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Abstract

Alzheimer’s disease (AD) is a progressive neurodegenerative disease characterized by amyloid
plaques and cognitive decline, the latter of which is thought to be driven by soluble amyloid-

B oligomers (0Ab). The dysregulation of G protein-gated inwardly rectifying K* (GIRK, also
known as Kir3) channels has been implicated in rodent models of AD. Here, seeking mechanistic
insights, we uncovered a sex-dependent facet of GIRK-dependent signaling in AD-related amyloid
pathophysiology. Synthetic 0Ab(;_42) suppressed GIRK-dependent signaling in hippocampal
neurons from male mice, but not from female mice. This effect required cellular prion protein,
the receptor mGIuRS5, and production of arachidonic acid by the phospholipase PLA,. Although
0Ab suppressed GIRK channel activity only in male hippocampal neurons, intra-hippocampal
infusion of oAb or genetic suppression of GIRK channel activity in hippocampal pyramidal
neurons impaired performance on a memory test in both male and female mice. Moreover,
genetic enhancement of GIRK channel activity in hippocampal pyramidal neurons blocked the
0Ab-induced cognitive impairment in both male and female mice. In APP/PS1 AD-model mice,
GIRK-dependent signaling was diminished in hippocampal CA1 pyramidal neurons from only
male mice before cognitive deficit was detected. However, enhancing GIRK channel activity
rescued cognitive deficits in older APP/PS1 mice of both sexes. Thus, whereas diminished

GIRK channel activity contributes to cognitive deficits in male mice with increased oAb burden,
enhancing its activity may have therapeutic potential for both sexes.
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INTRODUCTION

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder characterized by
cognitive decline (1). Pathological features of AD include the accumulation of amyloid
beta (AB) plaques and hyperphosphorylated tau protein in the brain. In the early stages of
AD, there is a disruption in the balance between neuronal excitation and inhibition (2, 3),
leading to synaptic dysfunction that underpins cognitive decline and neurodegeneration.
The hippocampus (HPC) is a crucial cognitive substrate that exhibits hyperactivity in
early AD and atrophy along disease progression (4, 5). Studies in rodent AD models

have demonstrated aberrant excitability in HPC glutamatergic pyramidal neurons and have
implicated this dysfunction in cognitive deficits (6).

Among the different forms of AP aggregates derived from cleavage of amyloid precursor
protein (APP), soluble oligomeric Ap (0A) is considered the most toxic and pathogenic
(7). The onset and severity of cognitive impairment in AD correlate more strongly with
0ApB level than with plagues (8). 0AB enhances neuronal excitability, disrupting excitation/
inhibition balance during prodromal and mild impairment stages of AD (7, 9). 0Ap has

a multi-faceted influence on glutamatergic neurotransmission (10). For example, 0AB
increases glutamate release (11), dysregulates ionotropic glutamate receptor function (12),
interacts with cellular prion protein (PrPC) to co-activate metabotropic glutamate receptor
5 (MGIuRS5) (13), increases intracellular Ca2* (14), and induces excitotoxicity (15). The
impact of 0AB on inhibitory signaling, however, is less understood.

Several lines of evidence suggest that decreased inhibitory signaling involving the GABAg
receptor (GABAgR) and one of its key somatodendritic effectors—the G protein-gated
inwardly rectifying K* (GIRK) channel (16)—contribute to AD pathogenesis. For example,
GABAGgR level is reduced in the cortex and HPC of post-mortem human AD samples

(17, 18), and meta-analysis of AD-dysregulated genes identified GABBRI, which encodes
the integral GABAgR1 subunit of GABARR (19), as down-regulated in several brain
regions, including the HPC (20). Similarly, RNA-Seq data from the AD brain shows
down-regulation of KCNJ6 (21), which encodes the integral GIRK2 subunit of neuronal
GIRK channels (16). KCNJ6'is also 1 of 3 genes found in the only AD-associated gene
module common to White, Hispanic, and African American populations (22). Furthermore,
in the well-characterized APPswe/PS1dE9 (APP/PS1) mouse model of AD (23), increased
internalization of GABARR1(24), as well as GIRK1 and GIRK2(25, 26), is observed
throughout the CA1 sub-region of the dorsal HPC (dHPC) of male mice at 12 months

of age.

At present, the impact of 0Ap on GABAgR and/or GIRK-dependent signaling is unclear.
GIRK channel upregulation was implicated in the apoptotic effect of Apy_4» at high
concentration in cultured mouse HPC neurons; this effect involved NMDAR activation

and rapid redistribution of GIRK channels to the plasma membrane (27). In contrast, acute
APB,s_35 decreased expression of GIRK channel subunits (but not GABAgR) in rat HPC
slices (28), and intracerebroventricular (ICV) infusion of 0AB1_4, decreased GIRK1 protein
level in the mouse HPC (CAL). ABos_35 was also found to increase CA3 pyramidal neuron
excitability in rat HPC slices, an effect mimicked by the GIRK channel blocker tertiapin
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(29). Protective effects of both the GABARR agonist baclofen and direct GIRK channel
agonist ML297 on synaptic transmission, synaptic plasticity, and HPC-dependent cognition
have been reported in acute amyloidopathy models in rodents (30-34).

Here, we sought to understand the impact of 0Ap on GABAgR-GIRK signaling in HPC
neurons. Using a combination in vitro, ex vivo, and in vivo acute amyloidopathy models,
we found that oAB suppressed somatodendritic GABAgR-dependent signaling in HPC
neurons from male but not female mice, in a GIRK-dependent manner, starting at rather
early pathological stages. We further found that inhibiting GIRK channel activity mimicked
0Ap-induced synapse loss and cognitive deficits, and strengthening GIRK channel activity
ameliorated cognitive deficits observed in both acute amyloidopathy and transgenic mouse
models of AD.

OAB suppresses GABAgR-GIRK signaling in neurons from male but not female mice

We began by measuring the impact of 0Ap on GABAgR-dependent whole-cell currents in
HPC cultures prepared from individual mouse pups of undefined sex. Cultures were infected
with AAV8-CaMKIlla-GFP to highlight excitatory neurons (Fig. 1A). Using recording
conditions designed to accentuate GIRK-dependent responses (35), we found that the
GABAgR agonist baclofen reliably evoked large inward whole-cell currents in GFP-labeled
HPC neurons from wild-type but not Girk2'~ mice (Fig. 1A).

Pre-treatment of HPC cultures with oAp provoked a concentration and time-dependent
suppression of baclofen-induced current (Ipaciofen) in SOMe, but not all cultures (Fig. 1B).

In the “responsive” cultures, maximal (40%) suppression of lpaclofen Was achieved with

a 3-hour incubation in 0.5 pM oAPB. 0Ap was without effect in other “non-responsive”
cultures, even after a 6-hour incubation with 1 uM 0A. Using HPC cultures from pups

of defined sex, we determined that 0AR suppressed lpaclofen in Male but not female HPC
neurons (Fig. 1C). A male-specific suppression of lysciofen (fig. S1, A and B) accompanied
by a depolarized resting membrane potential and decreased rheobase (table S1), was also
observed in CA1 pyramidal neurons in slices of the dorsal HPC (dHPC) following acute
(3-6 hours) 0Ap incubation. lpciofen Was also suppressed in dHPC CA1 pyramidal neurons
in slices from mice 1 wk after intracranial infusion of oA into the dHPC (fig. S1, C and D).
Thus, 0AB provoked a male-specific suppression of lpacjofen in HPC neurons across in vitro,
ex vivo, and in vivo models.

