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Abstract.
Background: In an early stage of Alzheimer’s disease (AD), before the formation of amyloid plaques, neuronal network
hyperactivity has been reported in both patients and animal models. This suggests an underlying disturbance of the balance
between excitation and inhibition. Several studies have highlighted the role of somatic inhibition in early AD, while less is
known about dendritic inhibition.
Objective: In this study we investigated how inhibitory synaptic currents are affected by elevated A� levels.
Methods: We performed whole-cell patch clamp recordings of CA1 pyramidal neurons in organotypic hippocampal slice
cultures after treatment with A�-oligomers and in hippocampal brain slices from AppNL-F-G mice (APP-KI).
Results: We found a reduction of spontaneous inhibitory postsynaptic currents (sIPSCs) in CA1 pyramidal neurons in
organotypic slices after 24 h A� treatment. sIPSCs with slow rise times were reduced, suggesting a specific loss of dendritic
inhibitory inputs. As miniature IPSCs and synaptic density were unaffected, these results suggest a decrease in activity-
dependent transmission after A� treatment. We observed a similar, although weaker, reduction in sIPSCs in CA1 pyramidal
neurons from APP-KI mice compared to control. When separated by sex, the strongest reduction in sIPSC frequency was found
in slices from male APP-KI mice. Consistent with hyperexcitability in pyramidal cells, dendritically targeting interneurons
received slightly more excitatory input. GABAergic action potentials had faster kinetics in APP-KI slices.
Conclusion: Our results show that A� affects dendritic inhibition via impaired action potential driven release, possibly due
to altered kinetics of GABAergic action potentials. Reduced dendritic inhibition may contribute to neuronal hyperactivity in
early AD.
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INTRODUCTION

In the early phase of Alzheimer’s disease (AD),
before patients experience behavioral problems,
hyperactive neuronal networks in the brain have
been reported [1–3]. It has even been suggested
that neuronal hyperactivity is the primary neuronal
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dysfunction in early AD [4]. The hyperactivity
increases the prevalence of epilepsy in the early
phases of the disease, both in transgenic mouse
models [5–8] and in human patients [1–3]. Several
studies have linked hyperactivity to increased
amyloid-� (A�) levels [5, 7], which are already
elevated in the early stages of the disease [9, 10].

A hyperactive network indicates a disturbed bal-
ance of excitation and inhibition, via increased
excitation, decreased inhibition, or both. Increased
activity of excitatory neurons in early AD has been
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reported by several laboratories [7, 8, 11, 12] and
various mechanism have been proposed, including
dendritic hyperexcitability [11], dendritic instabil-
ity [12], and impaired glutamate reuptake [13].
Recently, altered inhibition is getting more attention
as a possible contributor to network hyperexcitabil-
ity in AD [14, 15]. Parvalbumin (PV) interneurons
provide strong perisomatic inhibition to principal
cells and changes in PV neurons will have a direct
impact on network activity. Cortical PV neurons show
reduced activity [6, 16], whereas hippocampal PV
neurons were actually found hyperactive in early AD
[17]. In both brain regions, restoring PV interneuron
activity alleviates disease pathology [6, 7, 16, 17].

In many AD mouse models, amyloid-� protein
precursor (A�PP) is overexpressed to elevate A� lev-
els. In wildtype mice, A�PP is expressed mostly in
neurons and shows region- and cell-specific differ-
ences [18], which are lost in these mouse models
[19]. Interestingly, dendritic innervating GABAergic
interneurons in the hippocampal CA1 region express
A�PP at a high level [18, 20]. Dendritic innervat-
ing interneurons may therefore be sensitive to local
changes in A�, but their role in early AD has been
largely unexplored. Given the evidence for enhanced
dendritic excitability in the CA1 region early in AD
[11, 12], we assessed how dendritic inhibition is
affected by elevated A� levels.

Here we use two amyloidosis models to exam-
ine how elevated A� levels affect inhibitory currents
in CA1 pyramidal neurons. We applied soluble A�
oligomers in organotypic hippocampal slice cultures
to study acute effects of elevated A� on inhibitory
neurotransmission. We compared our results with
hippocampal slices of young adult AppNL-G-F mice,
a second generation amyloidosis mouse model with
three knock-in mutations in the humanized App-gene
[21]. AppNL-G-F mice chronically overproduce A�
without potential side-effects of A�PP overexpres-
sion [19].

