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GIuN2B Antagonism Affects Interneurons and Leads to
Immediate and Persistent Changes in Synaptic Plasticity,

Oscillations, and Behavior
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Although antagonists to GIuN2B-containing N-methyl-p-aspartate receptors (NMDARs) have been widely considered to be
neuroprotective under certain pathological conditions, their immediate and lasting impacts on synaptic, circuit, and cognitive functions are
poorly understood. In hippocampal slices, we found that the GIuN2B-selective antagonist Ro25-6981 (Ro25) reduced synaptic NMDAR
responses and consequently neuronal output in a subpopulation of GABAergic interneurons, but not pyramidal neurons. Consistent with
these effects, Ro25 reduced GABAergic responses in pyramidal neurons and hence could affect circuit functions by altering the
excitation/inhibition balance in the brain. In slices from Ts65Dn mice, a Down syndrome model with excess inhibition and cognitive
impairment, acutely applied Ro25-rescued long-term potentiation (LTP) and gamma oscillation deficits, whereas prolonged dosing
induced persistent rescue of LTP. In contrast, Ro25 did not impact LTP in wild-type (wt) mice but reduced gamma oscillations both
acutely and following prolonged treatment. Although acute Ro25 treatment impaired memory performance in wt mice, memory deficits
in Ts65Dn mice were unchanged. Thus, GIuUN2B-NMDARs contribute to the excitation/inhibition balance via impacts on interneurons,
and blocking GIUN2B-NMDARs can alter functions that depend on this balance, including synaptic plasticity, gamma oscillations, and
memory. That prolonged GIuN2B antagonism leads to persistent changes in synaptic and circuit functions, and that the influence of
GIuN2B antagonism differs between wt and disease model mice, provide critical insight into the therapeutic potential and possible

liabilities of GIuUN2B antagonists.

INTRODUCTION

N-methyl-p-aspartate receptors (NMDARs) are heteromeric
receptors consisting of two GluN1 subunits and two
GluN2A-D subunits, which have essential functions in brain
development, synaptic signaling, and neuroplasticity. In the
forebrain, GIuN2A and GIluN2B are the predominantly
expressed NR2 subunits (Watanabe et al, 1993). Selective
antagonists of GluN2B-containing NMDARs have been
pursued for treating a variety of neurological conditions
(Chazot, 2004; Mony et al, 2009), including ischemic stroke
(Kaufman et al, 2012; Liu et al, 2007), Huntington’s disease
(Milnerwood et al, 2010; Okamoto et al, 2009), and
Parkinson’s disease (Calon et al, 2003; Wessell et al, 2004).
A rationale for this approach is that GluN2B-containing
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NMDARs are thought to be excessively activated in these
indications and could thus be selectively inhibited to
prevent the synapse loss and/or neuronal cell death
observed in these indications. Moreover, selective inhibition
of GluN2B-containing NMDARs could potentially avoid the
known side effects of non-selective NMDAR antagonists
(Chazot, 2004; Mony et al, 2009) because of their
preferential presence at extrasynaptic but not synaptic
regions on excitatory pyramidal neurons in adult brain
(Harris and Pettit, 2007; Papouin et al, 2012; Tovar and
Westbrook, 1999). However, aside from pathological
activation, evidence from both genetic deletion of GluN2B
and acute systemic administration of GluN2B antagonists
suggest a physiological role for GluN2B receptors in the
adult brain during memory function (Mathur et al, 2009;
von Engelhardt et al, 2008). Furthermore, a significant
portion of the excitatory drive to inhibitory interneurons is
mediated by NMDARs (Lei and McBain, 2002; Wang and
Gao, 2009), and GluN2B subunits are expressed in
GABAergic interneurons (Lei and McBain, 2002; Porter
et al, 1998). Therefore, it needs to be tested whether GluN2B
antagonists can significantly alter circuit functions by
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affecting NMDARs on interneurons. This is an important
question not only for providing a deeper understanding of
the contribution of NMDAR subunits to circuitry functions,
but also for critically evaluating the therapeutic potential of
GluN2B antagonists. Any possible benefits of blocking
pathologically activated extrasynaptic GluN2B receptors
would need to be carefully weighed against any alterations
to the physiological functions of neural circuitry.

