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ARTICLE INFO ABSTRACT

Besides deficits in memory and cognition, impaired visual processing is common for Alzheimer's disease (AD)
patients and mouse models of AD but underlying mechanisms still remain unclear. Using in vivo Ca®>* imaging of
the mouse primary visual cortex (V1) we tested whether such impairment is caused by neuronal hyperactivity,
an emerging functional hallmark of AD. Profound neuronal hyperactivity was indeed found in V1 of APPgyg/
PS1g3g4a and even of PS1g3g4a mice, presenting neither with plaque accumulation nor with neuroinflammation.
This hyperactivity was accompanied by over-responsiveness to visual stimuli and impaired visual tuning
properties of individual neurons, largely caused by insufficient suppression of responses to non-preferred or-
ientation/direction stimuli. Moreover, visual stimulation robustly suppressed the ongoing spontaneous activity
in WT but not in APPgyg/PSlgsssa mice. Emptying intracellular Ca®* stores significantly reduced neuronal
hyperactivity and the pathological over-responsiveness to visual stimuli, but could not rescue stimulus-induced
suppression of spontaneous activity and impaired tuning properties of individual cells. Thus, our data identify
the AD-mediated dysfunction of intracellular Ca®>* stores as a main cause of pathologically increased visual
responsiveness in APPgyr/PS1g3gsa mice. At the same time, the impairment of visual tuning and the stimulus-
induced suppression of spontaneous activity, identified in this study, are likely caused by different mechanisms
as, for example, dysfunction of local interneurons.
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(> 100 mutations in total) are located on PS1 (Mattson, 2010). On the
one hand side, presenilins are important for APP cleavage and represent

1. Introduction

Alzheimer's disease (AD) is a progressive neurodegenerative dis-
order and a common cause of cognitive impairment in the elderly. The
pathological hallmarks of AD include the deposition of misfolded or
aggregating proteins in amyloid beta (AP) plaques and neurofibrillary
tangles, neuroinflammation as well as neuronal Ca®* dyshomeostasis in
extreme case leading to neuronal death. Most of AD cases are sporadic,
with advancing age being the most critical risk factor. Mutations in
amyloid precursor protein (APP), presenilin 1 (PS1) and 2 (PS2) genes
are the most common causes of the familial form of AD (Hardy, 1997;
Shen and Kelleher III, 2007; Steiner and Haass, 2000; Tandon and
Fraser, 2002), representing some 5-10% of all AD cases. Out of all
known mutations leading to the familiar form of AD, the majority

an integral part of the y-secretase complex. On the other, they are
known to control intracellular Ca®>* homeostasis and neurotransmitter
release (Bezprozvanny and Mattson, 2008; Chakroborty and Stutzmann,
2014; Hermes et al., 2010; Zhang et al., 2009).

In the recent years, neuronal hyperactivity was recognized as a key
functional hallmark of AD. Indeed, neuronal hyperactivity, including
subclinical epileptiform activity (spikes and sharp waves) as well as
clinically apparent seizures, has been repeatedly reported in both AD
patients (Haberman et al., 2017; Palop et al., 2006; Palop and Mucke,
2016) and AD animal models (Busche et al., 2008; Lerdkrai and
Garaschuk, 2018; Minkeviciene et al., 2009; Palop et al., 2007; Palop
and Mucke, 2016; Siskova et al., 2014). Interestingly, the patients with
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both sporadic and familial forms of AD have a higher propensity for
developing seizures (Palop and Mucke, 2016). In addition, patients with
amnestic mild cognitive impairment (aMCI) exhibit an increased neu-
ronal activity when compared with age-matched control subjects, and
the degree of neuronal hyperactivity correlates with the degree of
cognitive impairment (Haberman et al., 2017). Moreover, the cognitive
impairment in aMCI patients was significantly improved by reducing
neuronal hyperactivity with an antiepileptic drug levetiracetam
(Bakker et al., 2012).

Besides the impairment of cognition, AD patients also present with
an impairment of sensory processing in different sensory systems
(Albers et al., 2015) including olfaction (Daulatzai, 2015; Mesholam
et al., 1998) as well as auditory (Gates et al., 2008) and visual pro-
cessing. Specifically, AD patients show a decrease in contrast sensitivity
in all spatial frequency ranges of visual stimuli (Albers et al., 2015;
Cronin-Golomb et al., 1991) and are also less capable to detect the
direction of visual motion, compared with age-matched controls (Rizzo
et al., 2000). Furthermore, visually evoked potentials (VEPs) in AD
patients showed a significant reduction of P1 and N1 amplitudes,
whereas aMCI patients showed only a reduction of N1 amplitude
(Stothart et al., 2015). In addition, the degree of impairment of contrast
selectivity and the abnormal VEP in both AD and aMCI patients cor-
related with the degree of their cognitive impairment (Risacher et al.,
2013; Rizzo et al., 2000; Stothart et al., 2015).

In line with patient data described above, in vivo imaging of layer
2/3 neurons in the primary visual cortex (V1) of a mouse model of AD
(APPgwr/PS1g3gsa mice) revealed a significant impairment of visual
signal processing. Specifically, neurons of mutant mice showed an im-
pairment of orientation and direction tuning properties (Grienberger
et al., 2012). Interestingly, this impairment was seen in hyperactive
neurons only, underscoring the relationship between the impairment of
visual processing and neuronal hyperactivity. Our recent in vivo study
in the frontal/motor cortex of APPgwg/PSlgsgsa and PSlgsgea mice
(Lerdkrai et al., 2018) tested the role of the intracellular Ca2™* stores for
neuronal hyperactivity. In the somato-dendritic compartment of layer
2/3 neurons we found a slight overfilling of the intracellular Ca®*
stores of endoplasmic reticulum exclusively in hyperactive cells, and
this overfilling was much smaller than what can be inferred from the in
vitro data (Goussakov et al., 2010). At the same time the data revealed
an important role of intracellular Ca®" stores for controlling amplitude
and frequency of axonal Ca®* transients in presynaptic boutons tar-
geting layer 2/3 neurons. Moreover, emptying the intracellular Ca®*
stores with cyclopiazonic acid (CPA) as well as blocking the ryanodine
receptors with dantrolene caused a significant reduction of neuronal
hyperactivity, suggesting that reducing store-mediated neuronal hy-
peractivity might counteract the impairment of visual processing in
mouse models of AD.

In the present study, we employed in vivo two-photon Ca®* imaging
of layer 2/3 neurons in V1 to characterize in detail the alterations of
visual processing in APPgwg/PS1G3g4a as well as PS1g3g4a mice and to
understand the relationship between the impairment of visual proces-
sing and neuronal hyperactivity. Further, using the newly developed
treatment protocol for blocking neuronal hyperactivity (Lerdkrai et al.,
2018), we tested whether this treatment is able to ameliorate the def-
icits in visual processing.