MATERIALS AND METHODS

Mice

All animal experiments were performed in com-
pliance with the guidelines for the welfare of experi-
mental animals issued by the Federal Government
of The Netherlands. All animal experiments were
approved by the Animal Ethical Review Committee
(DEC) of Utrecht University. GAD65-GFP mice
[22] express GFP in ∼20% of GABAergic cells,

which mainly innervate the dendrites of CA1 pyra-
midal neurons in the hippocampus [23]. AppNL-G-F

mice express three mutations in the humanized APP
gene, leading to an increased production of A�42.
AppNL-G-F mice were crossed with the GAD65-
GFP line (AppNL-F-G/GAD65-GFP) to identify
dendritically targeting interneurons in this amyloi-
dosis mouse model. The AppNL-G-F line was kept
homozygous and GAD65-GFP line was heterozy-
gous. We refer to this crossing as APP-KI mice
throughout the manuscript. GAD65-GFP mice were
used as control mice.

Brain slices

Organotypic hippocampal slice cultures were pre-
pared from postnatal day 6–8 old GAD65-GFP mice
as previously described [24, 25]. In short, mice of
both sexes were decapitated and their brains were
placed in ice cold Gey’s Balanced Salt Solution
(GBSS, in mM: 137 NaCl, 5 KCl, 1.5 CaCl2, 1
MgCl2, 0.3 MgSO4, 0.2 KH2PO4, 0.85 Na2HPO4).
The hippocampus was extracted and transverse hip-
pocampal slices of 400 �m thickness were cut with a
McIlwain tissue chopper (Brinkmann Instruments).
Slices were kept in an incubator at 35◦C with 5%
CO2. Slices were used after 10–20 days in vitro
(DIV). Slices were treated for 24 h with 0.4 �g/ml
A�-oligomers (Crossbeta Biosciences, Utrecht) or
control vehicle before the experiments.

Acute hippocampal slices were made from
GAD65-GFP (control) and APP-KI mice. Male and
female mice at the age of 8 to 14 weeks were
sedated using isoflurane and decapitated. The brain
was quickly removed and placed in ice-cold slic-
ing medium (in mM: 92 CholineCl, 2.5 KCL, 1.2
NaH2PO4, 30 NaHCO3, 20 HEPES, 25 glucose,
5 Na-ascorbate, 3 Na-pyruvate, 10 MgSO4·7H2O,
0.5 CaCl2·2H2O, pH ∼7.3, ∼315 mOsm) for 2 min.
Subsequently, the cerebellum and the prefrontal cor-
tex were removed and the brain was placed in the
vibratome chamber (LEICA VT 1000S) in ice-cold
carbogenated artificial cerebrospinal fluid (ACSF;
in mM: 126 NaCl, 3 KCl, 2.5 CaCl2·2H2O, 1.3
MgCl2·7H2O, 26 NaHCO3, 1.25 Na2H2Po4, 20 glu-
cose, pH ∼7.3, ∼315 mOsm). Coronal hippocampal
slices of 300 �m thickness were made. Afterwards,
slices were transferred to a slice chamber with ACSF
at 35◦C for 10 min. The slices were kept in ACSF
at room temperature for at least 1 h before the
experiment. All dissections were performed in the
morning and the experiments after lunch.
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Treatment

Organotypic slices were treated for 24 h with
0.4 �g/ml A�-oligomers (Crossbeta Biosciences,
Utrecht). At this concentration, these A� oligomers
are able to block LTP in vivo [26]. The vehicle solu-
tion was used as control (20 mM HEPES, 150 mM
NaCl, 200 mM sucrose). The oligomers used in this
study are chemically stabilized and uniform in size,
no monomers and fibrils were present in the solution.
The oligomers have been obtained using recombi-
nant full length amyloid-� 1–42 peptide as starting
material and based on a protocol that is described
before [27].

