CI, showing the effect of genotype or probe
respectively on correct selection, response, premature responses or perseverative
responses. * = p <0.05; *** = p <0.001
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Supplementary Figure 1. APP/PS1 and WT mice perform equally across
baseline sessions between probes.

APP/PS1 and WT mice show consistent accuracy and response rates across baseline
sessions. (a) Accuracy excluding omitted trials, (b) response rate, (c) the effect of
genotype over baseline sessions, showing no changes in odds of correct selection,
response premature or incidence of perseverative responses. (a-b) are presented as
mean £ SEM while (c) represent odds ratios/incidence rate ratios = 95% CI, showing
the effect of genotype on correct selection, response, premature responses or
perseverative responses. * = p < 0.05; *** = p <0.001

Supplementary Figure 2. APP/PS1 mice show intact vigilance across all four
5CSRTT probes.

Trials were split across 5 equal bins, and accuracy and response rate assessed
across the 4 different probes. (a) Accuracy excluding omitted trials and (b) response
rate across the first stimulus duration probe. (c) Accuracy excluding omitted trials and
(d) response rate across the delay probe. (e) Accuracy excluding omitted trials and (f)
response rate across the stimulus brightness probe. (g) Accuracy excluding omitted
trials and (h) response rate across the second stimulus duration probe. (a-h) are
presented as mean + SEM. * = p < 0.05; *** =p < 0.001

Supplementary Figure 3. Both WT and APP/PS1 mice show a decreased
response rate, premature response rate and number of perseverative responses
on the second stimulus duration probe.

Comparing performance of WT and APP/PS1 mice on the second stimulus
duration probe reveals that both genotypes are less likely to make a premature or
perseverative response, as well as being less likely to respond at all to a trial. (a)
Accuracy excluding omitted trials. (b) Response rate. (¢) Number of premature trials
per trial. (d) Number of perseverative trials per trial. (¢) The effect of repeating the
stimulus duration probe, showing a decreased odds of response, premature response
or perseverations. (f) The effect of a genotype-probe interaction variable, showing no
effect. (a-d) are presented as mean = SEM with the second time point in a dashed line.
(e-f) represent odds ratios/incidence rate ratios = 95% CI, showing the effect of
genotype or probe respectively on correct selection, response, premature responses or
perseverative responses. * = p < 0.05; *** = p <0.001

Supplementary Figure 4 APP/PS1 mice show a slightly higher breakpoint on
progressive ratio than their WT counterparts.

APP/PS1 mice show a higher overall breakpoint and touch number than their WT
counterparts, but this is not significant over the week of testing. (a) Overall
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breakpoint. (b) Breakpoint split over the 8 days of PR. (c) number of touches made.
(d) Reward collection latency. a-c are presented as mean £ SEM while d shows
median + 95% CI. * = p<0.05; *** =p <0.001
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(0) (o)

Stage/Probe IRR Standard y4 p value 9% CI 95% ClI
Error Lower Upper

Training 0.899 0.134 -0.71 0.477 0.671 1.205
Stimulus 0.864  0.09 14 0161 0705  1.06
duration 1
Delay 0.907 0.172 -0.51 0.609 0.626 1.316
Brightness 0.882 0.083 -1.34 0.18 0.733 1.06
Stimulus 0.949  0.087 057 0567 079  1.135
duration 2

Supplementary Table 1. Effect of trial type and genotype interaction variable on

perseverative responses

A genotype and trial type (correct, incorrect, premature) interaction variable was
generated and run through a GLLAMM poisson regression model to test the effect of
this variable on perseverative responses. The trial type and genotype interaction

variable were never significant, indicating the both genotypes had similar

perseverative responding patterns following different trial types across all both the

final stage of training and probes. IRR= Incidence Rate Ratio
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Beam Standard 95% CI  95% CI

Stage location IRR p value Lower U
pper

Training Front 0.8 0.56 -0.32 0.75 0.2 3.13

Back 0.95 0.18 -0.29 0.77 0.66 1.37
Stimulus Front 0.89 0.78 -0.14 0.89 0.16 4.99
duration1 Back 0.91 0.34 -0.26 0.79 0.44 1.88
Delay Front 1.03 0.8 0.04 0.97 0.23 4.73

Back 1 0.48 0 1 0.39 2.58
Brightness Front 1.09 0.72 0.13 0.9 0.3 4

Back 1.15 0.56 0.29 0.77 0.44 3
Stimulus Front 1.03 0.65 0.05 0.96 0.3 3.56
duration 2  Back 1.17 0.55 0.33 0.74 0.46 2.93
Baseline Front 0.98 0.71 -0.02 0.98 0.24 4.05
sessions Back 1.01 0.37 0.04 0.97 0.5 2.06

Supplementary Table 2. Genotype has no effect on the number beam breaks at
any stage of the 5CSRTT

APP/PS1 and WT mice appear to move throughout the touchscreen chambers

approximately the same amount at every stage of the 5CSRTT, as measured by the
number of beam breaks at the front and back of the chamber. IRR= Incidence Rate

Ratio
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