2. Materials and methods

2.1.1. Mice

Experiments were done in 10-12 months old APPg./PS1g3g4a mice
(AD mice) and heterozygous PS1g3g4a mice (PS45 mice) of either sex
raised on a C57Bl/6 background. In these mouse strains all mutated
genes are expressed selectively in neurons under control of the Thy-1
promoter. At the age studied, the AD mice develop robust amyloidosis
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covering the entire forebrain, so that virtually all neurons are located in
plaque vicinity (Lerdkrai et al., 2018). Age-matched C57Bl/6 mice were
used as wild-type controls (WT mice). Female animals were maintained
in a group (3-5 mice). Male animals were maintained individually.
Animals were kept under a 12h light/dark cycle and were fed ad li-
bitum.

2.1.2. Acute craniotomy and in vivo labeling of neurons

The surgery was conducted as described previously (Garaschuk
et al., 2006; Stosiek et al., 2003). Briefly, animals were anesthetized
using isoflurane (2.5% in pure oxygen for induction, 1.5% for main-
tenance during surgery and 0.8-1% during recording) and kept on a
warming plate. The respiratory rate and the body temperature were
continuously monitored and kept at 37 °C, 100-150 breaths per minute,
respectively. Skin removal above V1 (—2.5 to —3.5mm posterior to
bregma and 2-3mm lateral to midline) was performed after a sub-
cutaneous injection of 2% lidocaine (Sanofi-Aventis, Frankfurt, Ger-
many). The skull was thinned using a dental drill (NSK, Eschborn,
Germany) and a custom-made recording chamber was fixed to the skull
using cyanoacrylate glue (UHU, Biihl, Germany). Subsequently, the
animal was moved into the imaging setup and the recording chamber
was continuously perfused with warm (37 °C) artificial cerebrospinal
fluid containing (in mM): 125 NaCl, 4.5 KCl, 26 NaHCOj, 1.25
NaH,PO,, 2 CaCl,, 1 MgCl,, 20 glucose, pH 7.4 (when bubbled with
95% O, and 5% CO»). A small craniotomy (<0.5 mm) was performed
above the V1 using a 30G needle. Neurons were labeled with a small
molecule Ca?" indicator Cal-520-AM (Tada et al., 2014) using the
multi-cell bolus loading technique (Garaschuk et al., 2006; Stosiek
et al., 2003). Briefly, the dye was dissolved in 20% Pluronic F-127
(Molecular Probes, Oregon, USA) solution (in DMSO) and was further
diluted with a standard pipette solution (150 mM NaCl, 2.5 mM KCl,
10 mM HEPES (pH 7.4)), giving the final dye concentration of 0.5 mM.
The solution was pressure-injected (70 kPa for 2min) into the brain
parenchyma approximately 150-200 ym below the dura. After one
hour, the dye was fully taken up by neurons and astrocytes. Astrocytes
could easily be distinguished from neurons by their bright appearance
and cell-type-specific morphology.

2.1.3. Two-photon-imaging

Layer 2/3 neurons of the V1, located 150-190 pm below dura, were
imaged in vivo using imaging system equipped with a custom-built two-
photon microscope (Olympus Fluoview, Olympus) coupled to a mode-
locked Ti-Sapphire laser working at 710-990 nm excitation wavelength
(MaiTai, Spectra Physics), and a water-immersion objective (Nikon
40x, 0.8 NA). The excitation wavelength for Cal-520 was 800 nm.
Spontaneous and visually-evoked Ca®* signals were recorded at a
frame rate of 7.7 Hz.

2.1.4. Drug application

400 uM Cyclopiazonic acid (CPA; Enzo Life Sciences, New York,
USA) was added to the artificial cerebrospinal fluid perfusing the re-
cording chamber (‘bath application’). CPA was applied for 30 min prior
to recording the drug effect. As we have recently shown, such treatment
completely empties intracellular Ca®* stores of layer 2/3 neurons (see
Fig. 2 in (Lerdkrai et al., 2018)).

2.1.5. Visual stimulation

Visual stimuli were generated with the ‘Psychtoolbox’ (https://
psychtoolbox.org/ HomePage) add-on package in Matlab (The
Mathworks). The stimuli were projected onto a screen, which was
placed 30 cm from the contralateral eye covering 80° x 60° of the visual
field. Neurons were stimulated by the square-wave drifting gratings
with 100% contrast, 0.03 cycles per degree and 1.5Hz temporal fre-
quency. The standard stimulation protocol started with a grey screen
for 6s (baseline condition), followed by static gratings for 65, a grey
screen for 6 s and drifting gratings for 4 s. In each trial (6 trials in total)
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Fig. 1. Pathologically increased visual responsiveness in PS45 and AD mice. A, scheme of the experimental set up for two-photon Ca®*-imaging of visually-evoked
responses in cortical neurons. Layer 2/3 neurons of V1 were labeled using the Ca®* indicator Cal-520 and static/drifting gratings were projected on a screen
positioned 30 cm in front of the contralateral eye. B Left, maximum intensity projection (MIP) images of layer 2/3 neurons in V1 of a WT (top), a PS45 (middle) and
an AD (bottom) mouse. Right, three representative traces and an average of six trials recorded from neurons marked with an arrowhead in the corresponding left
panel, in response to standard stimulation protocol. C, box-and-whisker plot showing the fractions (per mouse) of neurons responding to any visual stimulus (i.e.
either drifting or static ON/OFF gratings) in WT (blue), PS45 (orange) and AD (red) mice. Fraction of responsive neurons was significantly higher in PS45 and AD
compared to WT mice (p = .02 for WT vs. PS45,p < .01 for WT vs. AD and p = .28 for PS45 vs. AD, Kruskal-Wallis test). D, box-and-whisker plot showing fractions
(per mouse) of neurons responding to drifting gratings in WT (blue), PS45 (orange) and AD (red) mice. The fraction of responsive neurons was significantly higher in
PS45 and AD compared to WT mice (p = .03 for WT vs. PS45,p < .01 for WT vs. AD and p = .30 for PS45 vs. AD, Kruskal-Wallis test). n = 7, 6, 6 mice for WT, PS45
and AD, respectively. Here and below, AF/F, relative change in fluorescence, ns, not significant; *p < .05. (For interpretation of the references to colour in this figure

legend, the reader is referred to the web version of this article.)

this protocol was repeated 8 times for 8 different directions of drifting
gratings (see Fig. 1B). The start of the visual stimulation was synchro-
nized with the start of the two-photon Ca®>* imaging.