Electrophysiology

Slices were transferred to a recording chamber
which was perfused with carbonated, heated ASCF
(32◦C). Whole-cell patch clamp measurements were
recorded with a MultiClamp 700B amplifier (Molec-
ular Devices) and stored using pClamp 10 software.
Recordings were filtered with a 3 kHz Bessel filter.
Thick-walled borosilicate pipettes of 4–6 M� were
filled with two different internal solutions. For the
recording of sIPSCs (in mM): 70 K-gluconate, 70
KCl, 0.5 EGTA, 10 HEPES, 4 MgATP, 0.4 NaGTP,
and 4 Na2 phosphocreatine. For the recording of sEP-
SCs (in mM): 140 K-gluconate, 4 KCl, 0.5 EGTA, 10
HEPES, 4 MgATP, 0.4 NaGTP, and 4 Na2 phospho-
creatine. Cells were discarded if series resistance was
above 35 M� or if the resting membrane potential
exceeded –50 mV. Recordings were excluded when
the series resistance after the recording deviated more
than 30% from its original value.

Inhibitory currents (sIPSCs) were isolated by
adding APV (1 �M) and DNQX (1 �M) to the ASCF,
which block AMPA and NMDA currents respec-
tively. No blockers were added for recordings of
sEPSCs and action potential. sIPSCs and sEPSCs
were recorded at –70 mV holding potential.

Immunohistochemistry

Organotypic slices were fixed after 24 h A�
or vehicle treatment with 4% PFA for 30 min.
After washing, slices were permeabilized with 0.5%
TitronX-100 in PBS for 15 min. Slices were sub-
sequently blocked with 10% goat serum and 0.2%
TitronX-100 in PBS for 1 h, before primary anti-
bodies were added in blocking buffer for overnight
incubation at 4◦C (rabbit VGAT 1/1000, SySy:

131003; mouse Gephyrin 1/1000, SySy: 147011).
Secondary antibodies were added the next day for
3.5 h at room temperature (�-rabbit 405 1/500, Life
Technologies A31556; �-mouse 647 1/500, Life
Technologies A21236).

Confocal imaging

Fixed slices were imaged under a Zeiss LSM700
inverted confocal laser scanning microscope using
Zen 2011 software (Zeiss). The 405 nm and 647 nm
antibodies were excited with a 405 nm and 633 nm
laser. Stained organotypic hippocampal slices were
viewed with a 63×/1.40 NA oil immersion objec-
tive (Plan-Apochromat, Zeiss) at 1.3× digital zoom.
Image stacks (123 �m × 123 �m, 1024 × 1024 pix-
els) with a 0.3 �m step size in z were acquired (range:
18–22 images). Per slice, 5 different Z-stacks were
obtained from the stratum radiatum and the stratum
lacunosum-moleculare border in the CA1 area.

Analysis

Spontaneous and miniature inhibitory postsynap-
tic currents (sIPSCs and mIPSCs) were analyzed
with MiniAnalysis (synaptosoft). Only events with
a rise time <7 ms were included in our analysis.
This excludes slow rise time events resulting from
spillover [28, 29]. Action potential (AP) parameters
were extracted in Matlab (MathWorks) using a cus-
tom script. AP threshold was manually determined
from the change in slope at the AP rising phase. AP
amplitude was calculated from threshold to peak. AP
rise and decay times were determined between 10%
and 90% of amplitude; halfwidth at 50% of ampli-
tude. Afterhyperpolarization was calculated from the
threshold to minimum. The rebound potential after a
current injection was calculated from pre-train base-
line to minimum right after the train. Cumulative
distributions were generated from 150 events per cell.

Immunofluorescent images were analyzed in Fiji
using a custom macro. Three to six Z-stacks were
averaged and filtered. Puncta from thresholded
images were counted. Synapses were counted when
the VGAT and gephyrin channel overlapped for at
least 33%.

Statistical analysis was performed in Prism
(Graphpad software). For the comparison of two
groups we either used the unpaired two-tailed t-test
(t; parametric) or a Mann-Whitney (MW; nonpara-
metric). Determining a normal distribution was done
with the D’Agostino & Pearson test. Welch’s t-test
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was used for two groups with unequal variance
(Fig. 4B). The IEI of slow and fast rise time events
were tested with 2-way ANOVA and a Sidak’s
post-hoc test. The p-values are indicated in the fig-
ure legends. Error bars indicate standard error of
the mean. Significance is reported as *p ≤ 0.05;
**p ≤ 0.01; ***p ≤ 0.001

Splitting IPSCs based on their rise time

The rise times of individual sIPSCs and mIPSCs
were plotted in a histogram and fitted with a double
Gaussian distribution [30] (Equation 1).