Ibaclofen SUppPression in male HPC neurons was specific to the oligomeric form of AB1_4o,

as treatment with Ap1_4> monomers or fibrils, or a reversed peptide control (0AB42-1), was
without effect (Fig. 1D). To determine whether the oAB-induced suppression of lpacjofen Was
reversible, we incubated male HPC cultures with oAB (0.5 uM) for 6 hours, washed the
cells, and added media containing vehicle, 0AB, or the anti-Af antibody D54D2. Ipaciofen
measured 18 hours later was larger in neurons from vehicle and D54D2 treatment groups
relative to the oAP treatment group, and comparable to Ipaciofen in cultures exposed only to
vehicle (Fig. 1E), showing that lpaciofen recovers following oAp removal.
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Suppression of GABAgR-GIRK signaling may be secondary to the synaptotoxic and
neurotoxic effects of oAp on HPC neurons in culture (36, 37). To test this premise, we

used a longitudinal quantitative imaging assay (38, 39) involving a PSD95 intrabody to track
excitatory synapse count in HPC cultures. Even at the highest oAp concentration tested (1
UM), 0AB did not trigger more synapse loss than vehicle in either male (fig. S2, A and B) or
female (fig. S2, C and D) HPC cultures after 3 hours—the timepoint when maximal lpaciofen
suppression was observed.

OAB suppresses GIRK channel activity in male neurons

GIRK channels mediate the G protein-dependent postsynaptic inhibitory effects of several
inhibitory neurotransmitters and neuromodulators in HPC neurons, including adenosine and
serotonin (5-HT) (40, 41). GIRK channels in HPC neurons are heterotetrameric complexes
containing GIRK1 and GIRK2 subunits, and both subunits are required for GIRK channel
activity (35, 42, 43). Indeed, whole-cell inward currents evoked by adenosine and 5-HT
were negligible in HPC neurons from male and female Girk2™~ mice (Fig. 2A). As was the
case for Ipaciofen, OAP suppressed currents evoked by 5-HT and adenosine by ~40% in HPC
neurons from male but not female mice (Fig. 2, B and C), suggesting that the oAB-induced
suppression of ly,ciofen IS Mediated by a reduction in GIRK channel activity. Consistent
with this premise, 0Ap pretreatment reduced whole-cell currents evoked by the direct GIRK
channel activator ML297 (Ipm297) in HPC neurons from male but not female mice (Fig. 2D).
Like the suppression of lpaciofens the impact of 0AB on Iy 297 Was unique to oligomeric
AB1-42 (Fig. 2E) and was reversible (Fig. 2F); either removal of oA or incubation with
anti-Ap antibody D54D2 rescued Iy 297

GIRK3 also contributes to GIRK channel formation in the HPC (43, 44), and this subunit
has been implicated in subcellular trafficking of neuronal GIRK channels and some forms of
GIRK channel plasticity (45-49). oAB suppressed lpaciofen and Iy 297 in HPC cultures from
Girk3!~ mice to a similar degree as seen in wild-type HPC cultures (fig. S3A), however,
arguing against a role for GIRK3 in this neuroadaptation. NMDA receptor (NMDAR)
activation has also been implicated in some forms of GIRK channel plasticity (50, 51),

and oAp can activate NMDAR in HPC cultures (52). NMDAR activation can also trigger
the dynamin-dependent internalization of GABAgR in HPC neurons (53). However, neither
co-incubation with the NMDAR antagonist APV (fig. S3B) nor treatment with the dynamin
inhibitor dynasore (fig. S3C) prevented the oAB-induced suppression of lpaciofen @and In 297
in male HPC neurons. Collectively, these data suggest that the oAp-induced suppression

of GABARR-GIRK signaling in male HPC neurons does not require GIRK3 or NMDAR
activation, and it does not involve internalization of key signaling pathway elements.

0AB inhibits GIRK-dependent signaling in male neurons by PrPC-mGIuR5-PLA, activation

0AB interacts with PrPC to co-activate mGIuR5 (13), and this interaction has been proposed
to occur selectively in male mice (54). Consistent with this finding, pre-incubation of male
HPC cultures with a PrPC antibody (6D11) precluded the oAB-induced suppression of
Ibaclofen OF ML 297, but it had no impact on these currents on its own (Fig. 3A). Similarly,
co-incubation of male HPC cultures with the mGIuR5 antagonist MTEP blocked the 0 Ap-
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induced suppression of lpaciofen @nd I 297, Whereas MTEP alone did not impact these
currents (Fig. 3B).

Prior work has shown that mGIuR5 activation can inhibit GIRK channel activity in

HPC neurons through a mechanism involving phospholipase A, (PLA,) activation and
arachidonic acid (AA) production (55, 56). Consistent with these reports, pharmacological
inhibition of PLA, with ASB 14780 (57) (Fig. 3C) or pyrrophenone (58) (fig. S4A),

or sequestration of AA by fatty acid-free bovine serum albumin (59) (BSA; Fig. 3D),
prevented the oAp-induced suppression of Ipaciofen @Nd Iy2g7. Furthermore, the 0AB-
induced suppression of GIRK-dependent signaling was not prevented by the phospholipase
C (PLC) inhibitors edelfosine (Fig. 3E) or neomycin (60) (fig. S4B).

AA has been proposed to disrupt the interaction between GIRK channels and
phosphatidylinositol 4,5 bisphosphate (PIP,) (61, 62), a requisite co-factor for GIRK
channel activity (63, 64). To test this premise, we added the PIP, analog diC8PIP, to

the pipette solution and measured whole-cell currents immediately after achieving whole-
cell access and then again after 90 s, to allow for intracellular diffusion of diC8PIP,.

As consecutive bath applications of ML297 resulted in smaller second responses in pilot
experiments, we used this approach for lpaciofen measurements only. With diC8PIP, in the
internal solution, the first and second lpaclofen recordings in vehicle-treated neurons were
indistinguishable (Fig. 3F). In oAB-treated neurons, however, the second lpaciofen Was larger
than the first, consistent with a rescuing influence of diC8PIP,. Collectively, our data
suggest that oAB-induced suppression of GIRK-dependent signaling in male HPC neurons
is dependent on PrPC and involves activation of mGIuR5 and PLA,, leading to increased
production of AA which disrupts the interaction between GIRK channels and PIP, (Fig.
3G).

0AB and GIRK channel inhibition similarly provoke excitatory synapse loss in male

neurons

Synapse loss is closely correlated with cognitive decline in AD (65-67), and 0AB has
well-documented synaptotoxic effects (7, 9, 37). As such, we next examined the impact of
0Ap and GIRK channel inhibition on excitatory synapse dynamics in HPC cultures. Cultures
were treated with oAp or the GIRK channel inhibitor tertiapin, or their respective vehicles,
and excitatory synapse count was assessed at 24 and 48 hours, as described (68). In male
HPC cultures, treatment with either oAp (Fig. 4A) or the GIRK channel inhibitor tertiapin
(Fig. 4B) decreased excitatory synapse count at 24- and 48-hour timepoints (Fig. 4C). In
contrast, female HPC cultures were resistant to the synaptotoxic effects of 0Ap at 24 and 48
hours (Fig. 4, D and F). Whereas tertiapin promoted synapse loss in female cultures after 48
hours, no effect was seen at 24 hours (Fig. 4, E and F). Thus, inhibition of GIRK channel
activity mimics the synaptotoxic effects of oAp in male HPC neurons and, though delayed,
is sufficient to drive synapse loss in female HPC neurons.

To complement the imaging approach, we also measured spontaneous excitatory
postsynaptic currents (SEPSCs) in excitatory neurons in HPC cultures from male and female
mice, 24 and 48 hours following 0Ap or tertiapin treatment (Fig. 4, G to N). SEPSC
amplitudes were comparable across all treatment groups at 24 and 48 hours (Fig. 4, G to |
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and K to M). In contrast, SEPSC frequencies were decreased in male neurons at 24 and 48
hours by either oAB or tertiapin treatment (Fig. 4, G, H, and J). While sEPSC frequency was
not impacted by oAp in female neurons, a significant reduction of frequency was observed
in tertiapin-treated female neurons at 48 hours (Fig. 4, L and N), in alignment with the
imaging data. Collectively, these data show that oAp and GIRK channel inhibition both
provoke loss of excitatory synapses, to a comparable extent and on a similar timeline, in
male but not female HPC neurons.