2.1.6. Data analyses

Data analyses were performed offline with Image J (http://image;j.
nih.gov/ij/), custom-made routines of Igor Pro (Wavemetrics) and
MATLAB (The Mathworks). If not otherwise indicated, data is presented
as median * interquartile range. Lines of boxes represent 25th and
75th, and whiskers 10th and 90th percentiles.

For measurements of neuronal activity, we first read out the fluor-
escence intensity from regions of interest (ROIs) drawn around in-
dividual cell bodies and a background ROI, placed within a large blood
vessel. Background-subtracted fluorescence intensity values were then
used to calculate relative changes in fluorescence (AF/F) for individual
neurons. A change in AF/F was considered as a Ca®* transient when its
amplitude was higher than threefold the standard deviation (SD) of the
corresponding baseline noise. Baseline noise was computed by sub-
tracting a strongly low pass filtered (moving average method) trace
from the original signal. According to the frequency of their sponta-
neous Ca?" transients, recorded neurons were classified as silent
(0-0.25 transients/min), normal (0.26-4 transients/min) or hyper-
active (> 4 transients/min) neurons (for details see (Busche et al.,
2008; Lerdkrai et al., 2018)).

A neuron was considered visually responsive when the maximum AF/
F of the averaged trace (mean of 6 trials) was higher than threefold the
SD of the corresponding baseline noise. In addition, the main findings of
the study were verified by using an alternative technique for identifica-
tion of visually responsive neurons (as described in (Chen et al., 2013)).
In the latter case (i) neuropil signal was estimated by averaging

fluorescence signals of all pixels located outside the cell bodies (in =4
months old WT animals activity-dependent neuropil signal is generally
negligible but might get larger in plaque-depositing AD mice (Busche
et al., 2008)), (ii) Feent measurea fluorescence signals were read out from
ROIs drawn around individual cell bodies, (iii) the fluorescence signals of
all cell bodies were corrected for a possible neuropil contamination by
calculating  Feeyg gue(t) = Feettmeasured®) — 0.7 X Freyrgp(t). Visually re-
sponsive neurons were defined as cells with significant stimulus-related
fluorescence changes (ANOVA across presentation of the grey screen and
either 8 directions of drifting gratings stimuli or 4 orientations of ON/
OFF stimuli, p < .01, see also (Chen et al., 2013)). Please note that the
second technique for identification of visually responsive neurons is less
sensitive compared to the first one because of the higher noise of in-
dividual traces compared to the average trace.

In this study we measured neuron's responsiveness to 3 different
kinds of visual stimuli: (i) drifting gratings, (ii) static gratings ON,
measured during the beginning of the respective stimulus and (iii) static
gratings OFF, measured 0-200 ms after switching off the respective
stimulus. Direction and orientation selectivities were determined by
direction (DSI) and orientation (OSI) selectivity indices (Niell and
Stryker, 2008). The OSI is defined as (Rpret — Rortho)/(Rpref + Rortho)
and DSI is defined as (Rprer — Ropp)/(Rprer + Ropp), Where Rpyer is the
area under the AF/F transient recorded during the presentation of the
preferred orientation or direction, respectively. Ry, is the area under
the AF/F transient recorded during the presentation of the orientation,
orthogonal to Rprer. Ropp is the area under the AF/F transient recorded

during the presentation of the direction, opposite to the preferred di-
Z RkEZiek
2Rk
is the area under the AF/F transient recorded during the presentation of
drifting gratings at an angle 6y, with 6 ranging in our case from 0° to

rection. Circular variance was calculated as = 1 — , Where Ry
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360° in 45° steps (see also (Niell and Stryker, 2008)).

Activity ratio was calculated for each visually-responsive neuron by
dividing the frequency of Ca2™ transients, recorded during the pre-
sentation of the grey screen (recording started 200 ms after grey screen
ON and ended with grey screen OFF) by the frequency of Ca®>* tran-
sients, recorded before the presentation of the visual stimuli (i.e. during
black screen).

2.1.7. Statistical analyses

For each experiment the choice of the sample size was based on
biometrical sample size estimation. Statistics was performed using the
GraphPad Prism 6 software (GraphPad Software, Inc.) and IBM SPSS
Statistics (IBM Corporation). One-sample Kolmogorov-Smirnov test was
used for assessing normality of data distribution. Two-sample
Kolmogorov-Smirnov test was used for comparing two data distribu-
tions. Comparisons between two dependent variables were performed
using the Wilcoxon-Signed-Rank test. Kruskal-Wallis test, followed by
Dunn's post hoc test, was used for comparing three independent groups.
Visually responsive neurons were identified using ANOVA. Two-way
repeated measures ANOVA (rANOVA) with one between (mouse
strains) and one within factor (control vs. treatment in the same an-
imal) and F-tests followed by Fisher's LSD test was used for testing the
effect of two independent factors within the same data set. In the re-
gression analyses used for estimating the relationships between visual
tuning properties (as measured by DSI, OSI, and circular variance) and
the frequency of spontaneous activity, the dependency of measure-
ments was adjusted for by Generalized Estimating Equations (GEE,
(Zeger and Liang, 1986)), with exchangeable correlation structure. The
values of the correlation coefficients given in the legend of Fig. 4 are
purely descriptive, p-values refer to the GEE analysis. Differences were
considered significant if p < .05.

3. Results
3.1. Heightened visual responsiveness in amyloid depositing mice

To study AD-related functional alterations of visual processing,
layer 2/3 neurons in V1 of 10-12 months old WT, PS45 and AD mice
were labeled with a small molecule Ca2™* indicator Cal-520 (Tada et al.,
2014) using the multi cell bolus loading technique (Garaschuk et al.,
2006; Stosiek et al., 2003). Visually-evoked Ca®* transients in these
neurons were caused by different visual stimuli (see below), projected
on a screen placed at a 30 cm distance from the contralateral eye. A
schematic of the experimental set up is shown in Fig. 1A. Fig. 1B shows
three consecutive trials as well as the corresponding averaged traces,
recorded from representative visually-responsive neurons (marked with
an arrowhead on a respective left panel) in WT (top), PS45 (middle)
and AD (bottom) mice.

Our visual stimulation protocol (Fig. 1B, top line) was designed to
enable analyses of neuronal responses to different kinds of visual sti-
muli, including drifting gratings, static gratings ON and static gratings
OFF stimuli. When analyzing the averaged traces, the fraction of layer
2/3 neurons responding to all kinds of visual stimuli in 10-12 months
old WT mice was 57.3 * 13.3% (Fig. 1C). Interestingly, the overall
visual responsiveness in PS45 and AD mice was significantly higher,
reaching 76.1 + 85% and 79.7 + 12.4%, respectively (Fig. 1C).
Moreover, compared to WT mice, both PS45 and AD mice showed a
significant increase in visual responsiveness to drifting gratings stimuli
(Fig. 1D). In addition, in AD mice we observed a significantly increased
fraction of neurons responding to static gratings ON (Fig. S1A) and
static gratings OFF (Fig. S1B) stimuli. PS45 mice showed a similar trend
but the observed difference did not reach the level of statistical sig-
nificance (Fig. S1A, B).