To address this, we studied the effects of the GluN2B-
selective antagonist R025-6981 (Ro25; Fischer et al, 1997)
on interneuron excitation, neural circuitry functions, and
cognitive behavior, after either acute treatment or pro-
longed dosing, in both wild-type (wt) mice and the Ts65Dn
mouse model of Down syndrome that features excess
inhibition and cognitive impairment (Braudeau et al, 2011;
Chakrabarti et al, 2010; Costa and Grybko, 2005; Fernandez
et al, 2007; Kleschevnikov et al, 2012, 2004; Perez-Cremades
et al, 2010; Rueda et al, 2008). We found that Ro25
disinhibited hippocampal circuitry by reducing excitatory
drive to a subpopulation of hippocampal interneurons.
In vitro application of Ro25 rescued deficits in long-term
potentiation (LTP) and gamma oscillations in Ts65Dn
Down syndrome model mice. Although this in vitro rescue
did not translate into improvement of memory function in
the Down syndrome mice, circuit function and memory in
wt mice were disrupted. These results demonstrate novel
physiological roles for GluN2B-NMDARs in interneurons
and neural circuitry, and have broad implications for
considering GluN2B antagonists as therapeutics.

MATERIALS AND METHODS
Animals

Three- to six-month-old male segmental trisomy 16 (Ts65Dn)
mice and wt littermate controls were obtained from Jackson
Labs (B6EiC3Sn a/A-Ts(1716)65Dn number 001924) or bred at
Genentech. Some experiments, including the behavioral stu-
dies, used a related strain virtually identical to the original, but
bred to not carry the recessive retinal degeneration mutation,
Pde6b™?, (B6EiC3Sn.BLiA-Ts(1716)65Dn/DnJ number 005252;
Costa et al, 2010). GABAergic interneurons were selectively
targeted using 3-month-old GAD67-GFP knockin mice
(Tamamaki et al, 2003). All animal studies were approved
by the Genentech IUCAC, and conducted in accordance with
the NIH Guide for the Care and Use of Laboratory Animals.

Drugs

Brain-slice experiments used the following: 50 nM NVP-
AAMO77 tetrasodium hydrate (NVP) and 3puM Ro25
maleate from Santai Labs (China), 50 uM p-(-)-2-amino-5-
phosphonopentanoic acid (AP5), 10 M NBQX disodium
salt, 100 M picrotoxin (PTX), and 1 uM tetrodotoxin citrate
from Tocris. For in vivo injection, Ro25 was formulated in
0.5% cremophor EL in saline with brief milling, and was
dosed i.p. in a volume of 10 ml/kg.

Brain Slices

Horizontal slices (400-500 um) containing hippocampus
were prepared with a vibrating sectioning system (Leica,
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Germany), and were recorded in oxygenated artificial
cerebrospinal fluid (ACSF) containing (in mM) 127 NaCl,
2.5 KCl, 1.3 MgS04, 2.5 CaCl2, 1.25 Na2HPO4, 25 NaHCO3,
and 25 glucose. Slices were prepared in ice-cold oxygenated
ACSF with the MgSO4 concentration elevated to 7mM,
NaCl replaced with 110mM choline, and with 11.6 mM
Na-ascorbate and 3.1 mM Na-pyruvate.

