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SUMMARY

Parvalbumin (PV) interneuron dysfunction is associated with various brain disor-
ders, including Alzheimer disease (AD). Here, we asked whether early PV neuron
hyperexcitability primes the hippocampus for amyloid beta-induced functional
impairment. We show that prolonged chemogenetic activation of PV neurons in-
duces long-term hyperexcitability of these cells, disrupts synaptic transmission,
and causes spatial memory deficits on the short-term. On the long-term, pyrami-
dal cells also become hyperexcitable, and synaptic transmission and spatial mem-
ory are restored. However, under these conditions of increased excitability of
both PV and pyramidal cells, a single low-dose injection of amyloid beta directly
into the hippocampus significantly impairs PV neuron function, increases pyrami-
dal neuron excitability, and reduces synaptic transmission, resulting in significant
spatial memory deficits. Taken together, our data show that an initial hyperexcit-
able state of PV neurons renders hippocampal function vulnerable to amyloid
beta and may contribute to an increased risk for developing AD.

INTRODUCTION

Parvalbumin (PV)-positive interneurons, a major type of inhibitory neurons in the brain, are characterized by
both their short action potential duration and their ability to fire at high frequencies (Hu et al., 2014, 2018).
PV interneurons have multiple dendrites receiving inputs from diverse afferent pathways (Gulyas et al.,
1999; Hioki et al., 2013), as well as numerous perisomatic boutons onto excitatory neurons (Bezaire and Sol-
tesz, 2013; Cornford et al., 2019), together resulting in an integrated feedforward and feedback inhibitory
control of both local circuitry and distant neuronal networks (Couey et al., 2013; Espinoza et al., 2018;
Pouille and Scanziani, 2001; Sohal et al., 2009; Tukker et al., 2007). Through their role in generating network
oscillations (Bartos et al., 2002; Cardin et al., 2009; Gan et al., 2017; Tukker et al., 2007) and their ability to
undergo plastic changes upon learning (Donato et al., 2013, 2015), PV interneurons are of crucial impor-
tance in memory processes, e.g., in spatial memory consolidation in the hippocampus (Donato et al.,
2013; Ognjanovski et al., 2017; Xia et al., 2017). Inhibiting hippocampal PV interneurons during consolida-
tion was found to disrupt context fear memory in mice (Ognjanovski et al.,, 2017; Xia et al., 2017).
Conversely, inhibition of hippocampal PV neurons during Morris water maze (MWM) training was shown
to improve spatial memory (Donato et al., 2013). It is also suggested that PV interneurons regulate the pre-
cise timing of action potential initiation in pyramidal neuron ensembles encoding hippocampal memories
(Agetsuma et al., 2018; Royer et al., 2012). In addition, various studies have proposed that an optimal bal-
ance between excitation and inhibition in hippocampal circuits is crucial for successful memory recall
(McKay et al., 2013; Oh and Disterhoft, 2015; Ruediger et al., 2011; Stefanelli et al., 2016; Yi et al., 2014).
Given the important role of PV neurons in memory formation and recall in hippocampal circuits, it is not
surprising that PV cell dysfunction has been linked to several brain diseases that involve memory deficits
(Hijazi et al., 2019; Nguyen et al., 2014; Riga et al., 2017).

In Alzheimer disease (AD), a neurodegenerative disease that accounts for the most common cause of dementia
(Lane et al., 2018), PV interneuron dysfunction has been recently highlighted (Hijazi et al., 2019; Petrache et al.,
2019; Verret et al., 2012). Studies aimed at restoring PV neuron function were successful at reinstating network
oscillations and network synchrony and improved cognitive functions in several mouse models of AD (Etter et al.,
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Figure 1. Chemogenetic Activation of PV Neurons during MWM Training Induces a Memory Deficit in the Probe
Trial

(A) Representative overview (top) and zoom (bottom) images of PV immunostaining (green) and mCherry expression (red)
in the CA1 region of the hippocampus of PV-Cre mice injected with AAV hSyn-DIO-hM3Dg-mCherry (blue: DAPI).

(B) Overlay of mCherry labeling and PV staining indicating that mCherry expression is restricted to PV neurons in the CA1
region of the hippocampus. Scale bars: 200 um (top); 70 pm (bottom).

(C) Bar graphs showing the percentage of PV-positive cells expressing mCherry and of the fraction of mCherry-positive
cells expressing PV (n = 4 mice).
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Figure 1. Continued

(D) Animals were injected with hM3Dq virus and sacrificed 4 weeks later for either slice electrophysiology or
immunohistochemistry. Brains were acquired for cFos analysis 90 min following injection of saline or CNO (1mg/kg of
body weight, i.p.).

(E) Representative voltage trace of a 10 uM CNO-induced depolarization in an hM3Dg-positive neuron.

(F) Representative voltage responses to 1s hyperpolarizing or depolarizing current steps from an hM3Dg-expressing PV
neuron before and after CNO application indicating an increase in AP firing at rheobase.

(G) Quantification of the increase in AP firing at rheobase before and after CNO (Student's t test: n = 4 cells from 2 mice,
p = 0.02).

(H) Example of co-localization of PV+ (magenta), mCherry+ (red), and cFos+ (green) cells in the CA1 region of CNO-
injected compared with saline-injected mice. White arrowheads indicate mCherry+/PV+/cFos + cells. Scale bar: 70 pm.
(1) Quantification of percentage cFos+/PV + neurons in the CA1 region of the hippocampus confirms that CNO, but not
saline injections, induced cFos immunoreactivity in hM3Dg-expressing PV neurons.

(J) PV-Cre mice were injected with hM3Dq virus or mCherry-control virus and tested in a Morris water maze (MWM) test
4 weeks later. CNO (2 mg/kg) was i.p. injected 30 min prior to each training session.

(K) Spatial learning was assessed measuring the latency to find the hidden platform on four consecutive training days (T1-
4). Both PV-Cre mice that expressed hM3Dgq and received CNO, as well as mCherry-expressing mice that received CNO
injections showed significant learning during training sessions (training two-way repeated measures ANOVA: n = 10 mice
per group, F354 = 60.62, p < 0.0001).

(L) During the 1-min probe trial, CNO-treated PV-Cre mice expressing hM3Dq spent significantly less time in the target
quadrant (TQ) compared with CNO-treated PV-Cre mice expressing mCherry (two-way ANOVA: n = 10 mice per group,
F3e8=3.16, p =0.03; post-hoc LSD test: *p = 0.012). Compared with chance level (dashed line), CNO-treated PV-Cre mice
expressing mCherry spent significantly more time in the target quadrant, whereas CNO-treated PV-Cre expressing
hM3Dgq did not (Student's t test: p < 0.01). TQ: target quadrant, BL: bottom left quadrant, TR: top right quadrant, and BR:
bottom right quadrant. Values are mean + SEM.

inhibitory transmission are proposed to underlie changes in the excitability of principal networks in AD (Busche
et al., 2015; Palop and Mucke, 2010) and may develop over time, including stages of both hyper- (Hijazi et al.,
2019; Hollnagel et al.,, 2019; Kiss et al., 2016; Palop and Mucke, 2010) and hypoexcitability (Martinez-Losa
etal., 2018; Petrache et al., 2019; Verret et al., 2012). We previously demonstrated that hippocampal PV interneu-
rons are initially hyperexcitable in a mouse model of AD and that preventing their hyperexcitability early in the
disease process is sufficient to rescue spatial memory deficits, avert the loss of inhibitory synaptic transmission,
and prevent pyramidal neuron hyperexcitability at later disease stages (Hijazi et al., 2019).