Y (x) = a1 · e
−
(

x−b1
c1

)2
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−
(
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)2

(1)

The coefficients of the fit were used to draw the
two single exponentials (Equation 2 & 3).
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)2
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The intersection between Y1 and Y2 was used as
the cutoff rise time. Events with a rise time smaller
than the cutoff were categorized as fast events and
events with larger rise time were labeled slow rise
time events (Supplementary Figure 1). We deter-
mined the cutoff value in the control group and used
this value to separate the control and the experimental
group. The cutoff value for the experimental group
did not deviate much from the control, yet to have
equal comparison between groups, we only utilized
the cutoff value of the control group.

RESULTS

Reduced dendritic inhibition after 24 h Aβ

treatment

To address acute effects of A� on inhibitory synap-
tic transmission we treated organotypic hippocampal
slice cultures from GAD65-GFP mice for 24 h with
0.4 �g/ml A�-oligomers or control vehicle. Whole-
cell patch clamp recordings were made from CA1
pyramidal neurons. A� treatment did not affect AP
firing rates with increasing current injections in these
cells (Fig. 1A, B). Beside a small change in AP decay
time, we found no other changes in AP parame-
ters (Supplementary Figure 1). We investigated the
inhibitory synaptic input in the CA1 neurons by

recording spontaneous inhibitory postsynaptic cur-
rents (sIPSCs) (Fig. 1C). We observed that sIPSC
frequency was significantly decreased in CA1 pyra-
midal neurons after A� treatment (Fig. 1D), whereas
sIPSC amplitude was unaffected (Fig. 1E). Remark-
ably, the average rise time of the sIPSCs was faster
in the A� treated slices (Fig. 1F). The sIPSC rise
time depends on the cellular location of the inhibitory
synapse, with somatic synapses producing sIPSCs
with faster rise time and synapses on the dendrites
generate slower rise time events due to dendritic fil-
tering [30–33]. To examine if somatic and dendritic
synaptic inputs were differentially affected, we sep-
arated the sIPSCs in two groups (see Methods and
Supplementary Figure 2) and analyzed interevent
intervals (IEIs) of sIPSCs with fast and slow rise
times for each recording. The mean IEI of fast
sIPSCs was similar in treated and control neurons
(Fig. 1G), whereas the mean IEI of slow events
in A�-treated slices was increased (Fig. 1H). This
suggests a specific reduction in sIPSCs with slow
rise times, presumably originating from dendritic
synapses. Accordingly, we observed a trend towards
reduction in the fraction of sIPSCs with a slow rise
time in A�-treated slices (Fig. 1I). We verified that the
reduction in slow sIPSCs after A� treatment was not
due to differences in series resistance (Supplementary
Table 1). Our results suggest that 24 h A� treatment
specifically reduces inhibitory transmission at den-
dritic synapses.

No change in synapse numbers after 24 h Aβ

treatment

A reduction in the frequency of sIPSCs may reflect
decreased presynaptic activity and/or a reduction of
the number of (dendritic) synapses. To elucidate the
role of activity, we blocked neuronal activity with
TTX and recorded miniature inhibitory postsynaptic
currents (mIPSCs) in organotypic slices (Fig. 2A).
We found that mIPSC frequency (Fig. 2B), ampli-
tude (Fig. 2C), and rise time (Fig. 2D) were similar in
treated and control slices. The distribution of fast and
slow mIPSCs was also unaffected by A� treatment
(Fig. 2E–G). A lack of effect on mIPSCs suggests
that altered activity is responsible for the reduced
dendritic inhibition.