Strengthening GIRK channel activity prevents oAp-induced deficits in novel object

recognition

Intra-HPC infusion of 0AB in mice disrupts performance in tests of HPC-dependent learning
and memory, including novel object recognition (NOR) (69, 70). Because prolonged
pharmacological activation of either GABAgR (with baclofen) or GIRK channels (with
ML297) induced suppression of GIRK-dependent currents (fig. S5), we used persistent
genetic enhancement or suppression of GIRK channel activity, together with intra-HPC
infusion of 0AB, to probe the relationship between the oAB-induced suppression of GIRK
channel activity and NOR performance. To enhance or suppress GIRK channel activity

in HPC excitatory neurons, we used viral vectors to over-express GIRK2 (AAV8-CaMKlla-
GFP-IRES-GIRK?2) or a dominant-negative GIRK?2 variant (GIRK2PN: AAV8-CaMKlla-
GFP-IRES-GIRK2PN). Control neurons were treated with AAV8-CaMK Ila.-GFP. Ectopic
expression of GIRK2 or GIRK2PN enhanced or suppressed, respectively, lpaciofen in HPC
neurons from male and female mice (Fig. 5, A and B). Notably, GIRK2PN expression
occluded suppression of Ipaciofen induced by 0AR in male HPC neurons, and GIRK2
expression enhanced lpaclofen in Male and female HPC neurons in the absence or presence of
0Ap (Fig. 5B).

GIRK2, GIRK2PN and GFP vectors were co-infused with 0AB or vehicle into the dHPC

of adult (70 to 80 days) C57BL/6J mice, and NOR performance was assessed 1 week

later (Fig. 5C). For both male and female mice in the vehicle-treatment group, suppression
of GIRK channel activity (by GIRK2PN expression) decreased NOR (Fig. 5D). 0AB also
decreased NOR relative to vehicle-treated males and females in the GFP treatment group
(Fig. 5D). GIRK2 overexpression, blocked the oAp-induced disruption of NOR in both male
and female mice. Thus, suppressing GIRK channel activity in the dHPC decreased NOR
performance in male and female mice, whereas enhancing GIRK channel activity prevented
the NOR deficit provoked by oAp in both sexes.

GIRK-dependent signaling is reduced in CA1 pyramidal neurons from male APP/PS1 mice

The data presented above show that GIRK channel activity in HPC neurons is suppressed

in in vitro, ex vivo, and in vivo acute amyloidopathy models. To extend this effort, we next
measured GIRK-dependent signaling in APP/PS1 mice, a transgenic mouse model of AD
wherein cognitive deficits typically emerge between 8 and 12 months of age (71). In dHPC
slices from 6- and 12-month-old mice, we measured the outward lpacjofen in CAL pyramidal
neurons; this composite current is mediated primarily (~80%) by GIRK channel activation
(42, 43). At both ages, Ipaclofen Was smaller in CAL1 pyramidal neurons from male APP/PS1
mice relative to wild-type control littermates, but was normal in female APP/PS1 mice (Fig.
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6, A and B). Whereas most measures of excitability did not differ in dHPC CA1 pyramidal
neurons from APP/PS1 and wild-type control littermates, resting membrane potential was
depolarized in neurons from 12-month-old male APP/PS1 mice relative to controls (table
S2).

Notably, APP/PS1 mice did not exhibit NOR deficits at 6 months of age (Fig. 6C). Thus,
diminished GABAgR-GIRK signaling in CA1 pyramidal neurons is measurable in APP/PS1
male mice prior to the onset of NOR deficit. Moreover, the subcellular distributions of
GABAgR1 and GIRK?2 in the stratum radjatum of the CAL sub-region in the dHPC were
unchanged in male and female APP/PS1 mice at 6 months (fig. S6, A to G), suggesting

that the smaller lpaciofen iN CAL pyramidal neurons from male mice at this age is not

due to internalization of GABARR or GIRK channels. While increased internalization of
GABAgR1 and GIRK2 was reported throughout the dHPC CA1 sub-region of 12-month-old
male APP/PS1 mice (24-26), we found that the subcellular distribution of these proteins was
unaltered in 12-month female APP/PS1 mice (fig. S6, H to J).

Strengthening GIRK channel activity rescues NOR performance in aged APP/PS1 mice

We used a separate cohort of older mice (11-12 months) to test whether strengthening GIRK
channel activity could rescue NOR performance. Male and female APP/PS1 and wild-type
control littermates were given bilateral dHPC infusions of either the GIRK2 overexpression
or GFP control vector 2 to 3 weeks before NOR testing (Fig. 6D). Consistent with data from
0Ap-treated HPC neurons in culture (Fig. 5B), GIRK2 overexpression enhanced Ipaciofen

in CA1 pyramidal neurons from male and female APP/PS1 mice as compared to APP/PS1
littermates treated with the control vector (fig. S7). GIRK2 overexpression also correlated
with a more hyperpolarized resting membrane potential in male CA1 pyramidal neurons
(table S2). Both male and female APP/PS1 mice treated with the control vector showed
impaired NOR performance relative to wild-type control littermates, and this impairment
was rescued by GIRK2 overexpression in both male and female APP/PS1 mice (Fig.

6E). Thus, while diminished lyscjofen in the dHPC is seen only in male APP/PS1 mice,
strengthening GIRK channel activity in the dHPC rescued NOR performance in both male
and female APP/PS1 mice.

DISCUSSION

Here, we found that oA rapidly and reversibly suppressed GABAgR-GIRK signaling

in male but not female cultured HPC neurons, an effect recapitulated in CA1 pyramidal
neurons of the dHPC in multiple acute amyloidopathy models. We also found a deficit

in GABAgR-GIRK signaling in a transgenic mouse AD model characterized by APP over-
expression and enhanced production of AB (23); GABAgR-GIRK signaling was diminished
in dHPC CA1 pyramidal neurons from male but not female APP/PS1 mice at 6 months.
Surface densities of GABAgR1 and GIRK2 in dHPC CA1 were normal in these mice,
suggesting that the decreased Ipaciofen IS NOt due to increased internalization of receptor

or channel. Consistent with this premise, the oAp-induced suppression of GABAgR-GIRK
signaling did not require GIRK3, which can promote GIRK channel internalization (45, 46),
nor was it prevented by inhibiting dynamin-dependent endocytosis.
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The oAB-induced suppression of GABAgR-GIRK signaling in cultured HPC neurons
requires mGIuRS5 activation and it can be rescued by PIP,. PIP; is required for GIRK
channel gating (63, 64), and 0Ap can decrease PIP, in HPC neurons in an mGIuR5-
dependent fashion (72). Reduced PIP, levels were found in brains from humans and
rodents carrying the apolipoprotein E4 (APOE4) allele (73), the most significant genetic
risk factor for sporadic AD (74). Genetic augmentation of PIP, levels prevents Ap-induced
synaptotoxicity and disruption of synaptic plasticity (75, 76), and it can rescue cognitive
deficits in transgenic AD and ApoE4 knock-in mice (76, 77). Since activation of Gag-
coupled GPCRs can weaken GIRK-dependent signaling by PIP, depletion (16, 78), we
predicted that the oAp-induced suppression of GIRK-dependent signaling was mediated by
PLC activation. Our data instead implicate PLA, activation and AA production, in alignment
with studies showing that activation of group 1 metabotropic glutamate receptors (which
includes mMGIuRS5) suppresses GABAgR-GIRK signaling in in HPC CAL neurons in a
PLA,- and AA-dependent manner (55, 56). The mechanism underlying the AA-mediated
disruption of GIRK channel activity is unclear, but competitive inhibition of the PIP,
binding site on the GIRK channel is a plausible explanation (62). Notably, PLA, inhibition
blocks the oAB-induced increase in AA production and associated neurotoxicity in HPC
cultures, and PLA, ablation improved cognition in a transgenic AD model (79).