Several studies showed that neuronal hyperexcitability can be caused by amyloid beta (Ab), the peptide
responsible for pathological protein aggregation in AD, suggesting that it is a consequence of the disease
process rather than a causal factor in the disease. For instance, reducing Ab levels restored neuronal activ-
ity and circuit function as well as memory performance, whereas the addition of Ab to brain slices in vitro or
to brains in vivo caused significant neuronal hyperactivation (Busche et al., 2015; Hijazi et al., 2019; Keskin
et al., 2017; Minkeviciene et al., 2009; Zott et al., 2019). What has not been tested to date is whether
neuronal hyperexcitability also increases the risk to develop AD and whether alterations in the excitability
of the brain’s circuits along with an age-dependent increase in Ab levels could predispose for developing
AD. In this study, we tested whether PV hyperexcitability alone could lead to memory deficits and hippo-
campal circuit dysfunction and importantly, whether such alterations in hippocampal microcircuits predis-
pose for Ab-induced toxicity. Our data show that prolonged chemogenetic activation of PV interneurons in
the CA1 of the hippocampus resulted in PV neuron hyperexcitability, memory impairments, and alterations
in synaptic transmission similar to what is observed in AD mouse models. On the long term, however, in the
absence of Ab, pyramidal cells also became hyperexcitable and synaptic transmission and spatial memory
were restored. Importantly, this long-term hyperstate of both PV and pyramidal neurons showed extreme
sensitivity to a single low-dose infusion of Ab oligomers, which only under these conditions was sufficient to
impair hippocampal spatial memory and network function. Taken together, our data suggest that early hy-
perexcitable PV neurons can prime neuronal network vulnerability and generate a predisposed state for
eliciting AD-like neuronal and behavioral phenotypes.

RESULTS
Increased Hippocampal PV Neuron Excitability Induces Spatial Memory Deficits

To selectively increase hippocampal PV neuron activity in vivo in PV-Cre mice, the activating hM3dq recep-
tor was bilaterally expressed in the CA1 area of the hippocampus using Cre-dependent AAV hSyn-DIO-
hM3Dg-mCherry (Figures 1A and 1B). On average, 86% of the PV interneurons in the CA1 expressed
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Figure 2. Prolonged Activation of Hippocampal PV Interneurons Causes Spatial Memory Deficits, PV Neuron
Hyperexcitability, and Network Imbalance on the Short Term

(A) PV-Cre mice were injected with hM3Dq virus at 8-10 weeks of age. After 4 weeks, CNO (1 mg/kg) or saline were i.p.
injected daily for a period of 3 weeks. An MWM test was performed 48 h after discontinuation of CNO injections.
Electrophysiological recordings were performed following the MWM test.

(B) Spatial learning was assessed measuring the latency to find the hidden platform on four consecutive training days (T1-4). Both
PV-Cre mice that expressed hM3Dq and had received CNO injections or saline injections showed significant learning during
training (training two-way repeated measures ANOVA: n = 11/12 mice per group, F3¢ = 40.50, p < 0.0001).

(C) During the 1-min probe trial, CNO-injected PV-Cre mice expressing hM3Dq spent significantly less time in the target
quadrant (TQ) compared with PV-Cre mice receiving control saline injections (two-way ANOVA: n = 11/12 mice per group,
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Figure 2. Continued

F3.84 =4.12, p = 0.009; post-hoc LSD test: **p = 0.002). Compared with chance level (dashed line), saline-injected PV-
Cre mice spent significantly more time in the target quadrant, whereas CNO-injected PV-Cre mice did not (Student’s t
test: p < 0.01).

(D) PV interneuron resting membrane potential was not different between CNO-injected or saline-injected PV-Cre mice
expressing hM3Dgq (Student’s t test: n = 18/24 cells from 5 mice per group, p = 0.514).

(E) PV interneuron input resistance was significantly increased in CNO-injected compared with saline-injected PV-Cre
mice expressing hM3Dgq (Student'’s t test: n = 18/24 cells from 5 mice per group, *p = 0.018).

(F) Voltage responses to 1 s hyperpolarizing or depolarizing current steps from a PV interneuron in saline-injected PV-Cre
(gray) and CNO-injected PV-Cre (blue) mice.

(G) Average action potential (AP) frequency in response to 0-250 pA depolarizing current steps illustrating a significant
increase in PV interneuron excitability in CNO-injected PV-Cre mice compared with saline-injected PV-Cre mice (group x
current two-way repeated measures ANOVA: n = 18/24 cells from 5 mice per group, Fy30=7.13, p = 0.012).

(H and I) Pyramidal neuron resting membrane potential (H) and input resistance (I) were unaltered in CNO-injected PV-Cre
mice compared with saline-injected PV-Cre controls (Student's t test: n = 29/25 cells from 5 mice per group, p = 0.437 and
p = 0.534).

(J) Voltage responses to 1's hyperpolarizing or depolarizing current steps from a pyramidal neuron in a saline-injected PV-
Cre mouse (gray) or a CNO-injected PV-Cre mouse (blue).

(K) AP frequency in response to 0-250 pA depolarizing current steps illustrating no significant change in pyramidal neuron
excitability in CNO-injected PV-Cre mice compared with saline-injected PV-Cre controls (group x current two-way
repeated measures ANOVA: n = 29/25 cells from 5 mice per group, F; 35 = 0.02, p = 0. 882).

(L) Example traces of spontaneous inhibitory postsynaptic currents (sIPSC) recorded from hippocampal pyramidal
neurons in saline-injected PV-Cre mouse (gray) or a CNO-injected PV-Cre mouse (blue).

(M) Decreased sIPSC frequency in CNO-injected PV-Cre mice compared with saline-injected controls (Mann-Whitney
test: n = 14/12 cells from 4 mice per group, ***p = 0.000).

(N) No alterations were observed in the amplitudes of sIPSCs (Mann-Whitney test: n = 14/12 cells from 4 mice per group,
p = 0.526).

(O) Example traces of spontaneous excitatory postsynaptic currents (sEPSC) recorded from hippocampal pyramidal
neurons in saline-injected PV-Cre mouse (gray) or a CNO-injected PV-Cre mouse (blue).

(P and Q) No significant alterations were observed in the frequency (P) or in the amplitude (Q) of sEPSCs in CNO-injected
PV-Cre mice compared with saline-injected PV-Cre controls (Mann-Whitney test: n = 14/12 cells from 4 mice per group,
p = 0.595 and p = 0.347). Values are mean + SEM.

hM3Dg-mCherry, and 88% mCherry-positive cells expressed PV (Figure 1C). In hippocampal slice prepara-
tions of these animals, bath application of clozapine-N-oxide (CNO) at 10 uM resulted in a significant de-
polarization of mCherry-positive cells and an increase in the number of action potentials at rheobase (Fig-
ures 1D-1G), confirming the functionality of the hM3Dgq receptor in increasing PV neuron excitability. To
validate the effect of CNO in vivo, mice expressing hM3Dg-mCherry in hippocampal PV neurons were in-
jected intraperitoneally (i.p.) with either CNO (2mg/kg) or saline in their home cage and sacrificed 90 min
later to quantify expression of cFos, a marker for cellular activation (Flavell and Greenberg, 2008), in the
targeted cells. Mice that received CNO injections showed a significant increase in cFos-positive PV neurons
compared with saline-injected mice (Figures TH and 1l).

Next, we confirmed that increasing PV neuron excitability during MWM training impairs spatial memory
performance as reported previously (Donato et al., 2013). To that end, PV-Cre mice were injected with
either hSyn-DIO-hM3Dg-mCherry- or the control hSyn-DIO-mCherry-expressing virus in the hippocampal
CA1 region. Thirty minutes prior to each training session, mice received CNO (2 mg/kg) (Figure 1J). There
was no significant difference between groups in the latency to find the platform during the four training
days (Figure 1K); however during the probe test, hM3Dg-expressing mice that had received CNO spent
significantly less time in the target quadrant compared with control mCherry-expressing mice and relative
to chance level (Figure 1L). These findings demonstrate that increasing PV interneuron activity during
learning impairs hippocampal spatial memory.

Prolonged Activation of Hippocampal PV Neurons Induces Spatial Memory Deficits, PV
Hyperexcitability, and Network Imbalance

Next, we aimed to test whether prolonged chemogenetic activation of PV neurons leads to hippocampal
circuit alterations and memory deficits in the absence of acute effects of CNO. To that end, mice express-
ing hM3Dq virus in hippocampal PV interneurons received daily injections of CNO (1 mg/kg) or saline for
a period of 3 weeks and were subjected to an MWM test 48 h after the last injection (Figure 2A). CNO-
and saline-injected mice showed a similar decrease in the latency to find the platform with training
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(Figure 2B). However, in the probe trial, CNO-injected mice displayed a clear spatial memory deficit and
explored the target quadrant at chance level, significantly less than saline-injected control mice
(Figure 2C).