Field Recordings

EPSPs and population spikes (PSs) were measured from the
stratum radiatum (s. radiatum) and stratum pyramidale
(s. pyramidale) regions of CAl, respectively, in response to
stimulation of Schaffer collateral inputs. NMDAR EPSPs
were measured with the Mg”* concentration in the ACSF
reduced to 0.5 mM and in the presence of PTX and NBQX.
LTP was induced under conditions with intact inhibition
using 1, 2, or 3 bouts of theta burst stimulation (TBS)
separated by 20s, each consisting of 5 pulses at 100 Hz
repeated 10 times at 200-ms intervals. Tetanus-induced
oscillations were recorded in the s. pyramidale following
200 ms of 100Hz stimulation to the nearby region of s.
radiatum proximal to the recording site. Gamma oscilla-
tions were analyzed after bandpass filtering at 30-200 Hz (8
pole Bessel). Spectrograms were generated with Matlab, and
total power was calculated as the sum of power at all
frequencies and all time points during the 1s following
stimulation. Ro25 was applied to brain slices for 20 min
before assay of LTP or gamma oscillations. Oscillation
power and EPSP magnitude during maximal stimulation
were analyzed by two-factor ANOVAs, with genotype and
drug treatment as the factors. The steady-state LTP
responses following 1, 2, or 3 bouts of TBS were analyzed
by three-factor ANOVAs with genotype, drug treatment,
and number of TBS bouts as the factors. Pre-planned
comparisons were performed using a Student’s t-test to test
specific hypotheses of deficits in Ts65Dn mice, Ro25 rescue
of Ts65Dn deficits, and Ro25 alteration of wt function.

Whole-Cell Recordings

For current clamp recordings, internal solution consisted of
(in mM) 120 K-gluconate, 20 KCI, 0.5 EGTA, 10 HEPES, 2.5
MgCl2, 4 Na2ATP, 0.3 NA3GTP, and 10 phosphocreatine.
For voltage-clamp recordings, K-gluconate and KCI were
replaced with Cs-methanesulfonate and CsCl, respectively,
and 5mM QX-314 bromide was added. Evoked EPSPs were
measured at resting potentials that were subthreshold to
action potential generation in response to single stimula-
tions, and evoked EPSCs were measured at a holding
potential of —70mV. NMDAR EPSCs were measured at
—70mV in 0.5 mM Mg2+, NBQX, and PTX. Significance of
differences between the means was assessed using a
Student’s t-test.

Y-Maze

Individual mice were placed into a Y-maze and were
allowed to explore the maze for 6 min. The number of arm
entries and the sequence of arms entered was recorded by
an observer unaware of either genotype or drug treatment.
Non-performers with less than 10 arm entries throughout



the entire 6 min observation period were excluded from the
analysis. A correct alternation was scored when a sequence
of three consecutive arm entries (a triplet) included entries
into all three arms of the maze. Percent alternations were
calculated as 100 x (number of correct alternations)/(total
number of arm entires —2). Percent alternations and
number of arm entries were analyzed by two-factor
ANOVAs, with genotype and drug treatment as the
between-subjects factors. ANOVAs were followed by
Student’s t-test when only two groups were compared.

Barnes Maze. The Barnes maze is a spatial memory test
that utilizes the animals’ tendency to escape from a brightly
lit open environment into a quiet, dark escape tunnel. Mice
were first familiarized with the maze, which consists of a
circular table, 91cm in diameter with 20 holes (5cm
diameter) equally spaced around the perimeter of the maze.
Training consisted of allowing the mouse to freely explore
the maze for up to 3 min to locate the target hole (in a new
location from pre-training). During these 3 min, the number
of errors (wrong holes explored), distance traveled, and
latency to enter target hole were recorded using Cleversys
software (TopScan). Immediately after the mouse entered
the escape box, the lights were dimmed and the mouse was
allowed to stay in the tunnel for 10-20s. Animals were run
with an intertrial interval of 15 min. Training occurred over
3 consecutive days. Latency to enter target hole, distance
traveled, velocity (m/s), and errors (total number of nose
pokes into incorrect holes) were analyzed using a two-
factorial MANOVA with repeated measures with genotype
and drug treatment as between-subjects and training days
as within-subject repeated measure.