To further assess a possible change in synapse
numbers, we performed immunohistochemistry to
visualize inhibitory synapses in the dendritic lay-
ers of the hippocampus using presynaptic VGAT
and postsynaptic gephyrin (Fig. 2H). The density
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Fig. 1. 24 h A� oligomer treatment reduces dendritic inhibition in organotypic hippocampal slices. A) Example traces of action potentials
after current injections. B) No change in action potential firing rates in control slices (black, n = 20, N = 6) and A�-treated slice (red, n = 18,
N = 6) with increasing current injections. C) Representative sIPSC recording from control (black) and A�-oligomer treated (red) slices. D, E)
A� reduces sIPSC frequency (D; p = 0.028, t), but leaves sIPSC amplitude (E; p = 0.40, t) unchanged. F) Rise time of sIPSCs was faster in
the A�-treated slices (p = 0.029, t). G, H) Cumulative distribution of inter-event intervals (IEIs) of fast rise time (G) and slow rise time (H)
events (p = 0.82 and p = 0.003, Sidak). The inserts show the mean IEI (I) Fraction of sIPSCs with slow rise times in A�-treated and control
slices (p = 0.08, t). (Data in C–I: control n = 21, N = 6 A� n = 20, N = 6).

of VGAT (Fig. 2I) and gephyrin puncta (Fig. 2J)
was similar in organotypic slices that were treated
with A� or control vehicle for 24 h. The density of
inhibitory synapses, determined by overlap of VGAT
and gephyrin puncta, did not change (Fig. 2K).

These results suggest that inhibitory synapse num-
bers were not affected by A�-oligomer treatment and
that the observed reduction in dendritic inhibitory

currents in CA1 neurons was due to altered activity-
dependent GABA release.

Similar changes in inhibition in a chronic model
of amyloidosis

To address if our findings with acute A� treat-
ment are representative for early AD, in which A�
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Fig. 2. No effect on synapse number after 24 h A� oligomer application. A) Representative mIPSC recordings from control (black) and
A�-oligomer treated (red) slices. B–D) The frequency (B; p = 0.9, MW), amplitude (C; p = 0.68, t), and rise time (D; p = 0.23, MW) of
mIPSCs were not changed. E, F) Cumulative distribution of inter-event intervals (IEIs) of fast rise time (E) and slow rise time (F) events
(p = 0.42 and p = 0.66, Sidak). The inserts show the mean IEI. G) Fraction of sIPSCs with slow rise times in A�-treated and control slices.
H) Representative images of immunofluorescent staining against postsynaptic gephyrin and presynaptic VGAT. Scale bar denotes 3 �m. I,
J) The density of VGAT (I; p = 0.9, t) and gephyrin (J; p = 0.5, t) puncta was similar in control and A�-treated slices. K) Synapse density,
determined by overlap of the VGAT and gephyrin puncta, was not altered by A� treatment (p = 0.9, MW). (Data in B–G: control n = 12,
N = 4; A� n = 12, N = 4. Data in H–K: control n = 15, N = 3; A� n = 15, N = 3).

levels are chronically elevated, we made use of an
APP-KI mouse model [21]. In APP-KI mice, plaques
appear around two months [21] and cognitive impair-
ments are reported at 6 months of age [34, 35].
We performed whole-cell patch clamp recordings of
CA1 pyramidal cells in acute hippocampal slices of
8-14 week old APP-KI and control mice. This is
the age at which the first plaques start to appear
in APP-KI mice [18, 21]. In contrast to A�-treated
organotypic slices, CA1 pyramidal neurons in APP-
KI slices displayed an elevated AP firing rate with

increasing current injections (Fig. 3A, B), indicat-
ing that cellular excitability was increased when
A� levels were chronically elevated. We did not
observe any difference in resting membrane potential,
AP amplitude or AP halfwidth compared to con-
trol (Fig. 3C–E). A small, but significant, reduction
in AP threshold was observed (Fig. 3F). Other AP
parameters were not changed (Supplementary Fig-
ure 3). Together this suggests an increased excitability
of hippocampal pyramidal neurons in young APP-
KI mice, which is in line with the hyperactivity