We then asked whether PV neuron excitability had changed due to prolonged chemogenetic activa-
tion. Intrinsic properties of PV interneurons were assessed using whole-cell patch clamp recording
from mCherry-expressing cells. An increase in the excitability of PV interneurons in the CNO-injected
group compared with the saline group was confirmed (Figures 2D-2G; Table S1). Specifically, PV in-
terneurons of CNO-injected mice had no alterations in resting membrane potential (Figure 2D) but
did show a significantly larger input resistance compared with saline-injected mice (Figure 2E). Impor-
tantly, PV neurons from CNO-injected mice also presented a significant decrease in rheobase, a sig-
nificant increase in action potential firing frequency with increasing current injections, and a signifi-
cantly smaller action potential half-width (Figures 2F and 2G; Table S1), indicating hyperexcitability.
Interestingly, no changes in the excitability of pyramidal neurons was observed at this time point (Fig-
ures 2H-2K, Table S1).

To explore how hyperexcitable PV neurons affect synaptic transmission in the hippocampus, we recorded
spontaneous inhibitory postsynaptic currents (sIPSCs) and excitatory postsynaptic currents (SEPSCs) from
hippocampal pyramidal neurons after discontinuation of CNO treatment. Surprisingly, a significant
decrease was observed in the frequency of sIPSCs received by CA1 pyramidal neurons in CNO-injected
mice compared with saline controls (Figures 2L and 2M), whereas sIPSC amplitudes were not affected
(Figure 2N), suggesting a decrease in the number of inhibitory synaptic inputs. No differences were
found in the frequency or amplitudes of sEPSCs recorded at this time point (Figures 20-2Q). Taken
together, these data show that prolonged activation of hippocampal PV neurons induces spatial memory
deficits, accompanied with hyperexcitability of PV neurons and a decrease in inhibitory input in the
hippocampus.

Spatial Memory Deficits after Prolonged Activation of Hippocampal PV Neurons Are
Transient

Next, we examined whether memory deficits caused by prolonged PV neuron activation are long-lasting.
Accordingly, we tested mice 8 weeks after the last CNO or saline injections (Figure 3A). Both CNO- and
saline-injected mice showed no learning deficits during the MWM training (Figure 3B), and in the probe
test both groups spent significantly more time in the target quadrant compared with chance level (Fig-
ure 3C), indicating intact spatial memory. Interestingly, CNO-treated mice showed a significantly higher
preference for the target quadrant than saline-injected mice, suggesting that, in contrast to an earlier
impairment in spatial memory shortly after CNO treatment, prolonged activation of PV neurons results
in an improvement of spatial memory on the long term.

We then investigated whether the observed changes in memory performance over time was paralleled by a
rescue of PV neuron excitability and hippocampal synaptic transmission. Surprisingly, PV interneurons were
still hyperexcitable in CNO-injected mice 8 weeks after the treatment (Figures 3D-3G, Table S2). There was
no difference in the resting membrane potential of PV neurons (Figure 3D), and they showed a significantly
larger input resistance compared with saline-injected mice (Figure 3E). Notably, PV neurons from CNO-in-
jected mice presented a significant decrease in rheobase (Table S2) and a significant increase in action po-
tential firing frequency with increasing current injections (Figures 3F and 3G), demonstrating that PV neu-
rons were still hyperexcitable at this time point. Interestingly, we also observed an increase in pyramidal
neuron excitability in CNO-injected mice (Figures 3H-3K, Table S2). Resting membrane potential of pyra-
midal neurons was not changed (Figure 3H), but there was a significant increase in their input resistance in
CNO-injected mice compared with saline-injected control mice (Figure 3l). Pyramidal neurons from CNO-
injected mice also showed a significant decrease in rheobase, a significant increase in action potential firing
frequency with increasing current injections, and a decrease in action potential amplitudes (Figures 3J and
3K; Table S2). Synaptic transmission onto pyramidal neurons was unaltered at this time point (Figures 3L
3Q), as no significant differences in frequency or amplitudes of either sIPSCs (Figures 3L-3N) or sEPSCs
(Figures 30-3Q) were observed. Together, these data suggest that an initial hyperexcitability of PV neu-
rons induces, on the long-term, a new, functional hyperstate marked by an overall increase in excitability
of both PV neurons and pyramidal cells, restoration of synaptic transmission, and an improvement of spatial
memory.

6 iScience 23, 101271, July 24, 2020

iScience



iScience ¢? CellPress
OPEN ACCESS

A hM3Dq CNO/saline ephys
[T T 2T 3T 456789 1] ] 121114 T]15]
time (weeks) TTTTT
MWM MWM
B c training retrieval
50 -
- PV-Cre + hM3Dq + Saline é 80 il M PV-Cre + hM3Dq + Saline
% 404 -e= PV-Cre + hM3Dg + CNO g o B PV-Cre + hM3Dg + CNO
< 5
£ 1
T 30 z
2 g
s &
3 20 4 £
& =
g b=
= H
10 g
£
8
0 8
T T T T
N < <> e
D E G
PV-Cre PV-Cre
+hM3Dg  +hM3Dq 20mv 80 -
+ Saline +CNO 400 200ms —e— PV-Cre + hM3Dq + Saline
g Kk . —e- PV-Cre + hM3Dq + CNO ] *
= — T 60
3 g 300 £ >
3 2 g
g 2 : §
2 § 200 o Saline S 40
s g ° £
< 2 o o
g : %
£ 3 100
o £ 20
£
3
2 0
PV-Cre PV-Cre o
+hM3Dg  +hM3Dg 4 T T T T T 1
+ Saline +CNO S Pp o 2 \@ ds \@Q (\o, 'LQQ qu: {fp
CNO current injected (pA)

=
[
P

PV-Cre PV-Cre
+hM3Dq +hM3Dq
— 55_+Saline___+CNO [z 25 7 )
E 200 ms —e— PV-Cre + hM3Dq + Saline
T g e~ PV-Cre + hM3Dg + CNO
= = = 20 -
5 e <
2 g g
o g 5] 4
4 ° k] - S 15
_,-é_ o g Saline E
5 o
g 2 < 104
2
g 5=
PV-Cre PV-Cre
+hM3Dq + hM3Dq
+Saline  +CNO 04 T T T T T T T 1
o Q f](? O A \QQ \'13’ \(,)Q (\b ']90 {ﬂfs (@0
current injected (pA)
L M N
—~5 — 40
£ g
g \ é 30
Saline 2 E_ 20
&2 &
o @10
g1 g
] %
PV-Cre PV-Cre PV-Cre PV-Cre
+ hM3Dq +hM3Dq +hM3Dq +hM3Dq
+ Saline +CNO + Saline +CNO
CNO
o 200m P Q

300ms

g 0.8 <(e 40
> o
g 06 ;3 30
2 a
Saline g04 £20
= ©
302 210
o o
g g
© 0.0 0
PV-Cre PV-Cre PV-Cre PV-Cre
+hM3Dg  +hM3Dgq +hM3Dg  +hM3Dq
CNO + Saline +CNO + Saline +CNO

iScience 23, 101271, July 24, 2020 7



¢? CellPress iScience
OPEN ACCESS

Figure 3. Prolonged Chemogenetic Activation of Hippocampal PV Interneurons Induces a Hyperexcitable
Hippocampal Network but Does Not Impair Spatial Memory on the Long Term

(A) PV-Cre mice were injected with hM3Dq virus at 8-10 weeks of age. After 4 weeks, CNO (1 mg/kg) or saline were i.p.
injected daily for a period of 3 weeks. Behavioral testing and electrophysiological recordings were performed 8 weeks
after discontinuation of CNO injections.