Similar results were obtained when individual trials were used to
identify visually responsive neurons (for details see Materials and
methods section). The fraction of neurons responding to all kinds of
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visual stimuli in PS45 and AD mice was significantly higher
(56.0 + 16.2% for PS45 and 60.4 + 19.1% for AD) compared to WT
mice (36.4 = 21.7%; p = .02 for WT vs. PS45, p = .01 for WT vs. AD
and p = .88 for PS45 vs. AD, Kruskal-Wallis Test; n = 7, 6, 6 for WT,
PS45 and AD, respectively). In addition, the fractions of neurons re-
sponding to drifting gratings stimuli in PS45 and AD mice
(43.1 £ 10.4% for PS45 and 41.7 = 7.5% for AD) were also sig-
nificantly higher compared to those encountered in WT mice
(27.9 = 15.1%; p = .02 for WT vs. PS45, p = .03 for WT vs. AD and
p = .90 for PS45 vs. AD, Kruskal-Wallis Test; n = 7, 6, 6 for WT, PS45
and AD, respectively).

Taken together, these results revealed an overall increase in visual
responsiveness in 10-12 months old AD mice. Interestingly, a strong
impairment of visual responsiveness was found also in PS45 mice, de-
spite the lack of plaque deposition and neuroinflammation in this
mouse strain (see Fig. S4 in Lerdkrai et al., 2018).

3.2. Differential impairment of visual tuning properties in PS45 and AD
mice

Next, we calculated the area under the curve (AUC) of mean Ca2™
transients evoked by the preferred and non-preferred directions
(Fig. 2A, B) as well as the preferred and non-preferred orientations
(Fig. 2C, D) of drifting gratings stimuli. The visually responsive neurons
in PS45 and AD mice had higher AUC of Ca®* transients evoked by the
non-preferred directions and non-preferred orientations than visually
responsive neurons in WT mice (Fig. 2B, D). However, the AUCs of
Ca®™ transients evoked by the preferred direction and orientation of
drifting gratings stimuli in neurons of all three mouse strains were si-
milar (Fig. 2A, C).

At the single cell level, layer 2/3 neurons of V1 in WT mice exhibit
highly direction- and orientation-selective tuning, which can be de-
scribed quantitatively by the direction (DSI) and orientation (OSI) se-
lectivity indices (Niell and Stryker, 2008). To test whether visual tuning
properties are changed in PS45 and AD mice, we compared DSI
(Fig. 2E) and OSI (Fig. 2F) of visually responsive neurons in WT, PS45
and AD mice. The DSI of visually responsive neurons in PS45 and AD
mice showed similar distributions on a population level, and the DSI
distributions in both mouse strains were significantly shifted to lower
values, compared to the DSI distribution in WT mice (Fig. 2E, left).
When comparing AD and WT mice, a similar finding was observed
when analyzing the distribution of the median DSI values per mouse
(Fig. 2E, right). The median DSI value in PS45 mice was also smaller
compared to that found in WT mice. This difference, however, did not
reach the level of statistical significance. Furthermore, visually re-
sponsive neurons in AD mice had a significantly lower OSI, when
compared with visually responsive neurons in WT mice (Fig. 2F). In-
terestingly, the visually responsive neurons in PS45 mice, despite ex-
hibiting a decrease in the direction tuning (Fig. 2E), had orientation
tuning largely similar to that of visually responsive neurons in WT mice
(Fig. 2F).

The visually responsive neurons in AD mice (Fig. 2G, right) also
showed a wider response function to oriented drifting gratings than
visually responsive neurons in WT (Fig. 2G, left) and PS45 (Fig. 2G,
middle) mice. To compare the response functions to oriented drifting
gratings, we calculated the circular variance for all responses of each
individual neuron. Visually responsive neurons from AD mice had sig-
nificantly higher circular variances compared to those found in WT
mice, whereas circular variances of visually responsive neurons in PS45
mice had intermediate values (Fig. 2H).

Taken together, these data revealed a profound impairment of
tuning properties in AD mice. The latter included a significant decrease
in DSI as well as OSI and a significant increase in the circular variance,
likely caused by an increase in neuronal responsiveness to non-pre-
ferred directions/orientations stimuli. When considering the direction
selectivity, the tuning properties of PS45 mice were similar to that of
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Fig. 2. Visual tuning properties are differentially affected in PS45 and AD mice. A-D, box-and-whisker plots showing the median (per mouse) areas under the curve
(AUCs) of neuronal responses evoked by the preferred direction (A), non-preferred directions (B), preferred orientation (C) and non-preferred orientations (D) of
drifting gratings stimuli in WT (blue), PS45 (orange) and AD (red) mice. There was no significant difference in AUCs of neuronal responses evoked by the preferred
direction and the preferred orientation in WT, PS45 and AD mice ((A) p = .08, (C) p = .09, Kruskal-Wallis test). AUCs of neuronal responses evoked by non-preferred
directions and non-preferred orientations in PS45 and AD mice were significantly higher compared to WT mice ((B) p < .01, for WT vs. PS45, p < .05, for WT vs.
AD and p = .44 for PS45 vs. AD, Kruskal-Wallis test; (D) p < .01, for WT vs. PS45, p = .04 for WT vs. AD and p = .57 for PS45 vs. AD, Kruskal-Wallis test). E, F (left),
cumulative probability functions showing the distributions of DSI (E) and OSI (F) of neurons in WT (blue), PS45 (orange) and AD (red) mice. Neurons in PS45 and AD
mice had lower DSI compared to WT mice (p < .01 for both comparisons and p = .08 for PS45 vs. AD, Kolmogorov Smirnov test). Neurons in AD mice had lower OSI
compared to WT and PS45 mice; neurons in PS45 mice had lower OSI compared to WT mice (p < .01 for all comparisons, Kolmogorov Smirnov test). E, F (right),
box-and-whisker plots showing the median (per mouse) DSI (E) and OSI (F) in WT (blue), PS45 (orange) and AD (red) mice. The median DSI in AD mice was lower
compared to WT mice (p < .01 for WT vs. AD, p = .11 for WT vs. PS45 and p = .33 for PS45 vs. AD, Kruskal-Wallis test), and the median OSI in AD mice was lower
compared to WT and PS45 mice (p < .01 for WT vs. AD, p = .03 for PS45 vs. AD and p = .66 for WT vs. PS45, Kruskal-Wallis test). G, polar plots showing response
functions of all neurons (grey) to oriented drifting gratings in WT, PS45 and AD mice. The medians of neuronal responses in WT, PS45 and AD mice are shown as
blue, orange and red lines, respectively. H, box-and-whisker plot showing the median (per mouse) circular variance in WT (blue), PS45 (orange) and AD (red) mice.
Circular variance increased in AD mice, compared to WT mice (p = .01 for WT vs. AD, p = .56 for WT vs. PS45 and p = .07 for PS45 vs. AD, Kruskal-Wallis test). WT:
n = 156 neurons, 7 mice; PS45: n = 163 neurons, 6 mice; AD: n = 203 neurons, 6 mice. (For interpretation of the references to colour in this figure legend, the reader
is referred to the web version of this article.)