0Ap failed to suppress GIRK-dependent signaling or drive excitatory synapse loss in female
HPC cultures. oAp was similarly ineffective in weakening GIRK-dependent signaling in
CAL pyramidal neurons in female amyloidopathy models. Inhibition of GIRK channel
activity with tertiapin drove excitatory synapse loss and decreased excitatory synaptic
connectivity in female HPC cultures, but this effect was delayed relative to that in 0Ap-

or tertiapin-treated male cultures. This sex difference suggests that the resilience to oAp-
induced synapse loss in female HPC cultures is due in part to an inability of 0Ap to suppress
GIRK channel activity. Co-activation of PrP¢/mGIuRS5 has been linked to oApB-induced
synapse loss, disruption of synaptic plasticity, neurotoxicity, and cognitive deficits (13, 80—
82)(13, 83-87). However, 0AB-induced co-activation of PrP¢/mGIuR5 was reported to occur
in males only, due to a lack of PrP®-mGIuRb5 interaction in females (54). This may explain
the resilience of female HPC neurons to oAp noted in several of our tests.

Loss-of-function mouse models involving GIRK-dependent signaling exhibit cognitive
dysfunction (16, 88). For example, ICV infusion of the GIRK channel blocker tertiapin in
male C57BL/6J mice disrupted HPC-dependent behaviors including NOR (89). In addition,
fear learning is disrupted in constitutive Girk2™/~ and CaMKIICre(+): Girk2™ mice, the
latter of which exhibit a loss of GIRK channel activity in forebrain pyramidal neurons,
including the pyramidal neurons of the dorsal HPC (90). Notably, viral reconstitution of
GIRK channel activity in the dHPC of CaMKIICre(+): Girk2™" mice restored deficits in
fear learning (91). Here, we show that viral suppression of GIRK channel activity in the
dHPC impairs NOR in male and female C57BL/6J mice. Moreover, viral enhancement
of GIRK channel activity prevented the NOR impairment induced by intra-dHPC oAp in
C57BL/6J mice of both sexes. Our electrophysiological data indicate that NOR deficits
induced by intra-dHPC oA in female C57BL/6J mice are not attributable to diminished
GIRK-dependent signaling, at least in CA1 pyramidal neurons. These findings were
mirrored in the APP/PS1 model; 12-month-old female APP/PS1 mice showed deficits in
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NOR performance despite normal GABAgR-GIRK signaling in CA1 pyramidal neurons,
and NOR performance was rescued by viral enhancement of GIRK channel activity. Thus,
while suppression of GIRK-dependent signaling contributes to cognitive deficits in male AD
models, strengthening GIRK-dependent signaling in the dHPC can have cognitive benefits in
both sexes. These findings are consistent with evidence suggesting that enhancing neuronal
inhibition or restoring excitation/inhibition balance may be a beneficial strategy for treating
AD in both sexes (92-95), (96).

Gain-of-function models involving GIRK-dependent signaling also exhibit cognitive
dysfunction. For example, TS65Dn and GIRK2 trisomy mouse models of Down Syndrome
exhibit enhanced GABAgR-GIRK signaling and impaired NOR and associative learning
(97-101). Viral RNAi suppression of GIRK2 in TS65Dn mice normalized the cognitive
deficits (102). While intracerebroventricular (ICV) co-administration of ML297 prevented
the AB-induced disruption of synaptic physiology in the HPC and associated cognitive
deficits (32-34), infusion of ML297 alone in male C57BL/6J mice disrupted HPC-
dependent behaviors including NOR (89). This, along with our finding that ML297 triggers
a homologous desensitization of GIRK channel current in HPC neurons, prompted our
interest in investigating persistent genetic enhancement of GIRK channel activity as a
potential therapeutic approach. Of note, viral enhancement of GIRK-dependent signaling in
the dHPC did not provoke NOR deficits in C57BL/6J or 12-month-old wild-type mice.

Findings from this study and others suggest that GIRK channel activity in the dHPC is
essential to normal cognitive function, but deviations outside of a tolerated range of activity
are disruptive. Thus, genetic interventions that normalize GIRK channel activity in the

HPC may be promising therapeutic approaches for conditions associated with gain (Down
Syndrome) or loss (AD) of GIRK channel activity, as seen with male mouse models in this
study. Moreover, strengthening GIRK channel activity within a tolerated range may enhance
cognitive function even when loss of GIRK channel function is not evident, as seen with
female mouse models in this study.

MATERIALS AND METHODS

Animals

All C57BL/6J mice (RRID:IMSR_JAX:000664) used in this study were purchased

from The Jackson Laboratory. Male B6.Cg-Tg(APPswe,PSEN1dE9)85Dbo/Mmjax mice
(RRID:MMRRC _034832-JAX, male, heterozygous), hereafter referred to as APP/PS1 mice,
were obtained from the Mutant Mouse Resource and Research Center (MMRRC) at The
Jackson Laboratory, an NIH-funded strain repository, and was donated to the MMRRC by
David Borchelt, PhD, McKnight Brain Institute, University of Florida. Male APP/PS1 mice
were bred in-house with female C57BL/6J mice purchased from The Jackson Laboratory.
The generation and characterization of Girk2”'~ and Girk3™'~ mice was reported previously
(103, 104). Male (2 to 4 per cage) and female (2 to 5 per cage) mice were group-housed

on a 14/10-hour light/dark cycle (lights on from 0600 to 2000 h) and given free access

to water and food. All animal experiments were approved by the University of Minnesota
Institutional Animal Care and Use Committee (2311-41518A).
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AB1_42 or AB4o_1 were purchased from Bachem Americas. Baclofen, edelfosine, bovine
serum albumin (BSA, fatty acid-free), neomycin sulfate, pyrrophenone, Neurobasal ™-A
Medium, fetal bovine serum (FBS), papain from Carica papaya, and DNase | were
purchased from Sigma-Aldrich. Serotonin hydrochloride, adenosine, APV, and ASB 14780
were purchased from Tocris Bioscience. D54D2 B-amyloid primary antibody (XP® rabbit
mAP #8243, 0.16 mg/mL) was purchased from Cell Signaling Technology. Dynasore and
MTEP were purchased from abcam. 6D11 was purchased from BioLegend. diC8PIP,

was purchased from Echelon Biosciences. EGTA (pH 8.0) was purchased from Research
Products International. ML297 was a generous gift from Dr. C. David Weaver (Department
of Pharmacology, Vanderbilt University). All drugs were stored, handled, and resuspended
according to provider specifications. High-titer (>1 x 1012 genocopies/mL) AAV-CaMKlla-
GFP, AAV-CaMKIlla-GFP-IRES-GIRK2, and AAV-CaMKlla-GFP-IRES-GIRK2PN were
generated and purified in-house by the University of Minnesota Viral Vector Cloning

Core using standard cloning techniques. pAAV-CaMKIla-hChR2(C128S/D156A)-mCherry
was a gift from Prof. Karl Deisseroth (Department of Bioengineering and of Psychiatry

and Behavioral Sciences, Stanford University, Howard Hughes Medical Institute; Addgene
plasmid #35502; http://n2t.net/addgene:35502; RRID:Addgene_35502) (105) and was used
as the backbone in all cloning procedures.