(B) Spatial learning was assessed measuring the latency to find the hidden platform on four consecutive training days (T1-
4). PV-Cre mice that both expressed hM3Dgq and had received CNO injections or saline injections showed significant
learning during training (training two-way repeated measures ANOVA: n = 10 mice per group, F 57 = 43.65, p < 0.001).
(C) During the one-minute probe trial, CNO-injected PV-Cre mice expressing hM3Dq spent significantly more time in the
target quadrant (TQ) compared with PV-Cre mice receiving control saline injections (two-way ANOVA: n = 10 mice per
group, F37, =4.42, p = 0.006, post-hoc LSD test: **p = 0.009). Compared with chance level (dashed line), both saline-
injected PV-Cre mice and CNO-injected PV-Cre mice spent significantly more time in the target quadrant (Student’s t test:
p < 0.01 for saline and p < 0.001 for CNO).

(D) PV interneuron resting membrane potential was not different between CNO-injected or saline-injected PV-Cre mice
expressing hM3Dq (Student's t test: n = 14/20 cells from 4 mice per group, p = 0.776).

(E) PV interneuron input resistance was significantly increased in CNO-injected compared with saline-injected PV-Cre
mice expressing hM3Dq (Student's t test: n = 14/20 cells from 4 mice per group, ***p = 0.000).

(F) Voltage responses to 1 s hyperpolarizing or depolarizing current steps from a PV interneuron in saline-injected PV-Cre
(gray) and CNO-injected PV-Cre (blue) mice.

(G) Average action potential (AP) frequency in response to 0-250 pA depolarizing current steps illustrating a significant
increase in PV interneuron excitability in CNO-injected PV-Cre mice compared with saline-injected PV-Cre mice (group x
current two-way repeated measures ANOVA: n = 14/20 cells from 4 mice per group, Fy 4> = 4.32, *p = 0.044).

(H) Pyramidal neuron resting membrane potential was unaltered in CNO-injected PV-Cre mice compared with saline-
injected PV-Cre controls (Student's t test: n = 25/24 cells from 5 mice per group, p = 0.123).

(I) Pyramidal neuron input resistance was significantly increased in CNO-injected compared with saline-injected PV-Cre
mice expressing hM3Dq (Student'’s t test: n = 25/24 cells from 5 mice per group, *p = 0.031).

(J) Voltage responses to 1s hyperpolarizing or depolarizing current steps from a pyramidal neuron in a saline-injected PV-
Cre mouse (gray) or a CNO-injected PV-Cre mouse (blue).

(K) AP frequency in response to 0-250 pA depolarizing current steps illustrating a significant increase in pyramidal neuron
excitability in CNO-injected PV-Cre mice compared with saline-injected PV-Cre controls (group x current two-way
repeated measures ANOVA: n = 25/24 cells from 5 mice per group, F; ;= 7.74, *p = 0.011).

(L) Example traces of spontaneous inhibitory postsynaptic currents (sIPSC) recorded from hippocampal pyramidal
neurons in saline-injected PV-Cre mouse (gray) or a CNO-injected PV-Cre mouse (blue).

(M and N) No significant alterations were observed in the frequency (M) or in the amplitude (N) of sIPSCs in CNO-injected
PV-Cre mice compared with saline-injected PV-Cre controls (Mann-Whitney test: n = 11/14 cells from 4 mice per group,
p =0.727 and p = 0.267).

(O) Example traces of spontaneous excitatory postsynaptic currents (sEPSC) recorded from hippocampal pyramidal
neurons in saline-injected PV-Cre mouse (gray) or a CNO-injected PV-Cre mouse (blue).

(P and Q) No significant alterations were observed in the frequency (P) or in the amplitude (Q) of sEPSCs in CNO-injected
PV-Cre mice compared with saline-injected PV-Cre controls (Mann-Whitney test: n = 11/14 cells from 4 mice per group,
p =0.195 and p = 0.193). Values are mean + SEM.

Increasing Hippocampal PV Neuron Excitability Creates a Vulnerable Network State that Is
Sensitive to Amyloid Beta

Our data so far demonstrated that memory deficits due to PV neuron hyperexcitability alone are not per-
manent, likely because hippocampal pyramidal neurons show a compensatory increase in excitability in an
attempt to restore E/l balance. We then tested whether and how Ab oligomers would affect this state of the
network. To answer this question, 0.3 pL of a 0.5 nM solution of Ab oligomers (0.15 femtomole Ab), were
infused bilaterally in the CA1 region of the hippocampus of CNO-injected mice 1-2 weeks before the
MWM test. In control mice that had previously received saline injections instead of CNO, this low concen-
tration of Ab had no effect on spatial memory, PV and pyramidal neuron intrinsic properties, or synaptic
transmission in the hippocampus (Figure S1, Table S3). In contrast, this single low dose of Ab in the hippo-
campus of CNO-injected mice was sufficient to cause a significant spatial memory deficit (Figures 4A-4C).
Although there was no apparent difference during training (Figure 4B), Ab-infused mice showed impaired
memory compared with PBS-infused control mice in the probe trial (Figure 4C).

We then investigated the effects of Ab infusion in CNO-treated mice on neuronal intrinsic properties and
synaptic transmission. The resting membrane potential of PV neurons in mice that received Ab was signif-
icantly higher than in the PBS controls (Figure 4D, Table S4). Input resistance was not altered, yet PV neu-
rons from mice that received Ab infusions fired less action potentials with increasing current injections
compared with PBS controls (Figures 4E-4G). Pyramidal neurons on the other hand showed a tendency
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Figure 4. Increasing Hippocampal PV Neuron Excitability Creates a Vulnerable Network State that Is Sensitive to

Ab

(A) PV-Cre mice were injected with hM3Dq virus at 8-10 weeks of age. After 4 weeks, CNO (1 mg/kg) or saline were i.p.
injected daily for a period of 3 weeks. Bilateral infusion of 0.15 fmole of Ab or PBS control in the CA1 region of the
hippocampus of PV-Cre mice was completed 6.5 weeks after discontinuation of CNO injections. An MWM test was

performed 1.5 week after Ab infusions. Electrophysiological recordings were performed following the MWM test.

(B) Spatial learning was assessed measuring the latency to find the hidden platform on four consecutive training days (T1-
4). Both Ab-infused and PBS-infused PV-Cre mice that expressed hM3Dq and had received CNO injections showed
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Figure 4. Continued

significant learning during training (training two-way repeated measures ANOVA: n = 17/13 mice per group, F37, =
47.65, p < 0.000).

(C) During the one-minute probe trial, Ab-infused PV-Cre mice spent significantly less time in the target quadrant (TQ)
compared with PBS-infused PV-Cre mice (two-way ANOVA: n = 17/13 mice per group, F3 112 = 48.98, p = 0.000, post-hoc
LSD test: ***p = 0.000). Compared with chance level (dashed line), PBS-infused PV-Cre mice spent significantly more time
in the target quadrant, whereas Ab-infused PV-Cre did not (Student's t test: p < 0.001 for CNO and p = 0.059 for CNO +
Ab).

(D) PV interneuron resting membrane potential was significantly increased in Ab-infused PV-Cre mice compared with PBS-
infused PV-Cre mice (Student’s t test: n = 16/15 cells from 4 mice per group, **p = 0.004).

(E) There was no difference in PV interneuron input resistance between Ab-infused and PBS-infused PV-Cre mice that
expressed hM3Dq and had received CNO injections (Student's t test: n = 16/15 cells from 4 mice per group, p = 0.740).
(F) Voltage responses to 1's hyperpolarizing or depolarizing current steps from a PV interneuron in PBS-infused (blue) and
Ab-infused (red) PV-Cre mice that expressed hM3Dgq and had received CNO injections.

(G) Average action potential (AP) frequency in response to 0-250 pA depolarizing current steps illustrating a significant
decrease in PV interneuron firing frequency in Ab-infused compared with PBS-infused PV-Cre mice expressing hM3Dq
and had received CNO injections (group x current two-way repeated measures ANOVA: n = 16/15 cells from 4 mice per
group, Fy.30=5.76, *p = 0.023).