RESULTS

Ro25 Selectively Reduces Synaptic NMDAR Responses
in S. Radiatum Interneurons, Decreases Interneuron
Spiking, and Reduces Inhibition of Pyramidal Neurons

We first examined the function of GluN2B-NMDARs on
pyramidal neurons in the hippocampal CAl region using
field NMDA-EPSP recordings. Consistent with previous
results (Harris and Pettit, 2007; Papouin et al, 2012), we
found that bath application of the selective GluN2B
antagonist Ro25 (3 M) partially reduced isolated synaptic
NMDAR responses in CAl pyramidal neurons in slices from
young (2 week) but not more mature (4 week) animals
(Figure la). We were able to block extrasynaptic NMDAR
responses in pyramidal neurons from mature animals using
Ro25 (Supplementary Figure S1A), indicating a selective
exclusion of Ro25-sensitive NMDARs from synapses on
pyramidal neurons.

Next we compared the effects of Ro25 on isolated synaptic
NMDAR currents in interneurons located in s. radiatum or
s. pyramidale of CAl, and found that NMDAR EPSCs in
s. radiatum, but not s. pyramidale interneurons, were
reduced by Ro25 in slices from mature animals
(Figure 1b). On the other hand, adding the GluN2A-prefering
antagonist NVP-AAMO077 (50 nM) in addition to Ro25 caused
a substantial reduction in s. pyramidale interneuron EPSCs,
but only a modest change in the blockade in s. radiatum
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interneurons compared with Ro25 alone (Figure 1b). Thus,
in contrast to pyramidal neurons or pyramidale interneur-
ons, significant functional GluN2B-NMDARs are present at
synapses on s. radiatum interneurons in mature brain
slices. These radiatum interneurons exhibited regular firing
characteristics in response to injection of depolarizing
currents, in contrast to the fast spiking exhibited by the
pyramidale interneurons (Supplementary Figure S2), and
likely have a distinct role in circuit function. Using current
clamp recordings, we found that Ro25 application reduced
evoked EPSP area and spiking elicited by suprathreshold
synaptic stimulation in radiatum, but not pyramidale
interneurons (Figure lc). To test if reduced spiking in
interneurons could result in reduced inhibition of pyrami-
dal neurons, we measured IPSCs in pyramidal neurons
before and after Ro25 application. In these experiments, we
used repetitive stimulation to resemble the activity patterns
seen under physiologically relevant conditions, such as
induction of synaptic plasticity and network oscillations.
We observed a significant reduction of IPSCs amplitude
during the first stimulus, and the profile of response ampli-
tudes during repetitive stimulation was changed from faci-
litating to depressing in the presence of Ro25 (Figure 1d).

The above results raised the possibility that GluN2B
antagonists could be useful to reduce excessive interneuron
function observed in certain disease models. One such
mouse model is the Ts65Dn model of Down syndrome,
which exhibits increased interneuron production and
inhibitory function (Braudeau et al, 2011; Chakrabarti
et al, 2010; Costa and Grybko, 2005; Fernandez et al, 2007;
Kleschevnikov et al, 2012, 2004; Perez-Cremades et al, 2010;
Rueda et al, 2008). To test if inhibition is excessive in CAl
of Ts65Dn mice, we measured the ratio of inhibition to
excitation, using stimulation that evoked similar amplitude
EPSCs in both Ts65Dn and wt mice. A significant increase
in the inhibition/excitation ratio was seen in Ts65Dn mice
compared with wt mice (Figure le). To test if Ro25 could
reduce the excitatory inputs to interneurons in Ts65Dn
mice, we repeated the measurements of evoked EPSPs and
synaptically driven interneuron spiking in Ts65Dn mice in
the absence and presence of Ro25 (Figure 1f), and observed
a reduction in EPSP area and synaptically driven spiking
activity in s. radiatum but not s. pyramidale interneurons
(Figure 1g). The magnitude of reduction was similar
between Ts65Dn and wt mice. In addition, we observed
that Ro25 could also effectively reduce evoked IPSCs of
pyramidal neurons during repetitive stimulation in Ts65Dn
mice (Figure 1lh). At the same time, synaptic NMDAR
responses in pyramidal neurons from adult mice were
insensitive to Ro25 in both Ts65Dn and wt mice
(Supplementary Figure S1B), indicating that the main target
of Ro25 is likely to be glutamatergic synapses onto
interneurons, but not pyramidal neurons in both wt and
Ts65Dn mice.