AD mice, but when considering orientation selectivity and the circular in individual neurons and their visual tuning properties. To do so, the

variance, they were more similar to that of WT mice. frequency of spontaneous Ca®* transients of a respective neuron was

measured first during the presentation of a dark screen. Thereafter, we

3.3. Relationship between the degree of visual impairment and the frequency ran our usual stimulation protocol (Fig. 1B), to determine the neuron's
of ongoing neuronal activity DSI, OSI and the circular variance.

Fig. 3A shows representative recordings of spontaneous Ca**

In the AD mouse strain used in this study, the impairment of the transients from neurons in WT (top, here and below the recorded

orientation selectivity was previously reported to occur selectively in neurons are marked with respective numbers in the left panel), PS45

hyperactive neurons (Grienberger et al., 2012). Therefore, next we (middle) and AD (bottom) mice. Similar to our previous findings in the

analyzed the correlation between the frequency of spontaneous activity frontal/motor cortex (Lerdkrai et al., 2018), the frequency distributions
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of spontaneous Ca®* transients recorded in V1 of PS45 and AD mice
were significantly shifted to higher frequencies, compared to the fre-
quency distribution found in WT mice (Fig. 3B). The median (per
mouse) frequencies of spontaneous Ca®* transients in PS45 and AD
mice were also significantly higher, compared to that found in WT mice
(Fig. 30).

For a direct comparison of our findings with the previous study

Neurobiology of Disease 121 (2019) 315-326

(Grienberger et al., 2012), we classified all recorded neurons as silent,
normal and hyperactive based on the frequency of their spontaneous
Ca2™ transients (the frequency ranges are given in the Materials and
methods section, the same analyses as in (Busche et al., 2008;
Grienberger et al.,, 2012; Lerdkrai et al., 2018)) and compared the
tuning properties of normal and hyperactive neurons in the three mouse
strains. In contrast to what was found in younger AD mice, in which the
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Fig. 3. Visual tuning properties are impaired in both normal and hyperactive neurons. A left, MIP images of layer 2/3 neurons in a WT (top), a PS45 (middle) and an
AD (bottom) mouse. Scale bars represent 10 um. Right, spontaneous Ca®* transients recorded simultaneously from neurons marked with respective numbers in the
corresponding left panel. B, cumulative probability functions showing frequency distributions of spontaneous Ca®* transients in WT (blue), PS45 (orange) and AD
(red) mice. The frequency distributions in PS45 and AD mice are significantly shifted towards higher frequencies compared to WT mice (p < .01 for all comparisons,
Kolmogorov Smirnov test). C, box-and-whisker plot showing the median (per mouse) frequency of spontaneous Ca** transients in WT (blue), PS45 (orange) and AD
(red) mice. The median frequencies in PS45 and AD mice are significantly higher compared to WT mice (p = .03 for WT vs. PS45, p < .01 for WT vs. AD andp = .22
for PS45 vs. AD, Kruskal-Wallis test). D, E, cumulative probability functions showing the distributions of DSI of normal (D, left) and hyperactive (D, right) neurons
and OSI of normal (E, left) and hyperactive (E, right) neurons in WT (blue), PS45 (orange) and AD (red) mice. In normal and hyperactive neurons of PS45 and AD
mice the distributions of DSI are significantly shifted towards the lower values compared to respective distributions recorded in WT mice (D, left: p = .03 for WT vs.
PS45, p < .01 for WT vs. AD and p = .16 for PS45 vs. AD, Kolmogorov Smirnov test; D, right: p = .04 for WT vs. PS45, p = .01 for WT vs. AD and p = .60 for PS45
vs. AD, Kolmogorov Smirnov test). The distributions of OSI of normal and hyperactive neurons recorded in AD mice are significantly shifted towards the lower values
compared to WT and PS45 mice and the distribution of OSI in normal neurons of PS45 mice is slightly but significantly shifted towards lower OSI compared to the
respective distribution recorded in WT mice (E, left: p < .01 for all comparisons, Kolmogorov Smirnov test; E, right: p = .65 for WT vs. PS45, p < .01 for WT vs. AD,
p < .01 for PS45 vs. AD, Kolmogorov Smirnov test). Normal neurons, WT: n = 110 neurons, 7 mice; PS45: n = 99 neurons, 6 mice; AD: n = 61 neurons, 6 mice;
Hyperactive neurons, WT: n = 42 neurons, 7 mice; PS45: n = 63 neurons, 6 mice; AD: n = 142 neurons, 6 mice. (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

AD-related functional impairment was restricted to the hyperactive
cells only (Grienberger et al., 2012), both normal and hyperactive cells
showed the impairment of visual tuning properties in 10-12 months old
PS45 and AD mice (Fig. 3D, E), virtually repeating findings presented in
Fig. 2E, F for the entire neuronal population.

Correlations between the frequencies of spontaneous Ca®* tran-
sients and the visual tuning properties (DSI, OSI and circular variance)
of a neuron were calculated using GEE analysis (for details see Materials
and methods section). There was no correlation between DSI and the
frequency of spontaneous Ca>* transients in visually responsive neu-
rons of WT, PS45 and AD mice (Fig. 4A-C). However, there was a sig-
nificant correlation between OSI and the frequency of spontaneous
Ca®* transients in visually responsive neurons of all three mouse strains
(Fig. 4D-F). Similar to OSI, circular variance of neuronal responses in
WT (Fig. 4G) and AD (Fig. 41) mice was significantly correlated with the
frequency of spontaneous Ca®>* transients in these neurons. In neurons
from PS45 mice (Fig. 4H) there also was a trend towards such a cor-
relation. However, the correlation coefficient in this case did not reach
the level of statistical significance.

Altogether, these data documented the presence of neuronal hy-
peractivity in the visual cortex of both PS45 and AD mouse strains and
revealed a linear relationship between the frequency of ongoing neu-
ronal activity and the degree of impairment of their orientation se-
lectivity and, to a lesser extent, the circular variance of their visual
responses on a single cell level. On the population level, however, both
normal and hyperactive neurons of the 10-12 months old PS45 and AD
mice showed a significant impairment of the visual tuning properties.