(H) Pyramidal neuron resting membrane potential was unaltered in Ab-infused compared with PBS-infused PV-Cre mice
expressing hM3Dgq and had received CNO injections (Student’s t test: n = 14/15 cells from 4 mice per group, p = 0.300).
(1) Pyramidal neuron input resistance was not changed in Ab-infused compared with PBS-infused PV-Cre mice that
expressed hM3Dq and had received CNO injections (Student's t test: n = 14/15 cells from 4 mice per group, p = 0.070).
(J) Voltage responses to 1's hyperpolarizing or depolarizing current steps from a pyramidal neuron in PBS-infused (blue)
and Ab-infused (red) PV-Cre mice that expressed hM3Dq and had received CNO injections.

(K) AP frequency in response to 0-250 pA depolarizing current steps illustrating a significant increase in pyramidal neuron
excitability in Ab-infused compared with PBS-infused PV-Cre mice that expressed hM3Dq and had received CNO
injections starting at 150 pA (group x current two-way repeated measures ANOVA: n = 14/15 cells from 4 mice per group,
F1130 = 125, *p = 002)

(L) Example traces of spontaneous inhibitory postsynaptic currents (sIPSC) recorded from hippocampal pyramidal
neurons in PBS-infused (blue) or Ab-infused (red) PV-Cre mice that expressed hM3Dq and had received CNO injections.
(M and N) No significant alterations were observed in the frequency (M) or in the amplitude (N) of sIPSCs in Ab-infused
compared with PBS-infused PV-Cre mice that expressed hM3Dqg and had received CNO injections (Mann-Whitney test:
n = 14/16 cells from 5 mice per group, p = 0.983 and p = 0.822).

(O) Example traces of spontaneous excitatory postsynaptic currents (sEPSC) recorded from hippocampal pyramidal
neurons in PBS-infused (blue) or Ab-infused (red) PV-Cre mice that expressed hM3Dq and had received CNO injections.
(P) Decreased sEPSC frequency in Ab-infused compared with PBS-infused PV-Cre mice that expressed hM3Dgq and had
received CNO injections (Mann-Whitney test: n = 18/13 cells from 5 mice per group, ***p = 0.000).

(Q) No alterations were observed in the amplitudes of sEPSCs (Mann-Whitney test: n = 18/13 cells from 5 mice per group,
p = 0.370). Values are mean + SEM.

toward increased excitability after Ab infusion (Table S4). Resting membrane potential and input resistance
of pyramidal neurons were not altered (Figures 4H and 4l); however, pyramidal neurons in Ab-infused mice
showed a significant increase in action potential firing frequency with increasing current injections (Figures
4J and 4K) and a significantly smaller action potential half-width (Table S4) compared with PBS controls.
Finally, synaptic transmission onto pyramidal neurons after Ab infusion was measured. There were no dif-
ferences in frequency or amplitude of recorded sIPSCs (Figures 4L-4N), but a significant decrease in
sEPSCs frequency (Figures 40 and 4P), not amplitude (Figure 4Q), was observed. Together, these data sug-
gest that prolonged activation of hippocampal PV neurons induced a hippocampal circuit state that is sen-
sitive to disruption by Ab oligomers. In this state, Ab impairs PV neuron function, increases pyramidal
neuron excitability, and disrupts synaptic transmission, resulting in a spatial memory deficit.

DISCUSSION

PV neurons are inhibitory neurons that support synchronous firing of excitatory neurons, generate gamma
oscillations, and control basic microcircuit functions as well as complex brain network computations (Bartos
et al., 2002; Hu et al., 2014). Yet, due to their high energy-demanding fast-spiking properties (Kann, 2016),
PV neurons are also vulnerable to various stressors, and their dysfunction has been associated with several
brain diseases (Marin, 2012), including AD (Palop and Mucke, 2016). We previously demonstrated, in an
amyloidosis mouse model of AD, that PV neuron dysfunction may be initiated by PV neuron hyperexcitabil-
ity, and that early memory deficits in these mice are rescued when PV neuron excitability is restored early
(Hijazi et al., 2019). In the present study we show that PV neuron hyperexcitability alone can cause memory
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impairments and that inducing PV hyperexcitability is sufficient to create a vulnerable hippocampal circuit
onto which disease-related stressors can act. Specifically, prolonged chemogenetic activation of hippo-
campal PV neurons can effectively induce PV neuron hyperexcitability, a phenotype that is still consistent
at least 8 weeks after the end of the CNO treatment. Moreover, this sustained PV neuron hyperexcitability
state comes with an increase in the excitability of pyramidal neurons, resulting in a hyperstate of the hip-
pocampal circuitry that is vulnerable to Ab-induced impairment of both neuronal network function and
spatial memory.

A Pharmacogenetic Model of PV Neuron Hyperexcitability

In APP/PS1 mice, initial hyperexcitability of PV neurons at 3-4 months of age is followed by a decrease in PV
neuron function and inhibitory transmission at 5-6 months of age (Hijazi et al., 2019; Kiss et al., 2016). A
similar decrease in PV neuron function has been observed in several other mouse models of AD (Nava-
Mesa et al., 2014; Petrache et al., 2019; Verret et al., 2012). In such genetic models, however, increased
Ab levels and neuronal dysfunction develop in parallel, and their separate contributions to disease path-
ogenesis or mutual interdependencies cannot easily be disentangled. We therefore established a model
in which hyperexcitability of PV neurons is induced in the absence of Ab. This allowed us first to answer
the question whether an early impairment of inhibitory transmission would affect spatial memory on the
long term and second, whether the subsequently induced state of the hippocampal network would be
prone to disruptive effects of Ab. Following three weeks of PV neuron activation, mice showed clear spatial
memory deficits in the MWM test. Electrophysiological recordings confirmed that PV neurons were hyper-
excitable at this time point, whereas pyramidal neuron intrinsic properties were not affected. Surprisingly,
inhibitory synaptic inputs onto pyramidal neurons were reduced, as indicated by a significant decrease in
sIPSCs frequencies. This may suggest a compensatory mechanism that prevents aberrant overinhibition of
pyramidal neurons by hyperexcitable PV neurons. Interestingly, in APP/PS1 mice, PV neuron hyperexcitabil-
ity was accompanied with an increase in sIPSCs frequency (Hijazi et al., 2019), highlighting a different effect
of early, genetically driven exposure to Ab in modulating synaptic compensatory mechanisms. Clearly, the
interaction between PV cell hyperexcitability and a normal, age-dependent increase in Ab levels needs
further investigation.

Dynamic Adaptations in Hippocampal Network Properties after Inducing PV
Hyperexcitability

Interestingly, PV neuron hyperexcitability alone did not result in memory impairment, but memory
enhancement 8 weeks after discontinuation of the CNO treatment. When we investigated the underlying
cell physiological changes, PV neurons were still hyperexcitable, and not hypoactive as observed in AD
mouse models, demonstrating that PV neuron hyperexcitability alone cannot explain spatial memory def-
icits in AD mice. Interestingly, we found that pyramidal neuron excitability was also increased, which is likely
a compensatory activity to restore the balance of the inhibitory and excitatory tone in the hippocampus.
This is further confirmed by the fact that we found no differences in excitatory or inhibitory synaptic trans-
mission onto pyramidal neurons at this point in time. This new hyperstate after 8 weeks, showing an overall
increase in excitability of both inhibitory and excitatory neurons, may thus have developed to maintain E/I
balance. It may also explain why spatial memory is enhanced, as it has been shown previously that
increasing the excitability neurons promotes their allocation to memory engrams (Han et al., 2007; Lisman
etal., 2018; McKay et al., 2013; Rao-Ruiz et al., 2019). Correlating levels of neuronal activation during recall
to actual memory performance would help to elucidate this further. Behavioral recovery from a PV neuron
hyperexcitability-induced memory impairment is in itself an interesting observation, and further investiga-
tion into the underlying molecular, cellular, and network mechanisms could reveal brain resilience mech-
anisms that are relevant for the etiology of AD. In vivo recordings of oscillatory network activity throughout
such an intervention might additionally help provide an important link between the cellular changes re-
ported in this study and the behavioral output.