M. Ruiter et al. / Reduction of Dendritic Inhibition by Amyloid-β 957

Fig. 3. Increased excitability and mild changes IPSCs in APP-KI mice. A) Representative traces of current injections in CA1 pyramidal
neurons of control (black) and APP-KI (red) slices. B) APP-KI cells were able to fire action potentials at a higher frequency than control
cells at increasing current injections (p < 0.0001 2w ANOVA). C) Resting membrane voltage of CA1 pyramidal neurons (p = 0.73, t). D–F)
Action potential amplitude (D, measured from threshold; p = 0.88, t), AP halfwidth (E; p = 0.71, MW), and AP threshold (F; p = 0.027, t) in
APP-KI and control cells. G) Representative sIPSC recording from control (black) and APP-KI (red) slice. H–J) Frequency (H; p = 0.12, t),
amplitude (I; p = 0.79, t), and rise time (J; p = 0.18, MW) of sIPSCs in APP-KI and control cells. K-L) Cumulative distribution of inter-event
intervals (IEIs) of fast rise time (K) and slow rise time (L) events (p = 0.96 and p = 0.96, Sidak). The inserts show the mean IEI. M) Fraction
of sIPSCs with slow rise times in A�-treated and control slices (p = 0.21, t). (Data in B–F: control n = 20, N = 9; APP-KI n = 18, N = 7. Data
in H–K: control n = 20, N = 9; A� n = 20, N = 7).
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reported in other mouse models at comparable age
[5–8].

We investigated the inhibitory synaptic input by
recording sIPSCs in these CA1 pyramidal neurons
(Fig. 3G). The frequency of sIPSCs appeared slightly
reduced in APP-KI cells, but the difference did not
reach significance (Fig. 3H). There was no difference
in sIPSC amplitude or rise time (Fig. 3I-J). When we
separated sIPSCs based on rise time, we observed a
small increase in IEI only for slow sIPSCs (Fig. 3K-
L). The fraction of slow sIPSCs was only mildly
reduced (Fig. 3M). Although the pattern was simi-
lar to the organotypic slices, the reduction in sIPSCs
was only mild in APP-KI slices and did not reach
significance.

APP-KI males have a stronger reduction in
inhibition

It is well documented that gender has a signifi-
cant influence on the progression of AD, with women
affected more severely at the late stage of the disease,
which may be related to the loss of estrogen [36–38].
As the mice in our experiments were sexually mature,
we explored whether differences between the sexes
played a role in our results. In line with previous
reports [39, 40], the frequency of sIPSCs was lower in
slices from females compared to male mice (Fig. 4A,
E). We found that sIPSC frequency was significantly
decreased in neurons recorded in slices from male
APP-KI mice (Fig. 4A) and rise times appeared
reduced (Fig. 4B), while there was no significant
change in sIPSCs frequency or rise time recorded in
slices from females (Fig. 4E, F). Separation by rise
time showed that the reduction of inhibitory trans-
mission in the males was due to a loss of slow rise
time events, suggesting a specific decrease in den-
dritic inhibition (Fig. 4C, D). There was no difference
in dendritic inhibition in the females (Fig. 4G, H).

Changed action potential kinetics of GABAergic
neurons

Dendritic inhibition onto CA1 pyramidal cells is
provided by different types of GABAergic interneu-
rons. Some of these GABAergic cells, located on
the border of the stratum radiatum and stratum
lacunosum-moleculare, reportedly express A�PP at
high levels [18]. We wondered if these GABAergic
cells were responsible for the reduced dendritic inhi-
bition observed in APP-KI slices. To visualize these

cells we used GAD65-GFP mice, in which a subset
of dendritically targeting GABAergic cells, partially
overlapping with A�PP-expressing cells [18], are
labeled with GFP [23].

We performed whole-cell patch clamp record-
ings of GFP-expressing GABAergic interneurons in
the dendritic layers of the hippocampal CA1. We
observed an increase in the frequency of excitatory
postsynaptic currents (sEPSCs) in GABAergic cells
in AP�P-KI slices compared to control (Fig. 5A, B),
consistent with enhanced excitability of pyramidal
cells (Fig. 1A, B). The amplitudes of sEPSCs were
not different (Fig. 5C). AP firing rates of GABAergic
neurons, recorded with increasing current injections,
were not different in slices from APP-KI and control
mice (Fig. 5D, E) and there was also no differ-
ence in resting membrane potential (Fig. 5F), AP
threshold (Fig. 5G), and AP amplitude (Fig. 5H).
However, AP rise time (Fig. 5I), halfwidth (Fig. 5J),
and decay time (Fig. 5K) were all strongly reduced
in APP-KI slices. This indicates that the APs of GFP-
expressing GABAergic neurons are narrower and
faster in APP-KI slices (Fig. 5L). These results indi-
cate that dendritically innervating inhibitory neurons
on the border of the stratum radiatum and stratum
lacunosum-moleculare have altered AP kinetics in
APP-KI slices.