Primary HPC neuron cultures were prepared from neonatal (P0-2) C57BL/6J pups, as
described (35). Pup sex was determined by the presence of a pigment spot on the scrotum
(106). Hippocampi were extracted and placed into ice-cold modified Hank’s Balanced

Salt Solution (HBSS, Ca?* and Mg?* free, with 1 mM HEPES) containing 20% FBS,

rinsed twice with FBS-free HBSS, digested for 20 min at 37°C with occasional inversion
using papain (2.5% v/v) and DNase | (0.1% v/v) in digestion solution (137 mM NaCl,

0.5 mM KCI, 0.7 mM NayPOy, 2.5 mM HEPES, pH 7.2). Tissue was then mechanically
dissociated by pipetting in Neurobasal A-based plating medium (with 1x B27, 1x Glutamax,
1x antibiotic/antimycotic, and 0.05% DNase I). Cells were pelleted by centrifugation (2500
rpm/587 rcf for 10 min at room temperature). Cells were diluted with plating media
accordingly and plated onto poly-L-Lysine (0.0005%) pre-coated 8-mm glass coverslips in
48-well plates for single-cell electrophysiological analysis, or 35-mm glass-bottomed petri
dishes with 10-mm microwells (P35G-1.5-10-C, MatTek Life Sciences) for imaging. Before
experimentation, cultures were maintained in a humidified 5% CO, incubator at 37°C for 11
to 14 days, and half of the medium was replaced with fresh growth medium (Neurobasal A
with 1x B27, 1x Glutamax, and 1x antibiotic/antimycotic) every 3 days.

Peptide preparation and validation

AP peptides were prepared and validated as described (75). In brief, we equilibrated
synthetic AB1_42 or AB4o_1 at room temperature for 20 min before resuspending with
1,1,1,3,3,3-hexafluoro-2-propanol (HFIP) to make a 1 mM stock. The solvent was then
evaporated in a biosafety cabinet for 2-2.5 h, and the resulting peptide films were stored
at —80°C. To prepare monomers, peptide films were resuspended to 1 mM in dimethyl
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sulfoxide (DMSO) by 10 min bath sonication; samples were then diluted in culture media

or electrophysiological solutions to the final concentrations. To prepare oligomers, Ap1_4»
or AB4z_1 films were resuspended to 1 mM in DMSO by 10 min bath sonication; samples
were then diluted to 100 uM in cold phosphate-buffered saline (PBS) and vortexed for 30 s
before overnight incubation at 4°C. To prepare fibrils, the 1 mM AB-DMSO solutions were
diluted to 100 mM in 10 mM HCI and vortexed for 30 s before overnight incubation at 37°C.
Oligomer and fibril solutions were diluted in culture media to their final concentrations. All
AP preparations were made fresh from stored films either on the day of (monomers) or the
night before (oligomers and fibrils) use; all the stored films were used within 4 months.

Electrophysiology in HPC cultures

Whole-cell patch-clamp recordings in cultured HPC neurons were performed as described
(107). In brief, coverslips with neurons were transferred to a chamber containing a low

K* bath solution (130 mM NaCl, 5.4 mM KCI, 1 mM CaCl,, 1 mM MgCl,, 5.5 mM
D-Glucose, 5 mM HEPES, pH 7.4). To target excitatory neurons, cultures were infected with
AAV8-CaMKIla-GFP 7-8 d after cell plating, and GFP-positive neurons with pyramidal
morphology and capacitance values between 100 and 200 pF were targeted for analysis.
Fire-polished borosilicate patch pipettes (4-6 MQ) were filled with K-Gluconate internal
solution (140 mM K-Gluconate, 2 mM MgCl,, 1.1 mM EGTA, 5 mM HEPES, 2 mM
Na,-ATP, 0.3 MM Na-GTP, and 5 mM phosphocreatine, pH 7.2). After achieving whole-
cell access, neurons were held at =70 mV; liquid-junction potential was not corrected. To
measure SEPSCs, a 2-min stable recording was acquired in the low K* bath solution. The
drug-evoked whole-cell currents were measured in a high-K* bath solution (120 mM NaCl,
25 mM KCI, 1 mM CaCl,, 1 mM MgCls, 5.5 mM D-Glucose, 5 mM HEPES, pH 7.4).
GPCR agonists and ML297 were diluted in the high-K* bath solution and perfused directly
onto the neuron using the ValveLink 8.2 rapid perfusion system (AutoMate Scientific).
Whole-cell currents were acquired with an Axopatch-200B amplifier and pCLAMP v.8.2
software (Molecular Devices, LLC). All currents were low-pass filtered at 2 kHz, digitized
at 10 kHz with a Digidata 1322A (Molecular Devices, LLC), and stored on a computer
hard disk for subsequent analysis. Only experiments in which the access resistance (Rp)
was stable (change pre- and post-perfusion <20%) and low (<15 MQ) were included in

the analysis. Current density (pA/pF) was calculated as the ratio of current amplitude to
cell capacitance. SEPSC amplitude and frequency were analyzed in Mini Analysis Program
6.0 freeware, the parameter and filter settings were consistent across all treatment groups.
Recordings were made from 1 neuron per coverslip for the drug-evoked whole-cell currents,
or from 2 neurons per coverslip for SEPSC recordings. Coverslips/wells were assigned to
treatment groups randomly; the recordings and analysis were performed blind to treatment
information.

Synapse imaging

Longitudinal imaging of excitatory synapses in cultured HPC neurons was conducted as
described (108, 109). In brief, 11-12 d after dissociated HPC neurons were plated on 35-mm
glass-bottomed petri dishes with 10 mm microwells (P35G-1.5-10-C, MatTek), cultures
were transfected with pAAV-Syn-PSD95.FingR-eGFP-CCR5TC [a gift from Xue Han
(Boston University), Addgene plasmid #125693, http://n2t.net/addgene:125693; referred to
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as “hSyn-PSD95.FingR-eGFP” in the text] (109) and pAAV-hSyn-mCherry, which was
generated from pAAV-hSyn-DIO-mCherry [a gift from Bryan Roth (The University of

North Carolina at Chapel Hill), Addgene plasmid #50459; http://n2t.net/addgene:50459;
RRID:Addgene_50459] by removing the LoxP/Lox2272 sites. Transfections used the
calcium phosphate method, as described (38). Neurons were incubated in DMEM with

1 mM kynurenic acid, 10 mM MgCl,, and 5 mM HEPES for 30 min. A DNA/calcium
phosphate precipitate containing 2 mg of DNA from each plasmid per well was then added.
After a 60-min incubation period, cells were washed with DMEM supplemented with MgCl,
and HEPES, then returned to conditioned media that had been saved at the beginning of

the procedure. Cells were imaged 2 to 3 days after transfection. Images were acquired on a
Nikon A1 confocal microscope controlled by Elements software with a 60x oil immersion
objective (1.4 numerical aperture). Images were 15-step z-stacks (1 um z-step) acquired

with a pixel size of 0.15 pm. Culture dishes were maintained at 37°C and 10% CO, in

a stage-top incubator mounted to a digitally controlled stage. Multiple regions of interest
(ROIs), typically 3 to 4, were acquired per dish. The location of each ROI on the dish, as
well as the position of the dish on the stage, were recorded and saved so that multiple images
could be acquired from each ROI over time. ROIs were chosen by the experimenter based

on the presence of clearly resolved mCherry-labeled dendrites and at least 50 fluorescent
eGFP puncta. All puncta counts were limited within the chosen ROIs (1024 x 1024 pixel).
Image acquisition prior to drug or vehicle treatment was taken as first timepoint (T=0 hours).
All subsequent timepoints are denoted by the number of hours after the addition of drug or
vehicle.