PV Neuron Hyperexcitability Creates a Vulnerable Network State that Is Sensitive to
Amyloid Beta

We next hypothesized that, although the homeostatic adaptations in response to PV cell hyperexcitability
may be beneficial under healthy conditions in order to compensate for neuron-specific alterations, they
may increase sensitivity to disease-associated cellular stressors. In AD, this stressor is likely the gradual in-
crease in soluble Ab levels. Indeed, our data show that a low concentration of Ab in vivo is able to signif-
icantly impair memory performance in mice that had received CNO injections to increase PV neuron
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excitability, while having no effect in saline-injected mice. On a cellular level, Ab affected the resting mem-
brane potential of PV neurons in CNO-injected and, not in saline-injected, mice, an aberrant phenotype
thatis also observed in various mouse models of AD (Hijazi et al., 2019; Verret et al., 2012). Ab also reduced
the firing frequency of previously activated PV neurons, a characteristic of crucial importance for healthy
circuit functioning (Bartos et al., 2002; Cardin et al., 2009; Tukker et al., 2007; Vida et al., 2006). Moreover,
Ab increased pyramidal neuron excitability and caused a major reduction in excitatory synaptic transmis-
sion in the hippocampus, similar to what is reported in AD mouse models (Hijazi et al., 2019; Nava-Mesa
et al., 2014; Styr and Slutsky, 2018). Thus, soluble Ab, at low concentrations, causes the dysfunction of
vulnerable PV neurons and of associated vulnerable hippocampal circuitry.

Amyloid Load and PV Cell Hyperexcitability as Dual Risk Factors in AD

Since the introduction of the amyloid cascade hypothesis, it is becoming increasingly clear that risk factors
other than Ab need to be considered to explain the complex etiology of AD (e.g., Herrup, 2015). From pre-
vious studies it is known that Ab can cause PV neuron hyperexcitability (Hijazi et al., 2019) but also that PV
neurons contribute significantly to Ab production and Ab load (laccarino et al., 2016; Rice et al., 2020). This
suggests a model in which increasing Ab concentrations increase PV neuron excitability, whereas hyperex-
citable PV neurons in turn increase Ab release and Ab load. Both Ab load and PV hyperexcitability can thus
be considered risk factors in AD, and together they can trigger a detrimental cycle of pathological protein
aggregation, neuronal circuit dysfunction, and cognitive decline. It has also been shown, however, that Ab
can induce pyramidal neuron hyperexcitability (Busche et al., 2012; Zott et al., 2019) and that other inter-
neurons also become dysfunctional in AD (Schmid et al., 2016). The question thus remains whether Ab
toxicity shows any bias toward specific neuronal types and whether the data we obtained are the result
of direct or indirect effects of Ab on PV neurons. Interestingly, previous studies have proposed that PV neu-
rons are resistant to neurodegeneration, as the number of PV neurons was found unchanged in postmor-
tem brain tissue of AD patients (Ferrer et al.,, 1991; Hof et al., 1991; Morawski et al., 2012). Although other
studies have challenged these findings (Brady and Mufson, 1997; Sampson et al., 1997; Sanchez-Mejias
et al., 2020; Takahashi et al., 2010; Verret et al., 2012), our data do not necessarily contradict either of these
views and merely show that PV neurons become functionally impaired in early AD stages (Hijazi et al., 2019),
irrespective of how their viability changes on the long term. More research investigating different types of
neurons and their specific vulnerability to Ab toxicity during disease progression is needed to better un-
derstand the complexity of circuit dysfunction in AD. However, given the fact that PV interneurons seem
to be affected in multiple brain disorders, they remain an attractive target for identifying novel disease
mechanisms and interventions.

Limitations of the Study

To test whether hyperexcitable PV interneurons are a predisposing risk factor for AD, we created a model
where PV cells were made hyperexcitable in the absence of Ab and then tested the impact of Ab injection
on the hippocampal network. It is important to note that Ab injections are artificial and do not mimic AD
pathology in vivo. Ideally, these experiments would be repeated in a mouse model of AD where PV neuron
hyperexcitability can be induced before Ab levels start to increase. However, at this moment the artificial
separation in time of PV neuron hyperexcitability and the presence of Ab allowed us to clearly demonstrate
that hippocampal network vulnerability alone can increase risk for Ab toxicity. Also, although our study
centered on the effects of Ab, AD is also characterized by the accumulation of hyperphosphorylated
Tau protein. In arecent study, it was shown that Tau suppresses neuronal activity and that this tau-mediated
suppression dominates over Ab-induced hyperactivity (Busche et al., 2019). The combined and time-
dependent effects of Ab and Tau in relation to PV neuron excitability clearly need further investigation
in the future. Finally, although our study focused on CA1 networks, the effects of changes in PV neuron
excitability in the rest of the hippocampus remain unknown. Various studies have highlighted the impor-
tance of CA2 and CA3 PV neuron plasticity in learning and memory (Dominguez et al., 2019; Donato
et al., 2013; Nasrallah et al., 2019), and these specific networks are also impaired in AD (Blanken et al.,
2017; Padurariu et al., 2012; Suthana et al., 2010; Yassa et al., 2010). It would therefore be interesting for
future studies to explore how alterations in PV neuron activity in different subregions of the hippocampus
affect learning and memory and how these circuits are altered in response to hyperexcitable PV neurons.
Despite these limitations, our study clearly demonstrates that PV neuron hyperexcitability increases the
vulnerability of hippocampal circuitry to Ab-induced toxicity and impairs spatial memory accordingly.
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Figure S1, related to Figure 4. A single low dose of amyloid beta has no effect on spatial memory,
neuronal properties or synaptic transmission in saline-treated control mice. (A) PV-Cre mice were
injected with hM3Dq virus at 8-10 weeks of age. After 4 weeks, saline was i.p. injected daily for a period



of 3 weeks. Bilateral infusion of 0.15 fmole of Ab oligomers or PBS control in the CA1 region of the
hippocampus of PV-Cre mice was done 6.5 weeks after discontinuation of saline injections. A MWM
test was performed 1.5 week after Ab infusions. Electrophysiological recordings were performed
following the MWM test. (B) Spatial learning was assessed measuring the latency to find the hidden
platform on 4 consecutive training days (T1-4). Both Ab-infused and PBS-infused PV-Cre mice showed
significant learning during training (fraining two-way repeated measures ANOVA: n = 18/13 per group,
F372 = 47.65, p < 0.001). (C) During the one-minute probe trial, both groups spent significantly more
time in the target quadrant (TQ), which was higher than chance level (dashed line) and there was no
difference detected between groups (two-way ANOVA: n=18/13 mice per group, F3,87 = 0.09, p = 0.960).
(D) PV interneuron resting membrane potential was unaltered between groups (Student’s ¢ test: n =
17/15 cells from 4 mice per group, p = 0.502). (E) There was no difference in PV interneuron input
resistance between Ab-infused and PBS-infused PV-Cre mice (Student’s f test: n = 17/15 cells from 4
mice per group, p = 0.069). (F) Voltage responses to 1 s hyperpolarizing or depolarizing current steps
from a PV interneuron in PBS-infused (grey) and Ab-infused (light grey) PV-Cre mice. (G) Average
action potential (AP) frequency in response to 0-250 pA depolarizing current steps illustrating no change
in PV interneuron firing frequency in Ab-infused compared to PBS-infused PV-Cre mice (group x current
two-way repeated measures ANOVA: n = 17/15 cells from 4 mice per group, F1o,300 = 1.29, p = 0.238).
(H) Pyramidal neuron resting membrane potential was also unaltered in Ab-infused compared to PBS-
infused PV-Cre mice (Student’s t test: n = 17/16 cells from 4 mice per group, p = 0.222). (I) Pyramidal
neuron input resistance was not changed between groups (Student’s t test: n = 17/16 cells from 4 mice
per group, p = 0.366). (J) Voltage responses to 1 s hyperpolarizing or depolarizing current steps from
a pyramidal neuron in PBS-infused (grey) and Ab-infused (light grey) PV-Cre mice. (K) AP frequency
in response to 0-250 pA depolarizing current steps showing no difference in pyramidal neuron
excitability in Ab-infused compared to PBS-infused PV-Cre mice (group x current two-way repeated
measures ANOVA: n = 17/16 cells from 4 mice per group, Fioz2s0 = 0.819, p = 0.611). (L) Example
traces of spontaneous inhibitory postsynaptic currents (sIPSC) recorded from hippocampal pyramidal
neurons in PBS-infused (grey) or Ab-infused (light grey) PV-Cre mice. (M-N) No significant alterations
were observed in the frequency (M) or in the amplitude (N) of sIPSCs in Ab-infused compared to PBS-
infused PV-Cre mice (Mann-Whitney test: n = 16/15 cells from 4 mice per group, p = 0.985 and p =
0.060). (O) Example traces of spontaneous excitatory postsynaptic currents (sSEPSC) recorded from
hippocampal pyramidal neurons in PBS-infused (grey) or Ab-infused (light grey) PV-Cre mice. (P-Q)
No significant alterations were observed in the frequency (P) or in the amplitude (Q) of sEPSCs in Ab-
infused compared to PBS-infused PV-Cre mice (Mann-Whitney test: n = 16 cells from 4 mice per group,
p =0.955 and p = 0.654).