Acute Application of Ro25 Rescues LTP Deficit in
Hippocampal Slices from Ts65Dn Mice

LTP is impaired in Ts65Dn mice, and inhibiting GABA,Rs
can restore LTP in hippocampal slices (Costa and Grybko,
2005; Kleschevnikov et al, 2004). As GluN2B antagonism
can reduce GABAergic responses in pyramidal neurons, it is
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possible that GIuN2B antagonist could counteract the
excessive inhibition in Ts65Dn mice and restore LTP. We
measured LTP following 1, 2, and 3 bouts of TBS in
hippocampal slices from adult (3 month) wt and Ts65Dn
mice. This protocol resulted in robust LTP in wt slices, but
much reduced LTP in slices from Ts65Dn mice (Figure 2c
and e). Acute bath application of Ro25 did not significantly
affect LTP in wt slices, but restored LTP in Ts65Dn mice to a
level similar to wt slices (Figure 2c and e). In addition to
LTP of EPSPs, a similar rescue of deficits in population
spike (PS) LTP was also seen in Ts65Dn mice in the
presence of Ro25 (Figure 2d and f). Although this rescue of
LTP is consistent with disinhibition by Ro25 in Ts65dn
mice, it is also possible that Ro25 could cause an
interneuron-independent impact on LTP. Therefore, we
repeated the LTP experiments in the presence of the
GABA,R antagonist, PTX, to test if Ro25 could have an
effect on LTP in the absence of fast inhibitory synaptic
transmission. Under these conditions, Ro25 had no impact

on LTP (Figure 3). As these results suggest reduced
inhibition has a critical role in the rescue of LTP deficit in
the Ts65Dn mice, we would expect that the impact of Ro25
occurs during LTP induction. To examine this, we analyzed
spiking activity during the TBS used to induce LTP.
Although spiking (as measured by PS area) was relatively
sustained during TBS in wt mice, the ability to sustain
spiking during TBS was significantly diminished in Ts65Dn
mice, but rescued in the presence of Ro25 (Supplementary
Figure S3). Consistent with this excitation deficit and rescue
in Ts65dn mice during LTP induction being mediated by
inhibition, the deficit disappeared, and the benefit of Ro25
was occluded in the presence of PTX (Supplementary Figure
S3). Interestingly, although total spiking (PS area) was
sustained in wt mice regardless of Ro25 application, the
apparent synchrony of spiking across the population of
postsynaptic neurons (inferred from PS amplitude) was
reduced by Ro25 application, an effect that was also
occluded when inhibition was blocked (Supplementary
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Figure S3). These results suggest that it is the total level of
inhibition rather than the specific patterns of inhibition that
influence LTP induction with this protocol.

Acute Application of Ro25 Rescues In Vitro Gamma
Oscillation Deficits in Ts65Dn Mice but Impairs Gamma
Oscillations in wt Mice

In addition to LTP, the balance between excitation and
inhibition can also affect other network functions, such as
the generation of synchronous oscillations. We induced
oscillations in CAl of hippocampal slices using tetanic
stimulation, a phenomenon that depends on the activation
of both excitatory and inhibitory synapses (Bracci et al,
1999; Vreugdenbhil et al, 2005). Gamma oscillation power in
slices from Ts65Dn mice was significantly reduced com-
pared with wt mice (Figure 4). Acute Ro25 application
restored oscillation power in slices from Ts65Dn mice, but
significantly reduced oscillation power in slices from wt
mice (Figure 4). Interestingly, the frequency profile and
time course of oscillations were not affected by GluN2B
antagonism in either genotype (Supplementary Figure S4).
These results demonstrate that the acute circuit impacts of
GluN2B antagonism extend beyond plasticity induction.