All images were analyzed in ImageJ (Fiji, imagej.net) using a modified version of a
published script (39). The modified version used Groovy scripting and the CL1J2 package
(https://clij.github.io), which provides GPU acceleration. First, the image channel containing
the synaptic marker (PSD95.FingR-eGFP) was deconvolved using the Richardson-Lucy
method with 20 iterations. The mask channel (mCherry) was not deconvolved. Puncta were
then identified as described (39). The cell mask (generated using the mCherry channel), was
applied to the synaptic marker channel prior to thresholding. The settings for puncta size
and elongated structure exclusion were kept the same across all images and experiments.
For some ROlSs, the difference of Gaussian (for mask generation), the power filter, the
Tophat filter, and/or the Gaussian blur filter settings were modified to improve the accuracy
of puncta identification in that ROI. Algorithm settings were kept the same for each
individual ROI across time points. These settings were changed to account for varying image
intensities and were made while blinded to the treatment group from which the image came.
All puncta counts are expressed as a percent change from the 0-hour timepoint, calculated
as the percentage of the changes in puncta counts (#punctaw-#punctay) over the initial
puncta count (#punctayg). Each individual ROl was considered an n of 1. The version of

the script used for analyzing all images in this manuscript is deposited in Zenodo (DOI:
10.5281/zen0d0.11491753).

Slice electrophysiology

Electrophysiology involving acutely-isolated HPC slices was performed as described (90,
110). Brains were sliced coronally (350 um) in ice cold cutting solution (240 mM sucrose,
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2 mM KCI, 3 mM MgCl,, 1 mM CaCly, 1.25 mM NaH,PO4, 26 mM NaHCO3, 10 mM
glucose pH 7.4; oxygenated with 95% O, 5% CO,). Immediately after sectioning, slices
were transferred into 34°C cutting solution and maintained at 34°C for 30 min. Slices were
then transferred to room temperature artificial cerebrospinal fluid (aCSF) 124 mM NacCl,
2.5 mM KCI, 2 mM MgCl,, 2 mM CaCly, 1.25 mM NaH,POy4, 26 mM NaHCO3, 17 mM
glucose, pH7.4; oxygenated with 95% O, 5% CO, and maintained for at least 1 hour
before recordings started). In acute Ap incubation experiments, slices were incubated for

3 to 6 hours with AB before the recordings started. Prior to each recording, slices were
transferred into the chamber with a constant flow of oxygenated aCSF solution. Glass
microelectrodes were filled with a K-gluconate-based internal pipette solution (140 mM K-
gluconate, 2 mM MgCly, 1.1 mM EGTA, 5 mM HEPES, 2 mM Nay,ATP, 0.3 mM Na-GTP,
5 mM phosphocreatine, pH 7.2). Recordings were obtained with an EPC10 HEKA amplifier
(Patchmaster 2 x 73.2, HEKA Elektronik), and command potentials factored in a —15-mV
junction potential predicted by JPCalc software (Molecular Devices, LLC). Currents evoked
by baclofen (200 uM) were measured at a holding potential of —60 mV. Holding current,
input resistance, and series resistance values were measured throughout each experiment by
tracking responses to periodic (0.2 Hz) voltage steps (-5 mV, 800 ms). Only experiments
with stable (< 30% variation) and low series resistances (< 30 MQ) were analyzed. Mice of
the same genotype and sex were assigned to treatment groups randomly. Only 1 recording
was obtained from an individual slice.

Intracranial surgeries and validations

Adult (70-75 days old) C57BL/6J and 11- to 12-month-old male and female APP/PS1 mice
and wild-type control littermates were anesthetized with a mixture of oxygen (0.5 mL/min)
and isoflurane (3%) delivered by nose cone, and they were positioned in a stereotaxic
frame using a bite bar (David Kopf Instruments). Body temperature was maintained with

a heating pad. Eyes were covered with artificial tears (Akorn) applied with a cotton

swab, and gentamicin (5 mg/Kg) was administered by subcutaneous injection. Skin was
cleaned with betadine before making the incision, leveling the skull, and drilling burr holes.
Microinjectors were lowered into the skull through the burr holes to the dorsal HPC (from
bregma: —1.90 mm A/P, + 1.45 mm M/L, -1.45 mm D/V). For in vivo acute amyloidopathy
studies involving C57BL/6J mice used for slice electrophysiology, 600 nL diluent of 0AB1_
42 (180 ng) or its vehicle was injected into each side at a rate of 200 nL/min. For in vivo
acute amyloidopathy studies involving C57BL/6J mice used for behavioral studies, 600 nL
mixture of 0AP (180 ng) and viral vector was injected into each side. For studies involving
APP/PS1 mice, 600 nL of AAV vector was injected into each side. Microinjectors were left
at the injection site for 10 min to ensure full diffusion. Injectors were then removed, skin
was sutured, and animals were left on a heating pad for at least 30 min. Pre-handling prior to
behavioral analysis did not begin until at least 6 days after surgery.

For post hoc evaluation of intracranial targeting, mouse brains were isolated and sectioned
coronally at 250 um on a vibratome. Slices containing the dHPC were collected and
injection locations were assessed by evaluation of viral-driven GFP fluorescence using a
BZ-X810 epifluorescent microscope (Keyence). Images for each channel were obtained
from multiple focus planes and stitched using Keyence BZ-X800 analysis software.
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Fluorescence images were overlaid with brightfield images. Only data from mice in which
GFP expression was bilateral and confined to the HPC were included in the final analysis.

Behavioral analysis

Mice of the same genotype and sex were assigned to treatment groups randomly. The
individual performing behavioral experiments was blind to the treatment information. Mice
were evaluated in a 3-day novel object recognition (NOR) assay in an open-field apparatus.
The ceiling light in the testing room was off, but the testing apparatus (custom 40 cm x

40 cm white plastic boxes) was illuminated by evenly spread LED lights at 70-90 LUX,
4000-4500 K. On Day 0 (D0; 0900-1000 h), mice were transferred to the testing room for
acclimation (1 to 2 hours) and pre-handling. On Day 1 (0900-1000 h), mice were transferred
to the testing room, and 1 hour later were placed in the open-field environments for 10

min for habituation. Activity, distance traveled, freezing, and immobile time were tracked
by ANY-maze software (Stoelting Co) during the session. On Day 2 (0900-1000 h), mice
were transferred to the testing room, and 1 hour later were put into the same apparatus as
the day before and were allowed to freely explore the two identical objects (50 mL conical
tubes filled with pink solution; positioned diagonally within the apparatus with cap down)
during a 10-min session. Orientation of the mouse head toward the object and within a 2-cm
range was considered as object “exploration”; total exploration time was recorded for each
object. Mice were returned to their home cages for 3 hours, and then place back in the
same apparatus with one object replaced by a novel object (25-cm culture flask containing
a yellow solution; cap up). The time exploring the old (familiar) and novel object was
measured during a 10-min session. Apparati were cleaned with 70% ethanol between each
test. Recognition index was calculated as the percentage of time exploring the novel object
relative to total exploration time during the test session.

Immunoelectron microscopy

The subcellular distribution of GIRK2 and GABAgR1 was evaluated in spines and dendrites
in the stratum radiatum of the dorsal HPC, using established pre-embedding immunogold
electron microscopy and quantification procedures (24, 25, 111). GIRK2 and GABAgR1
labeling was assessed in male and female APP/PS1 mice and wild-type control littermates
at 6 months of age, and in 12-month-old female APP/PS1 and control mice. Comparable
analyses of GIRK2 and GABARRL1 in 12-month-old male APP/PS1 and control mice

were published previously (24, 25). Immunoparticles identified in the plasma membrane
of CA1 pyramidal neurons were counted and the perimeter of the subcellular compartment
containing the immunoparticles was measured (ImageJ). For each experimental group, 3—-
4 animals were used. From each animal, 12 ROIs were obtained. The total number of
immunoparticles GIRK2 and GABAgR1 was defined as the particle count on the plasma
membrane (PM) plus the count at intracellular sites. The linear density of GIRK2 and
GABAgR1 along the PM was expressed as the number of immunoparticlessrmm. The
distribution of GIRK2 and GABAgR1 on the PM was calculated as the percentage of
particle count on the PM over the total number of immunoparticles. The following primary
antibodies were used: rabbit anti-GIRK2 (Rb-Af290; aa. 390-421 of mouse GIRK2A-1;
RRID: AB_2571712; Frontier Institute Co.) and mouse anti-GABARg; (clone N93A/49,
Neuromab). The characteristics and specificity of the anti-GIRK2 antibody have been
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described elsewhere (112). The characteristics and specificity of the antibody targeting
GABAg; have been described by the manufacturer. The secondary antibodies used were
goat anti-rabbit IgG and goat anti-mouse IgG, both conjugated to 1.4 nm gold particles
(1:100; Nanoprobes Inc.).