Table S1, related to Figure 2. Passive and active membrane properties of hippocampal PV
interneurons and pyramidal neurons in saline and CNO-injected hM3Dq-expressing WT-PV-
Cre mice (Early time-point).

PV interneurons

Pyramidal neurons

Saline CNO p-value Saline CNO p-value
. + + + +
Propertie | (mea SEM (mea SEM (Student’ | (mea SEM (mea SEM (Student’
s n ) n ) s t-test) n ) n ) s t-test)
Passive properties
Vm (mV)
632 089 | -623 092 | 0514 | -641 076 | 649 076 | 0,437

sagV

(mV) 16 038 | 14 029 | 0759 | 19 016 | -23 028 | 0,162
taufit

(ms) 176 1,84 | 221 245 | 0,177 11,7 064 | 11,6 0,90 | 0,997
Rinput 10,0 15,3

(Mohm) | 1388 1 |1876 9 0,018 | 1009 537 | 964 442 | 0,534

Active properties

AP
frequency | o3 gg1 | 089 366 | 0036 | 238 182 | 240 140 | 0927
at 250 pA

(Hz)

AP

threshold | -48,7 142 | -481 0,77 | 0701 | -482 056 | -478 1,10 | 0,738
(mV)

AP
amplitude | 77,1 2,00 | 72,8 202 | 0,151 [1023 155 | 97,8 2,61 | 0,140
(mV)

AP half-

width 041 002 | 048 002 | 0,013 14 004 | 15 007 | 0,067
(msec)

AHP

V) 179 1,19 | 197 074 | 0,227 83 075| 67 089 | 0175
adaptatio | 0,91 0,113 | 0,76 0,09 | 0,344 | 0,93 0,05 | 0,93 005 | 0,978
n
Rheobase | 706 L7 | 479 423 | 0048 | 1239 707 | 1263 666 | 0808




Table S2, related to Figure 3. Passive and active membrane properties of hippocampal PV
interneurons and pyramidal neurons in saline and CNO-injected hM3Dq-expressing WT-PV-
Cre mice (Late time-point).

PV interneurons

Pyramidal neurons

Saline CNO p- Saline CNO p-
value value
P i * * * *
roperties | (mean SEM) (mean SEM) (mean SEM) (mean SEM)
Passive properties
Vm (mV) -66,3 052 | 66,5 046 | 0,778 | -66,8 049 | -68,3 0,81 | 0,122
sagV (mV) | -1,8 0,47 -3,7 0,73 | 0,042 | -3,0 0,29 -4,0 0,39 | 0,043
taufit (ms) 17,8 1,30 28,5 2,66 | 0,002 | 18,6 1,36 23,6 1,91 | 0,040
Rinput
(Mohm) 125,2 858 | 1924 12,22 | 0,000 | 1188 8,54 | 1428 6,48 | 0,031
Active properties
AP
frequency at | 57,0 4,99 72,9 4,16 | 0,020 | 15,9 1,03 18,7 0,90 | 0,025
250 pA (Hz2)
AP
threshold -50,1 1,87 | 48,7 1,07 | 0,496 | 46,6 0,94 | -471 1,60 | 0,774
(mV)
AP
amplitude 78,5 2,95 84,3 298 | 0,189 | 1089 1,18 | 101,0 1,99 | 0,001
(mV)
AP half-
width 0,74 0,04 0,67 0,03 | 0,179 | 2,29 0,04 2,22 0,07 | 0,440
(msec)
AHP (mV) | 15,1 1,43 18,3 0,78 | 0,042 6,3 0,40 7.5 0,93 | 0,245
adaptation | 0,69 0,12 1,29 0,39 | 0,211 | 0,82 0,08 0,66 0,10 | 0,191
Rheobase 91,7 5,62 70,0 6,44 | 0,006 | 93,5 8,20 70,7 6,41 | 0,025




Table S3, related to Figure S1. Passive and active membrane properties of hippocampal PV
interneurons and pyramidal neurons in saline -injected hM3Dgq-expressing WT-PV-Cre mice
after Abeta infusions.

PV interneurons

Pyramidal neurons

Control Abeta p-value Control Abeta p-value
. + + : N t ’
Propertie | (mea SEM (mea SEM (Student’ | (mea SEM (mea SEM (Student
s n n s t-test) n n s t-test)
) ) ) )
Passive properties
Vm(mv) | -61,3 1,01 | 62,3 1,18 | 0502 | 67,5 0,99 | -657 0,95 | 0,222
(Snfs;/ 22 034 | 14 024 | 0062 | -23 026 | -29 039 | 0211
(t;‘;‘;” 174 185 | 192 189 | 0511 | 148 1,02 | 126 066 | 0,100
Rinput 10,7 12,7
Mohm) | 1479 4" | 1791 0,069 | 1285 8,30 | 1186 6,42 | 0,366
Active properties
AP
frequency | 950 621 | 907 925 | 0697 | 277 159 | 292 194 | 0545
at 250 pA
(Hz)
AP
threshold | -431 1,79 | -443 191 | 0,650 | -51,4 0,98 | -520 1,05 | 0,672
(mV)
AP
amplitude | 56,7 1,77 | 59,0 2,97 | 0507 | 963 143 | 971 233 | 0,759
(mV)
AP half-
width 045 0,02 | 047 002 | 0539 | 1,31 003 | 1,28 0,05 | 0,606
(msec)
(ﬁ\q'\*/'): 171 142 | 176 128 | 0787 | 7.8 054 | 82 065 | 0,627
adaptatio | 0,94 0,09 | 1,29 0,26 | 0,207 | 094 0,03 | 0,89 0,05 | 0427
n
Rheobase | 80,9 898 | 833 28| 0874 | 819 694 | 833 934 | 0904




Table S4, related to Figure 4. Passive and active membrane properties of hippocampal PV
interneurons and pyramidal neurons in CNO -injected hM3Dq-expressing WT-PV-Cre mice
after Abeta infusions.