DISCUSSION

In this study we examined synaptic inhibition
in two amyloidosis models of early AD. A 24 h
treatment with A� oligomers significantly reduced
inhibitory transmission in organotypic hippocampal
slices, with a specific loss of slow rise time events
presumably originating from dendritic inhibitory
synapses. Analysis of synapse numbers and mIPSCs
indicated that the sIPSC reduction is due to a decrease
in action-potential driven GABA release. A similar,
but weaker, pattern could be identified in slices of
APP-KI mice, which have chronically elevated A�
levels. The weaker effect in the APP-KI mice was
due to a sex-specific effect. A specific loss of slow
rise time inhibitory currents, i.e., the same pattern as
in the organotypic slices, was observed only in male
APP-KI mice, whereas inhibitory currents were sim-
ilar in slices from female APP-KI and control mice.
Furthermore, dendritically innervating GABAergic
interneurons in slices from APP-KI mice displayed
altered AP kinetics.
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Fig. 4. Sex differences in APP-KI mice. A, B) The frequency (p = 0.008, t) and rise time (p = 0.11, t) of sIPSCs, recorded in slices from male
APP-KI and control mice. C, D) Cumulative distribution of inter-event intervals (IEIs) of fast rise time (C) and slow rise time (D) events
recorded in slices from male APP-KI and control mice (p = 0.96 and p = 0.0001, Sidak). The inserts show the mean IEI. E, F) The frequency
(Mann-Whitney p = 0.13) and rise time (t-test p = 0.87) of sIPSCs, recorded in slices from female APP-KI and control mice. G, H) Same as
is C and D, but for sIPSCs recorded in female mice (p = 0.70 and p = 0.62, Sidak). Same data as in Fig. 3H–M, but separated by sex. (Data
in A–D: control n = 6, N = 3; APP-KI n = 13, N = 4. Data in D–H: control n = 11, N = 2; A� n = 7, N = 5).

Inhibition has been reported altered in several
mouse models of early AD [6, 7, 16, 35]. In
particular, the somatically innervating PV interneu-
rons have been implicated in AD, with cortical PV
cells reported to be hypoactive [6, 16], while hip-
pocampal PV neurons are reported hyperactive [7,
17]. In our study we did not find indications for altered
activity of PV cells. Hippocampal PV interneurons

project mainly to the somata of the pyramidal cells
[42, 43]. If their activity was affected, we would have
observed a change in fast rise time IPSCs. However,
we only observed changes in slow rise time synaptic
events. In our recordings we isolated inhibitory cur-
rents by blocking excitation with APV and DNQX,
which also blocks excitatory input to GABAergic
neurons, including PV cells. In the studies report-
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Fig. 5. Dendritically targeting interneurons in APP-KI mice have faster action potentials. A) Representative sEPSC recordings in GFP-
expressing interneurons in hippocampal slice from control and APP-KI mice. B, C) Frequency (B; p = 0.009, MW), and amplitude (C; p = 0.74,
t) of sEPSCs. D) Representative traces of current injections in GFP-expressing interneurons from control (black) and APP-KI mice (red). E)
No change in action potential firing rate with increasing current injections (control: n = 24, APP-KI: n = 25). F–H) Resting membrane potential
(F; p = 0.41, t), action potential threshold (G; p = 0.32, t), and action potential amplitude (H; p = 0.59, t) in APP-KI and control GFP-expressing
interneurons. I–K) Action potential rise time (I; p = 0.0008, t), halfwidth (J; p = 0.014, t), and decay (K; p = 0.13, t) in APP-KI and control
GFP-expressing interneurons. L) Representative action potentials of control (black) and APP-KI (red), highlighting the faster AP kinetics
in APP-KI interneurons. (Data in B-C: control n = 22, N = 8; APP-KI n = 23, N = 8. Data in D–H: control n = 24, N = 8; A� n = 25, N = 8).
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ing increased PV activity excitatory transmission
was not blocked [7, 17]. The apparent discrepancy
between our current results and these earlier reports
may therefore be resolved if the reported hyperactiv-
ity of PV cells requires excitatory input. In addition,
cell-specific and age-dependent differences between
model systems cannot be excluded [19].