3.4. Visually-evoked suppression of spontaneous activity is impaired in AD
mice

When conducting the imaging protocol described above (Fig. 1B),
we noticed that in WT mice spontaneous Ca®* transients, abundant
during the presentation of a dark screen, almost disappeared during the
visual stimulation (compare Fig. 3A with Fig. 1B). Hence, we measured
the frequency of spontaneous Ca®* transients during the intermittent
resting periods while presenting visual stimuli (grey screen presenta-
tion, see Fig. 1B) and compared it with the frequency of spontaneous
Ca2™ transients measured in the same neuron before the presentation of
the visual stimuli (dark screen presentation, as in Fig. 3A). The analyses
of these data (Fig. 5) revealed a clear suppression of spontaneous ac-
tivity by visual stimuli in visually responsive neurons of WT (Fig. 5A),
and PS45 (Fig. 5B) mice. In AD mice, however, the suppression was
much less prominent (Fig. 5C). To quantify our observations, we cal-
culated the ratio between the frequencies of Ca®>* transients recorded
before and during the presentation of the visual stimuli (Activity ratio).
In WT mice (Fig. 5D), the median (per mouse) activity ratio was
0.49 = 0.32, documenting a clear suppression of spontaneous activity
by visual stimuli. The neurons in PS45 mice showed a similar median

activity ratio (0.47 * 0.16), whereas the median activity ratio in AD
mice (0.71 * 0.27) was significantly higher, documenting a clear lack
of suppression of spontaneous activity by visual stimuli in this mouse
strain (Fig. 5D).

Taken together, these data revealed that visually-responsive neu-
rons in WT and PS45 mice exhibit a strong sensory stimulus-induced
suppression of the spontaneous activity and that this suppression was
impaired in AD mice.

3.5. Calcium store depletion reduced neuronal hyperactivity in both PS45
and AD mouse strains

Because the impairment of the orientation selectivity and the cir-
cular variance of visual responses turned out to be correlated with the
degree of neuronal hyperactivity, we tested whether reducing neuronal
hyperactivity in PS45 and AD mice can reverse the observed impair-
ment of visual processing. To do so, we topically applied CPA to the
cortical surface. This treatment was shown to reduce neuronal hyper-
activity in layer 2/3 neurons of the frontal/motor cortex in PS45 and
AD mice (Lerdkrai et al., 2018).

First, we tested whether CPA reduces neuronal hyperactivity also in
V1 of PS45 and AD mice. To this end, the frequency of spontaneous
Ca®* transients of layer 2/3 neurons was recorded before and during
the application of 400 uM CPA (30-min-long pretreatment; this protocol
completely abolishes caffeine-induced Ca®*release from the in-
tracellular Ca®™" stores in layer 2/3 neurons in vivo (Lerdkrai et al.,
2018)). CPA application reduced the fraction of hyperactive neurons in
AD mice from 58% to 37% and increased the fraction of normal neurons
from 40% to 60% (Fig. 6A). A similar effect was also observed in PS45
mice. At the level of the entire population CPA significantly reduced the
frequency of spontaneous Ca®* transients in PS45 and AD mice,
without affecting the frequency of spontaneous Ca®* transients in WT
mice (Fig. 6B-E).

These data show that neuronal hyperactivity in V1 of PS45 and AD
mice is also caused (at least in part) by the dysfunction of intracellular
Ca?™ stores and document the ability of CPA to reduce the AD-medi-
ated neuronal hyperactivity in this brain area.

3.6. Role of Ca®* store-mediated neuronal hyperactivity for the impairment
of visual response properties in PS45 and AD mice

In the next series of experiments, we tested whether reducing neu-
ronal hyperactivity in PS45 and AD mice can counteract the impair-
ment of visual response properties. First, we tested whether the pre-
sence of CPA changes the fraction of visually-responsive neurons, which
is considerably increased in PS45 and AD mice (Fig. 1C, D). As shown in
Fig. 7A, B, CPA significantly reduced pathologically increased visual
responsiveness to all visual stimuli and to drifting gratings stimuli both
in PS45 and AD mice, without changing visual responsiveness in WT
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Fig. 4. The degree of visual impairment correlates with the degree of neuronal hyperactivity. A-C, scatter plots illustrating the relationship between the frequency of
spontaneous Ca?* transients and DSI of all visually responsive neurons in WT (A), PS45 (B) and AD (C) mice. There is no correlation between the frequency of
spontaneous Ca?* transients and DSI in all mouse lines tested (» = .91,R = 0.04 for WT,p = .20, R = —0.06 for PS45 andp = .63, R = —0.07 for AD mice, GEE). D-
F, scatter plots illustrating the relationship between the frequency of spontaneous Ca®* transients and OSI of all visually responsive neurons in WT (D), PS45 (E) and
AD (F) mice. Visually responsive neurons in all mouse lines show negative correlation between the frequency of spontaneous Ca®* transients and OSI (p < .01,
R = —0.27 for WT,p < .01,R = —0.22 for PS45 and p = .03, R = —0.29 for AD mice, GEE). G-, scatter plots illustrating the relationship between the frequency of

spontaneous Ca®*

AD mice show a positive correlation between the frequency of spontaneous Ca®*

transients and the circular variance of all visually responsive neurons in WT (G), PS45 (H) and AD (I) mice. Visually responsive neurons in WT and
transients and the circular variance (p < .01, R = 0.13 for WT, p = .06, R = 0.19

for PS45 and p = .03, R = 0.20 for AD mice, GEE). WT: n = 156 neurons, 7 mice; PS45: n = 163 neurons, 6 mice; AD: n = 203 neurons, 6 mice.

mice. Actually, under CPA the fractions of visually-responsive neurons
in PS45 and AD mice were not significantly different from those in WT
mice under control conditions (p = .34 for all visual stimuli andp = .36
for drifting gratings stimuli, Kruskal-Wallis test; n = 5, 6, 6 mice for
WT, PS45 and AD, respectively). Similar results were obtained when
analyzing only neurons identified as visually responsive based on in-
dividual trials (all visual stimuli: p = .63 for WT, p = .03 for PS45 and
p = .03 for AD; drifting gratings stimuli: p = .99 for WT, p = .03 for
PS45 and p = .03 for AD, Wilcoxon Signed-Rank test;. n = 5, 6, 6 mice
for WT, PS45 and AD, respectively). Further, we tested whether CPA
can recover the sensory stimulus-induced suppression of spontaneous
activity (Fig. 5) in AD mice. However, the activity ratios before and
during CPA application in WT, PS45 and AD mice remain the same
(p = .5 for WT, p = .22 for PS45 and p = .42 for AD mice, Wilcoxon-
Signed-Rank test; n = 5, 6, 6 mice for WT, PS45 and AD, respectively).