PV interneurons

Pyramidal neurons

Control Abeta p-value Control Abeta p-value
Propertie | (mea SEM (mea SEM (Student’ | (mea SEM (mea SEM (Student’
s n ) n ) s t-test) n ) n ) s t-test)
Passive properties
Vm(mV) | -62,0 1,21 | -57,4 0,90 | 0,005 | -650 1,04 |-63,7 082 | 0,300
(Sn?\%/ 28 055 | -29 080 | 0920 | 25 025 | -20 019 | 0,185
(t;‘;‘;” 16,8 141 | 142 142 | 0209 | 124 089 | 107 064 | 0130
Rinput 17,4
(Mohm) | 1429 885 | 1360 ' 0,740 | 1016 5093 | 858 595 | 0,070
Active properties
AP
frequency 11,0
2t 250 pA | 1000 7.77 | 74,1 1 0,003 | 229 112 | 302 1,81 | 0,000
(Hz)
AP
threshold | -44,7 0,84 | -460 124 | 0405 | -493 1,10 | -50,6 0,35 | 0,287
(mV)
AP
amplitude | 66,4 163 | 731 420 | 0172 |103,4 215 |1055 1,93 | 0,492
(mV)
AP half-
width 043 002 | 052 006 | 0177 | 141 006 | 1,01 0,02 | 0,000
(msec)
(ﬁ\q'\*/'): 16,6 092 | 142 126 | 0136 | 56 042 | 7.0 051 | 0040
adaptatio | 0,92 0,04 | 097 006 | 0517 | 0,89 0,05 | 0,88 0,06 | 0,910
n
Rheobase | 88,8 1%’4 97.1 1%5 0653 | 1235 895 | 1074 929 | 0219




Transparent Methods

Animals

The PV-Cre mouse strain used was originally purchased from the Jackson Laboratory (# B6.129P2-
Pvalbtm1(cre)Arbr/J; stock number 017320) and expresses Cre recombinase under the parvalbumin
(Pvalb) promoter, inducing Cre expression specifically in parvalbumin expressing cells as reported in
(Hippenmeyer et al., 2005). All experiments were performed with single-housed male mice and
approved by the Central Committee for Animal Experiments (CCD) and the Animal Welfare Body (IVD)
of the VU University Amsterdam.

Virus
Floxed mCherry (hSyn-DIO-mCherry) and floxed hM3Dg-mCherry (hSyn-DIO-hM3Dg-mCherry) AAVs
(1012 vc/ml) were packaged as serotype 5 virus.

Stereotaxic surgeries

All surgeries were done as described previously in (Hijazi et al., 2019). The CA1 region was targeted
bilaterally using the following coordinates: AP: -1.7 mm, DV: -1.7 mm, ML: £ 1.1 mm. A volume of 0.5
pL for AAV and 0.3 pL for Ab oligomers was infused using a thin glass needle and a 10 yL Hamilton
needle syringe at a rate of 0.1 yL/min. Mice were single-housed and experiments were conducted 4
weeks post-surgery.

Chemogenetic manipulation of PV interneurons

Mice were injected intraperitoneally with either 0.9% saline or with clozapine-N-oxide (CNO) dissolved
in 0.9% saline. For Figure 1J-L, mice received CNO (2 mg/kg) 30 min prior to each training session in
the Morris water maze. For the rest of the CNO injections, mice received daily CNO (1 mg/kg) for 3
weeks. Behavioral or electrophysiological testing were conducted 48 hours or 8-10 weeks after the last
CNO injection.

Slice preparation and electrophysiology

All electrophysiological experiments were done as described in (Hijazi et al., 2019). Briefly, brains were
rapidly removed and hippocampal coronal slices of 300um thickness were prepared in ice-cold partial
sucrose solution containing (in mM): sucrose 70, NaCl 70, NaHCOs 25, KCI 2.5, NaH2PO4 1.25, CaCl2
1, MgSO0a4 5, sodium ascorbate 1, sodium pyruvate 3 and D(+)-glucose 25 (carboxygenated with 5%
CO2/95% O2). The slices were left to recover for 30 min in 34 °C holding aCSF containing (in mM):
NaCl 125, NaHCOs3; 25, KCI 3, NaH2P0O4 1.2, CaCl2 1.3, MgS0Oa4 1, MgClz 1, sodium pyruvate 3, sodium
ascorbate 1 and D(+)-glucose 25 (carboxygenated with 5% CO2/ 95% O2). Following recovery, slices
were left for at least 1 hour in holding ACSF at room temperature. PV cells were recognized by mCherry
fluorescence. Slices were then moved to the recording chamber and continuously perfused with
standard ACSF at 34°C containing (in mM): NaCl 125, NaHCOs 25, KCI 3, NaH2PO4 1.2, CaCl2 1.3,
MgSOa4 1and D(+)-glucose 25 (carboxygenated with 5% CO2/ 95% O).

All neurons were recorded in whole-cell mode using a Multiclamp 700B amplifier (Molecular
Devices, Sunnyvale, CA). Borosilicate glass electrodes (Harvard Apparatus, Holliston, MA) with tip
resistances of 2-5 MOhm. For spontaneous events, the intracellular solution was composed of (in
mM): Cs-gluconate 125, CsCl 5, HEPES 10, K-phosphocreatine 10, ATP-Mg 2, and GTP 0.3 EGTA 0.2
QX314 1 (pH adjusted to 7.2 with CsOH) and for all recordings in current-clamp: K-gluconate 135,
HEPES 10, K2-phosphocreatine 10, ATP-Mg 2, NaCl 4, EGTA 0.2 and GTP 0.3 (pH adjusted to 7.2
with KOH). Resting membrane potential was measured directly after obtaining whole-cell configuration.
Intrinsic properties were obtained in current-clamp mode by injecting 1-ms of increasing current stimuli.
Cells were clamped at -65 mV and at -70 mV for PV neurons and pyramidal neurons respectively.
Access resistance was monitored throughout the recordings. Neurons with access resistance that was
above 25 MOhm or neurons that displayed unstable resting membrane potential or aberrant spiking
pattern were excluded from the analysis. Data analysis was performed using a custom-designed script
in Igor Pro-7.0 (Wavemetrics). IPSCs were recorded at 0 mV holding potential. EPSCs were recorded
at -70 mV holding potential. Synaptic events were detected using Mini Analysis Program (Synaptosoft,
Decatur, GA).



Tissue preparation and immunohistochemistry

Staining was performed on free-floating brain sections as previously described (Vegh et al., 2014). The
blocking solution was composed of 0.2% (v/v) Triton X-100 and 5% (v/v) fetal bovine serum in PBS.
The slices were incubated overnight with mouse anti-PV (Millipore, Billerica, MA, MAB 1572; 1:1000)
for PV staining or rabbit anti-cFos (Synaptic Systems; 1:1000) for cFos staining. PV and cFos staining
were visualized using anti-mouse Alex568 and anti-rabbit Alexa488-labeled secondary antibodies
(Invitrogen, Carlsbad, CA; 1:400), incubated for 2 hours at RT. Slices were coverslipped in Vectashield
with DAPI as a nuclear dye (Vector Laboratories, Burlingame, CA). All images were acquired on a Nikon
confocal microscope, using the same objective, exposure time, gain settings and camera settings for
all images from the same experiment. PV and cFos-positive cells were quantified using ImagedJ v1.48.

Preparation of A oligomers

HFIP-treated AB1-40, AB1-42 peptides were obtained from Bachem and prepared as described previously
(Stine et al., 2011). Shortly, the peptides were dissolved in DMSO (water free) followed by cold PBS to
reach a final concentration of 5 uM. The tubes were then incubated for 24 hours at 4°C to allow for
oligomerization. Later, the mix was spinned down and the supernatant was extracted.

Behavioral assays

Spatial memory was tested in a Morris water maze setup as described previously (Hijazi et al., 2019).
Briefly, mice were trained for 4 consecutive days with 4 trials per day. In every trial, mice were put in
the water at a random start position and were given a maximum of 60 s to reach the platform. To avoid
hypothermia, mice were assigned back to their home cage for 3 min after 2 trials. On day 5, the platform
was removed and a probe trial was conducted. Mice were placed in the pool opposite from the platform
location and were given 60 s to explore the water. The latency to find the platform was measured during
training and the time spent in each quadrant of the pool was measured in the probe trial. Memory was
evaluated as the percentage of time spent in the target quadrant.

Data collection and statistical analysis

Sample sizes were selected based on small pilot studies and previous experiments. The following
statistical tests were performed: Student’s t-test for two-group comparison for groups with equal
variances, a Wilcoxon-Mann-Whitney rank test for two-group comparison of non-parametric data with
unequal variances and two-way repeated measures ANOVA for assessing effects within groups and
between groups in all experiments with repeated measurements in the same cell or animal. All tests
were two-sided. All quantitative data are represented as means * standard errors of the means (SEM).
All mice were randomly assigned to the different groups to reduce selection bias. Experimenters were
blind to the treatment and group of mice for all experiments.
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