Blocking A� production in interneurons has
recently been shown to alleviate plaque load in
young AD mice, indicating that GABAergic neu-
rons contribute to early AD pathology [18], but
it is unclear if a specific group of interneurons is
involved. Our data suggests that A� does not equally
affect all inhibitory synapses. We observed a spe-
cific reduction in inhibitory currents with slow rise
time in APP-KI slices, as well as in A�-treated
organotypic slices. Our analysis excludes that a dif-
ference in spillover or series resistance is responsible,
and we conclude that A� specifically impairs den-
dritic inhibitory synapses. CA1 pyramidal neurons
receive a wide variety of GABAergic input, with
the vast majority of all inhibitory input originat-
ing from the dendrites [44]. The observed reduction
in dendritic inhibition may originate from several
interneuron types. Somatostatin levels and somato-
statin containing O-LM interneurons are reported
to gradually decrease in a mouse model of AD
[45]. A later study showed that this is due to a
reduced cholinergic drive from the septum [46].
In addition, an early loss of calretinin expressing
interneurons was reported in APP/PS1 mice [47]. In
our experiments we investigated a subset of interneu-
rons at the border between stratum radiatum and
stratum lacunosum-moleculare (sRad/sLM border),
which partially overlap with interneurons with high
expression of A�PP [18, 20]. These regular firing
interneurons do not contain somatostatin and only
a fraction expresses calretinin [23] and they primar-
ily innervate the dendrites of pyramidal neurons [23,
48]. We found that excitability of these GABAer-
gic neurons was not affected, while their excitatory
drive was slightly enhanced, making it unlikely that
the observed reduction in sIPSC frequency is due
to less AP firing by these cells. Interestingly, we
observed that APs recorded in dendritically target-
ing GABAergic neurons from APP-KI slices were
narrower and faster compared to control slices.
A large fraction of GFP-labeled GABAergic neu-
rons at the sRad/sLM border are cholecystokinin
(CCK)-positive interneurons [23], which all express
A�PP [18]. CCK-positive interneurons are known
to display prominent asynchronous neurotransmitter

release [49–51], and a narrower AP would render AP-
dependent GABA release inefficient at their terminals
due to reduced opening of voltage gated calcium
channels [52]. Furthermore, asynchronous release
depends on N-type calcium channels [50, 53], which
are susceptible to A�42 exposure [54]. In addition,
A� may interfere with the physiological function of
A�PP at GABAergic synapses [20] via interactions
with reelin [55] or presynaptic GABAB receptors
[56, 57].

We observed a strong effect of sex in our data. Sex
is known to be a major risk factor in AD, with older
women being more susceptible to AD and showing a
faster disease progress [36–38]. This pattern has also
been described in transgenic mouse models [58–61].
Specifically in AppNL-F -G mice, females have been
reported to have heavier plaque load than males in
late stages of the disease, although this was not asso-
ciated with any apparent difference in behavior [34].
Surprisingly, we found that sIPSCs were stronger
affected in slices from male APP-KI mice than from
females (Fig. 4). One possible explanation is that in
young females, the brain is protected by estrogen. The
drop in estrogen levels in older females may render
their brains vulnerable to A� toxicity [62–64]. Our
APP-KI females are young fertile animals, high in
estrogen, which may protect them against A� toxicity
[63, 64].

Together our results indicate that an A�-dependent
reduction in inhibition occurs in an early phase of
AD. Our findings suggest that this is due to a specific
impairment of AP-driven GABA release at dendritic
inhibitory synapses, possibly as a result of altered AP
kinetics. A specific impairment in dendritic inhibition
may be an important contribution to enhanced den-
dritic excitability [11, 12] and hyperactive networks
[4, 5, 7, 8] that form the earliest neuronal dysfunction
in early AD.
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