Next, we analyzed the visual tuning properties before and during
the application of CPA. Polar plots (Fig. S2A) illustrate the effect of CPA
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on neuronal responses to oriented drifting gratings in WT (left), PS45
(middle) and AD (right) mice. Unexpectedly, the reduction of neuronal
hyperactivity by CPA in PS45 and AD mice had no effect on the DSI, OSI
and circular variance of neuronal responses both on a single cell level
(Fig. S3) and when analyzing the median effect per mouse (Fig. S2B-D).

In summary, these data suggest that Ca®>* store-mediated neuronal
hyperactivity contributes to a pathological increase of visual respon-
siveness in PS45 and AD mice. The latter can thus be ameliorated by
emptying of the intracellular stores by CPA. At the same time, the sti-
mulus-induced suppression of spontaneous activity and the impairment
of visual tuning properties likely rely on different cellular/molecular
mechanisms, which remain to be elucidated.

4. Discussion

This study represents one of the most complete analyses of the vi-
sual response properties in a mouse model of AD. It documents a



N. Asavapanumas et al.

A

WT
14 X
c 12
() .
<
? 10
>z 8
£c i
5.0 e
32 6 o
5‘9 LAY
c o of L
[} 4 B
=] S e @
g o © ° °
= O o ‘.‘ o
- 2 % Po% : °
0 S LAY S
0 2 4 6 8 10 12 14
Frequency during black screen
(transients/min)
C AD
14 4 X
[ ] ""
= 12 4 °
8 ¢ [ 4 ‘
g 10] N ot
“3‘% ® 9 ,"‘ ° :.
58 O . et .
g GC) LI 4 4 % °e
-8(7) 6 ] .' o o ®e
S5 KXY T S
ISR o o of o e
c so8,83 ° °
[} 4 4 °, % ¢
o ° ...b&..‘ o *%
o o o 0 .o *° °
T EAR )
,: Ay o0 o °
0 ’;"'.-'. D
0 2 4 6 8 10 12 14

Frequency during black screen
(transients/min)

Neurobiology of Disease 121 (2019) 315-326

PS45

Frequency during grey screen
(transients/min)

0 +¥—= T T T T T !
4 6 8 10 12 14

Frequency during black screen
(transients/min)

-
o
1

ns 1

o
®
L

o
o
2

Activity ratio
o
~

=0 WT
PS45
= AD

o
o
A

Fig. 5. Impairment of the stimulus-induced suppression of spontaneous activity in AD mice. A-C, scatter plots illustrating the relationship between the frequency of
spontaneous transients during the presentation of the black screen (X-axis) and the grey screen (Y-axis) for all visually responsive neurons in WT (A), PS45 (B) and AD
(C) mice. D, box-and-whisker plot showing the median (per mouse) activity ratios for all visually responsive neurons of WT (blue), PS45 (orange) and AD (red) mice.
The stimulation-induced suppression of spontaneous Ca>* transients is significantly impaired in AD compared to WT and PS45 mice (p = .04 for WT vs. AD, p = .02
for PS45 vs. AD and p = .72 for WT vs. PS45, Kruskal-Wallis test). n = 7, 6, 6 mice for WT, PS45 and AD, respectively. (For interpretation of the references to colour

in this figure legend, the reader is referred to the web version of this article.)

significant impairment of visual processing in AD mice including (i) an
overall increase in visual responsiveness, (ii) a profound decline of vi-
sual tuning properties and (iii) an impairment of the stimulus-induced
suppression of spontaneous activity. Moreover, the degree of the im-
pairment of visual tuning correlated with the level of neuronal activity.
Interestingly, some (e.g. an overall increase in visual responsiveness, a
decrease in direction selectivity) but not all of these alterations were
found in PS45 mice devoid of amyloid deposition and neuroin-
flammation (Fig. S4 in Lerdkrai et al., 2018), suggesting that these as-
pects of visual impairment are solely caused by a G384A mutation in a
single allele of the presenilin 1 gene. We further show that an increased
visual responsiveness in PS45 and AD mice is mainly caused by a dys-
function of the intracellular Ca®" stores because it can be normalized
by CPA-mediated store depletion.

This study was conducted using a novel small molecule Ca®* in-
dicator Cal-520, reported to yield Ca®* transients of larger amplitudes
and higher signal-to-noise ratios compared to the commonly used
Oregon Green BAPTA 1 (Tada et al., 2014). Despite these advantages of
Cal-520, the fractions of visually-responsive neurons, measured in the
current study, were similar to those observed by others (e.g. (Chen
et al., 2013)) with Oregon Green BAPTA 1 or GCaMP6f.

By studying the same animal model of AD at a more advanced age,
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our data are directly comparable with the study conducted by Arthur
Konnerth's group (Grienberger et al., 2012). Our data are consistent
with the strong impairment of the orientation and a somewhat weaker
impairment of the direction tuning found by the colleagues in
8-10 months old APPgwr/PS1g3gsa mice. However, whereas the frac-
tions of visually-responsive cells were similar in 8-10 months old WT
and AD mice (Grienberger et al., 2012), at the age studied here
(10-12 months) a significantly larger fraction of cells in AD mice be-
came visually-responsive (Fig. 1). Thus, our study is the first to reveal
an AD-related increase in the number of visually-responsive cells in the
mammalian primary visual cortex. This increase was largely in-
dependent of the precise nature of the visual stimuli but turned out to
be somewhat stronger in AD compared to PS45 mice (Fig. 1C, D and
Fig. S1A, B). Because of the CPA sensitivity of this phenomenon and its
presence in the heterozygous PS45 mice, we conclude that it is most
probably caused by the heightened Ca®* store-dependent release of an
excitatory neurotransmitter (likely glutamate) from the presynaptic
terminals. This observation adds a new facet to our knowledge about
the neural network dysfunction in AD by showing that not only the
spontaneous ongoing activity (Lerdkrai et al., 2018) but also the re-
sponses to sensory stimuli are potentiated by the AD-related mutation
in the PS1 gene. As the modern human life is full of flickering photic
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stimuli (e.g. generated by TVs, computer games and electronic instru-
ments with flickering displays) it is likely that in addition to causing
exaggerated responses to visual stimuli, the PS1-related increase in
visual responsiveness is also decreasing the threshold for induction of
photically triggered synchronized neuronal discharges or even seizures
(Martins Da Silva and Leal, 2017).