Data analysis

Statistical analyses were conducted with Prism v10.2.3 (GraphPad Software) using unpaired
or nested t-test or ANOVA (one-way, two-way, or two-way with repeated measures) and
post hoc comparisons including Sidak’s and Dunnett’s multiple comparisons tests, as
appropriate. Outlier identification tests (ROUT, Q = 2%) were run for all datasets to

remove statistical outliers prior to analysis; 4 ROIs in the synapse imaging experiments were
excluded based on the criteria. Sex was included as a factor in the initial primary culture
electrophysiological studies. After establishing a sex difference related to the impact of 0AB
on GABAgR-GIRK signaling in HPC neurons, data for each sex were analyzed separately in
subsequent experiments.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. oA suppresses GABARR-dependent signaling in male HPC neurons.
(A) Representative image of an HPC culture 4 days after infection with AAV8-CaMKlla-

GFP to highlight excitatory neurons, and representative traces of whole-cell inward currents
from GFP-positive wild-type and Girk2™'~ neurons following bath application of 100 uM
baclofen. Scale bars: 50 um, left; 500 pA/5 s, right. (B) Impact of 0AP pre-treatment

on lpaclofen density in “responsive” and “non-responsive” HPC cultures, collected from

8 neurons per timepoint and concentration pooled from 5 independent cultures for the
responsive group, and 5 (0 uM) or 6 (1 uM) neurons per timepoint pooled from 4
independent cultures for the non-responsive group. Data were analyzed by two-way ANOVA
and Dunnett’s multiple comparisons: *P<0.05 and **P<0.01 vs. 0 uM 0Ap. (C) Baclofen-
induced currents (Ipaciofen) in Male and female HPC neurons (scale: 500 pA/5 s), and the
summary of lpaciofen densities for male (M) and female (F) neurons treated with vehicle

(V) or oAB (A: 0.5 uM for 3 h), collected from 17 (M/V), 15 (M/A), 16 (F/V), 15 (F/A)
neurons across 4 independent cultures. Data were analyzed by two-way ANOVA and Sidak’s
multiple comparisons, **P<0.01. (D) lpaclofen densities following 3-hour treatment with
vehicle (V, 10 cells) or 0.5 uM monomeric AP1_42 (MA, 8 neurons), oligomeric AB1_42

(oA, 10 neurons), fibrillary AB1_4, (fA, 10 neurons), or oligomeric AB4p_1 (rA, 10 neurons),
collected across 3 independent cultures. Data were analyzed by one-way ANOVA and
Dunnett’s multiple comparisons, *P<0.05 vs. vehicle. (E) lpaciofen densities in HPC neurons
treated with 0.5 uM oA for 6 hours (A), measured 18 hours after replacement with media
containing 0.5 UM 0AB (A-A, 4 neurons) or vehicle (A-V, 5 neurons), or anti-Ap antibody
D54D2 (A-ab; 0.16 pg/mL; 7 neurons), collected across 3 independent cultures. Data were
analyzed by one-way ANOVA and Dunnett’s multiple comparisons, *P<0.05 vs. A-A.

Data from a vehicle-only treatment group (V-V, 4 neurons) are presented on the right for
comparison but were not included in the statistical analysis. All data are presented as mean +
SEM.
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Figure 2. oA suppresses GIRK channel activity.
(A) Representative currents evoked by adenosine (10 uM) and 5-HT (10 uM) in HPC

neurons from male (blue) and female (pink) wild-type and Girk2™/~ mice. Scale bar: 500
pA/5 s. (B) lagenosine density (pA/pF) in male (M) and female (F) HPC pyramidal neurons
following a 3-hour treatment with vehicle (V) or 0.5 pM 0Ap (A), collected from 15 (M/V),
15 (M/A), 9 (F/V), 9 (F/A) neurons across 4 independent cultures. Data were analyzed by
two-way ANOVA and Sidak’s multiple comparisons, ***P<0.001. (C) Is.yT density (pA/pF)
in male (M) and female (F) HPC pyramidal neurons following a 3-hour treatment with
vehicle (V) or 0.5 uM oA (A), collected from 17 (M/V), 16 (M/A), 9 (F/V), 9 (FIA)
neurons across 4 independent cultures. Data were analyzed by two-way ANOVA and Sidak’s
multiple comparisons, ***P<0.001. (D) Representative currents evoked by ML297 (Ip297,
10 uM) in HPC neurons from male and female wild-type mice following treatment with
vehicle or 0AB (scale: 500 pA/10 s). Gray traces show the lack of ML297-induced current in
HPC neurons from GirkZ™/~ mice. On the right, a summary of Iy 297 densities for male (M)
and female (F) HPC neurons treated with vehicle (V) or oAB (A: 0.5 uM for 3 h), collected
from 14 (M/V), 19 (M/A), 15 (F/V), 16 (F/A) neurons across 4 independent cultures.

Data were analyzed by two-way ANOVA and Sidak’s multiple comparisons, **P<0.01.

(E) Imi2o7 density following a 3-hour treatment with vehicle (V, 10 neurons) or 0.5 uM
monomeric AP1_42 (MA, 8 neurons), oligomeric Ap1_42 (0A, 10 neurons), fibrillary Ap1_

42 (fA, 10 neurons), or oligomeric AB42_1 (rA, 9 neurons), collected from 3 independent
cultures. Data were analyzed by one-way ANOVA and Dunnett’s multiple comparisons,
*P<0.05 vs. vehicle. (F) Ip297 densities in HPC neurons treated with 0.5 uM oA for 24
hours, measured 24 hours after replacement with media containing 0.5 uM 0AB (A-A, 4
neurons) or vehicle (A-V, 5 neurons), or anti-Ap antibody D54D2 (A-ab; 0.16 pg/mL; 7
neurons), collected from 3 independent cultures. Data were analyzed by one-way ANOVA
and Dunnett’s multiple comparisons, *P<0.05 vs. A-A. Data from a vehicle-only treatment
group (V-V, 4 neurons) are presented on the right for comparison but were not included in
the statistical analysis. All data are presented as mean + SEM.
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Figure 3. oA inhibits GIRK channel activity through Pr PC-mGIuRS-PLAz activation.
(A to F) lpaclofen @nd Iy 297 in male HPC neurons incubated with vehicle (V) or 0.5 uM

0AB (A, 3 hours), with (+) or without (=) the indicated agents to interrogate underlying
signaling mechanisms: (A) PrPC antibody 6D11 pretreatment (2.5 ug/mL for 30 min); (B)
mGIuR5 antagonist MTEP (10 pM); (C) PLA, inhibitor ASB 14780 (ASB, 5 uM); (D)
bovine serum albumin (BSA, fatty acid-free, 0.5 mg/mL); (E) PLC inhibitor edelfosine
(edel, 10 uM); (F) PIP, analog diC8PIP, (25 uM) in the internal solution, measured
immediately after whole-cell formation (11) and then 90 s later (I,). Scale: 500 pA/5 s.
Data are presented as mean + SEM from 6 to 14 neurons in 3 to 4 independent cultures

per condition. Data in (A to D) were analyzed by two-way ANOVA and Sidéak’s multiple
comparisons: *P<0.05 and **P<0.01 vs. V/-; # P<0.01 and ###P< 0.0001 vs. A/-. Data in
(E) were analyzed by two-way ANOVA and Sidak’s multiple comparisons: **P<0.01. Data
in (F) were analyzed by two-way ANOVA with repeated measures and Sidék’s multiple
comparisons: *P<0.05 vs. V/I1; ##P<0.001 vs. A/l;. (G) Schematic of the signaling
pathway underlying the oAp-induced suppression of GIRK-dependent signaling in male

HPC neurons.
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Figure 4. oAp and GIRK channel inhibitor effect on excitatory synapsesin cultured HPC
neurons.

(A and B) Cultured HPC neurons from male mice were transfected with the plasmids
pAAV-hSyn-mCherry (to fill and label neuronal structures) and pAAV-Syn-PSD95.FingR-
eGFP-CCR5TC (to label excitatory post-synaptic densities). Images were taken before (t=0)
and after (24 and 48 hours) addition of 0Ap (1 pM; A) or the GIRK channel inhibitor
tertiapin (1 uM; B) to the media. Scale bar: 30 um. Boxed regions in upper panels are
displayed at higher magnification in lower panels. (C) Percent change in excitatory synapse
count 24 and 48 hours in male HPC neurons treated with oA (A) or vehicle (V), or tertiapin
(T) or vehicle (V). oAB data were extracted from 21 (24 hours) or 17 (48 hours) ROIs

and corresponding vehicle data were extracted from 17 (24 hours) or 14 (48 hours) ROIs.
Tertiapin data were extracted from 17 ROIs (24 and 48 hours) and corresponding vehicle
data were extracted from 23 (24 hours) or 19 (48 hours) ROIls. Data were derived from 8
coverslips per group pooled from 4 independent cultures. (D to F) As in (A to C), in HPC
neurons from female mice. 0Ap n = 24 (24 hours) or 18 (48 hours) ROIs and corresponding
vehicle n =19 (24 hours) or 18 (48 hours) ROIs; tertiapin n = 16 (24 hours) or 10 (48
hours) ROIs, and corresponding vehicle n = 23 (24 hours) or 19 (48 hours) ROIs. Data

were derived from 8 coverslips per group pooled from 4 independent cultures. (G and H)
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SEPSCs in HPC neurons from male mice, measured 24 and 48 hours after treatment with
0AB (1 uM) or vehicle (G), or the GIRK channel inhibitor tertiapin (1 pM) or vehicle (H);
scale: 100 pA/5s. (I and J) sEPSC amplitude (1) and frequency (J) summary in male HPC
neurons from 10 (V/24 hours), 6 (A/24 hours), 10 (/48 hours), and 6 (A/48 hours) neurons
pooled from 3 independent cultures, as well as 7 (/24 hours), 6 (T/24 hours), 7 (V/48
hours), 6 (T/48 hours) neurons pooled from 3 independent cultures. (K to N) As in (G to

J) in HPC neurons from female mice. n =7 (/24 hours), 5 (A/24 hours), 8 (/48 hours),
and 6 (A/48 hours) neurons pooled from 3 independent cultures, as well as 6 neurons per
group (V/T/24 hours/48 hours) pooled from 3 independent cultures. Data are presented in
box-and-whisker format (min-max) (C,F) or mean + SEM (1,J,M,N). Data were analyzed
by two-way ANOVA with (C,F) or without (1,J,M,N) repeated measures (mixed-effects) and
Sidak’s multiple comparisons, *P<0.05,** P<0.01,***P<0.001.
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Figure5. Impact of genetic manipulation of GIRK channel activity on oAp-induced NOR deficit.
(A) lpaclofen traces from HPC neurons infected with AAV8-CaMKIlla-GFP (GFP),

AAV8-CaMKIla-GFP-IRES-GIRK2 (GIRK?2), or AAV8-CaMKIla-GFP-IRES-GIRK2PN
(GIRK2PN), Scale bar: 500 pA/10 s. (B) Summary of lyaciofen densities in cultured male and
female HPC neurons infected with GFP, G2, or G2PN vectors, and pretreated with vehicle
(V) or 0AB (A, 0.5 uM). Data were collected from 8 (V/G2PN), 8 (A/G2PN), 8 (V/GFP),

6 (A/GFP), 8 (V/G2), 7 (A/G2) male neurons in 3 independent cultures and 5 (V/G2PN),

7 (A/G2PNY, 9 (VIGFP), 7 (A/GFP), 8 (V/G2), 8 (A/G2) female neurons in 3 independent
cultures. (C) A representative section from an adult male C57BL/6J mouse 2 weeks after
bilateral intra-HPC infusion of AAV8-CaMKIla-GFP and oA (scale bar: 1 mm, top), and
a schematic of the novel object recognition (NOR) task. (D) Recognition index summary
for adult male and female C57BL/6J mice, 1 week following intra-HPC treatment with
vehicle (V) or 0AB (A), and either GFP, GIRK2 (G2), or GIRK2PN (G2PN) vector. Group
sizes were 8 (V/G2PN), 8 (A/G2PN), 8 (VIGFP), 8 (AIGFP), 7 (VIG2), 12 (A/G2) male
mice and 8 (V/G2PN), 8 (A/G2PN), 8 (VIGFP), 9 (A/GFP), 7 (VIG2), 8 (A/G2) female
mice. Data are presented as mean + SEM. Data were analyzed by two-way ANOVA and
either Sidak’s multiple comparisons (*P<0.05,**P<0.01, within vehicle/oAp treatment) or
Dunnett’s multiple comparisons (*P<0.05, P<0.01,"# P<0.001,*##P<0.0001 within viral
treatment groups vs. GFP).
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Figure 6. GIRK-dependent signaling and NOR performance in APP/PS1 mice.
(A) Representative baclofen-induced outward currents (200 uM; Vho1g= —60 mV) and their

reversal by CGP54626 (2 uM) in dHPC CAL pyramidal neurons from 6-month-old male
and female APP/PS1 and wild-type control littermates. Scale bars: 100 pA/50 s. (B) lpaclofen
summary in dHPC CAL1 pyramidal neurons from 6-month-old and 12-month-old APP/PS1
(+) and wild-type control (=) littermates. Male data were collected from 10 neurons from

3 mice (6m/-), 8 neurons from 3 mice (6m/+), 8 neurons from 2 mice (12m/-), 8 neurons
from 2 mice (12m/+); female data were collected from 9 neurons from 3 mice (6m/-),

9 neurons from 2 mice (6m/+), 6 neurons from 2 mice (12m/-), 8 neurons from 2 mice
(12m/+). Data were analyzed by two-way ANOVA and Sidak’s multiple comparisons:
*P<0.05,***P<0.001. (C) Recognition index in the NOR test for 6-month-old male (8

mice per group) and female (8 mice per group) APP/PS1 (+) and wild-type control (=)
littermates. P>0.05, unpaired t test. (D) Representative section from a 12-month-old male
APP/PS1 mouse, 3 weeks after bilateral intra-HPC infusion of AAV8-CaMKIla-GIRK2.
Scale bar: 1 mm. (E) Recognition index in the NOR test for 12-month-old male APP/PS1
(+) and wild-type control (-) littermates, measured 2—3 weeks after bilateral intra-HPC
infusion of GFP or GIRK2 (G2) expression vectors. Group sizes were 7 (GFP/-), 7 (GFP/+),
7 (G2/-), and 6 (G2/+) male mice and 7 (GFP/-), 7 (GFP/+), 7 (G2/-), and 6 (G2/+)

female mice. Data were analyzed by two-way ANOVA and Sidak’s multiple comparisons:
*P<0.05,**P<0.01 within genotype; *P<0.05,P<0.01 within viral treatment. Data in (B, C,
E) are presented as mean + SEM.
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