According to data presented here ageing of WT, PS45 and AD mice
is paralleled by an overall increase of neuronal hyperactivity in the
visual cortex (compare Fig. 6 with Supplementary Fig. S6 of
(Grienberger et al., 2012)). Indeed, at around one year of age the
fraction of hypoactive/silent cells seems to decrease dramatically and
from now on neuronal network hyperactivity seems to represent the
functional impairment of the ageing brain. Although clearly seen al-
ready during normal ageing (Fig. 6, see also (Lerdkrai et al., 2018)),
neuronal network hyperactivity is even higher in AD mice and an in-
crease in neuronal activity correlates significantly with a decrease in
orientation selectivity and an increase in circular variance of visually
responsive neurons (Fig. 4). Our study is also the first to describe the
impairment of visual response properties in PS45 mice, as at younger
age they were found to be asymptomatic (Grienberger et al., 2012).
Moreover, in contrast to the data obtained by others (Grienberger et al.,
2012), normal cells of AD mice studied here also had strongly impaired
orientation and direction selectivity (Fig. 3D, E). Taken together, our
data add one more stage to the description of the stage-specific decline
of the visual response properties in this mouse model of AD. This stage
is characterized by a strong increase in the fraction of hyperactive cells,
virtual disappearance of neuronal hypoactivity, an overall increase in
visual responsiveness in AD compared to WT mice and an extension of
the impairment of visual tuning properties onto an entire neuronal

324

population (including normal and hyperactive cells) in AD mice.

Using another mouse model of AD (APPswr/PSliieep mice)
Liebscher et al. (Liebscher et al., 2016) could not observe any impair-
ment of the visual response properties in 10-11 months old mice, de-
spite the presence of substantial neuronal hyperactivity. The reason for
this discrepancy remains unknown. One obvious difference is that their
mice harbored another mutation in the presenilin gene, which might
endow neurons with different functional properties. Although experi-
ments of Liebscher et al. were conducted in awake and ours as well as
those of A. Konnerth's group (Grienberger et al., 2012) in anesthetized
mice, this experimental difference is unlikely to account for the men-
tioned above discrepancy because the impairment of the visual pro-
cessing was also present in awake APPgyr/PS1g3g4a mice. Indeed, these
mice were unable to discriminate drifting gratings of two different or-
ientations separated by 22.5° (Grienberger et al., 2012). Moreover, Niell
& Stryker reported similar orientation selectivity and tuning width of
mouse layer 2/3 neurons recorded in awake state and under anesthesia
(Niell and Stryker, 2010).

What are the possible mechanisms underlying the described above
impairment of the visual response properties? The impairment of the
direction selectivity in PS45 mice presenting with neuronal hyper-
activity but not with amyloidosis and neuroinflammation (Fig. 2), the
lack of inhibition of spontaneous activity during the presentation of
visual stimuli in AD mice (Fig. 5), the overall increase in visual re-
sponsiveness in PS45 and AD compared to WT mice (Fig. 3), and the
correlation between the degree of visual impairment and that of neu-
ronal hyperactivity on a single cell level (Fig. 4) all pointed to neuronal
hyperactivity as the main cause of deterioration of visual response
properties in AD mice. However, a significant reduction of neuronal
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Fig. 7. Store depletion ameliorates the pathological increase
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hyperactivity by emptying the intracellular Ca®* stores improved some
but not all aspects of AD-related visual dysfunction. The store depletion
normalized the exaggerated visual responsiveness in PS45 and AD mice
(Fig. 7) but the visual tuning properties still remained impaired.

If not neuronal hyperactivity, which mechanisms might contribute
to the impairment of visual tuning properties in AD mice? The use of
PS45 mice revealed dissociation between the impairment of the direc-
tion and the orientation selectivity. Although the overall degree of
impairment of the direction selectivity in AD mice was smaller than that
of the orientation selectivity (Fig. 2), only the former was seen in PS45
mice. This data allows to exclude (i) accumulation of fibrillar amyloid
species, (ii) activation of astrocytes and microglia, (iii) neuronal hy-
peractivity as well as (iv) AD-related aggregation of tau protein in
neurofibrillary tangles (Kuchibhotla et al., 2014) from the mechanisms
underlying the impairment of the direction selectivity in AD mice. As
for the impairment of orientation selectivity, the latter is more likely to
be mediated via mechanisms triggered by amyloidosis or neuroin-
flammation. We suggest that one of such mechanisms might involve the
dysfunction of parvalbumin-positive (PV*) inhibitory interneurons,
initially observed in hAPP mice (Verret et al., 2012). Indeed, mod-
ulating spiking activity of PV™' interneurons was recently shown to
influence visual tuning properties of pyramidal neurons in the V1
(Atallah et al., 2012; Lee et al., 2012). Specifically, an acute optogen-
etically-induced excitation of PV " neurons caused a significant increase
in the orientation and direction selectivity of layer 2/3 cells in awake as
well as anesthetized state (Atallah et al., 2012; Lee et al., 2012),
whereas a selective inhibition of PV" cells had an opposite effect
(Atallah et al., 2012).

Another important result of our study is the discovery of the visual

stimulation-induced inhibition of the ongoing spontaneous activity and
of the impairment of this inhibition in a mouse model of AD. Together
with the recent observation in the rat barrel cortex, where single or
repetitive whisker deflections were also shown to inhibit the ongoing
neuronal activity (Deneux and Grinvald, 2017), this finding identifies a
general mechanism of interplay between the sensory-driven and spon-
taneous ongoing activities. This interplay appears to be bidirectional in
nature, with ongoing spontaneous activity influencing the strength of
sensory-evoked responses (Petersen et al., 2003) and vice versa, sen-
sory-evoked responses influencing the ongoing spontaneous activity
(this study and (Deneux and Grinvald, 2017)). In the barrel cortex
sensory stimulation reduced firing of 57% of recorded neurons but in-
creased firing of 7% of recorded cells (Deneux and Grinvald, 2017). We
propose that the latter cells are parvalbumin- or somatostatin-expres-
sing interneurons, inhibiting the surrounding pyramidal cells. In a
mouse model of AD, a PS1-mutation independent dysfunction of these
inhibitory neurons (Schmid et al., 2016; Verret et al., 2012) is likely
responsible for the lack of sensory-driven inhibition and the heightened
ongoing activity during the presentation of the visual stimuli (Fig. 5).
This interfering ongoing activity is very likely to decrease decoding
accuracy of V1 pyramidal neurons (Liebscher et al., 2016) causing AD-
related deficits in visual discrimination in mice (Grienberger et al.,
2012) and humans (Albers et al., 2015).

5. Conclusions

In summary, our data are consistent with the view that the AD-re-
lated impairment of visual processing is caused by a complex change in
the excitation/inhibition balance in the primary visual cortex. The
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latter comprises both a store dysfunction-mediated increase in neuro-
transmitter release from the glutamatergic axons, causing an overall
increase in visual responsiveness, and an amyloid/neuroinflammation-
mediated dysfunction of inhibitory interneurons, underlying the im-
pairment of visual tuning and of the stimulus-induced suppression of
spontaneous activity.

Supplementary data to this article can be found online at https://
doi.org/10.1016/j.nbd.2018.10.015.
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