Prolonged Dosing with Ro25 Persistently Restores
Synaptic Plasticity in Ts65Dn Mice

Previous work demonstrated that prolonged treatment
(2 weeks) with GABA,R antagonists, which reduce
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inhibition, rescued deficits in cognitive function and LTP
in Ts65Dn mice (Fernandez et al, 2007). Surprisingly, these
improvements persisted for weeks even after dosing was
discontinued, indicating lasting modification of circuit
function. Therefore, we tested whether prolonged dosing
with Ro25 could result in a lasting improvement of LTP in
Ts65Dn mice, which could be detected after drug washout.
In these experiments, mice were injected daily for 2 weeks
with 50 mg/kg Ro25, a dose that achieves relevant brain
exposure, with peak unbound brain levels reaching
0.958 £0.126 uM (n=3 mice) immediately after injection
and remaining above the ICs, of recombinant GluN2B-
NMDARs (Fischer et al, 1997) for hours (0.005 + 0.003 uM
at 6h post injection). After 2 weeks of dosing, mice were
allowed to recover for 2-4.5 weeks with no drug treatment
before LTP was assessed (Figure 5a). Although this
treatment regimen did not alter LTP in wt mice, it
significantly improved LTP in Ts65Dn mice such that LTP
was indistinguishable from wt mice (Figure 5b and d).
Similarly, although PS LTP was unaltered in treated wt
mice, deficits in PS LTP were significantly improved in
treated Ts65Dn mice, resulting in partial restoration to wt
levels (Figure 5c¢ and e).

Prolonged Dosing with Ro25 Persistently Impairs
In Vitro Gamma Oscillations and Increases Excitatory
Synaptic Transmission in wt Mice

The persistent rescue of LTP in Ts65Dn mice indicates
remodeling of circuit function following prolonged Ro25

<

Figure 1 Ro025-6981 (Ro25) selectively reduces synaptic N-methyl-p-aspartate receptor (NMDAR) responses and excitation-driven spiking in CA
stratum radiatum (s. radiatum) interneurons and reduces inhibition of pyramidal neurons. (a) Representative pyramidal neuron field NMDAR—-EPSP traces
recorded before and after application of 3 pM Ro25 to slices from 2- and 4-week-old animals (scale bars: 0.25mV/20 ms). Bar graph represents the
mean + SEM of the NMDA-EPSP area blocked by either 3pM Ro25 or 50 pM 2-amino-5-phosphonopentanoic acid (APV; to verify the NMDAR-
dependence of the EPSPs). Ro25 blockade was 54.4 £ 8.8% in 2-week-old and 7.8 = 4.8% in 4-week-old animals (n =4/age group, p<0.01). APV blockade
was 93.2 £5.2% in 2-week-old and 93.7 £2.2% in 4-week-old animals (n = 4/age group). (b) GAD67-GFP mice were used to examine synaptic NMDAR
currents in stratum pyramidale (s. pyramidale) and s. radiatum GABAergic (GAD-67-positive) interneurons from mature mice. Example traces are shown for
each type of interneuron before and after addition of Ro25 alone, or after addition of Ro25 and the GIuN2A-preferring antagonist NVP-AAMO077
tetrasodium hydrate (NVP; scale bars: s. pyramidale 40 pA/50 ms, s. radiatum 200 pA/100 ms). Bar graph shows the % blockade of the baseline EPSC area
(mean £ SEM). NMDA EPSCs in s. pyramidale interneurons were not blocked by Ro25 alone (0.0  4.2%, n=9), but were significantly blocked when NVP
was added in addition to Ro25 (46.0% 13.5%, n=9), whereas NMDA EPSCs in s. radiatum interneurons were significantly blocked by Ro25 alone
(48.517.0% n=7). (c) Ro25 reduces EPSPs and synaptically driven spiking in s. radiatum, but not s. pyramidale interneurons. S. radiatum EPSP area in
response to a single synaptic stimulation (arrow) was decreased following Ro25 application (scale bars: |0 mV/100 ms). When triple synaptic stimulations
(100 Hz, arrows) were used to drive s. radiatum interneurons to fire multiple spikes, Ro25 application resulted in a reduction of spike number (scale bars:
20mV/100ms). S. pyramidale interneuron EPSPs (scale bars: 5mV/100 ms) and evoked spiking (scale bars: 20 mV/50 ms) were not affected by Ro25
application. (d) The effects of Ro25 on inhibition in pyramidal neurons were assessed during repetitive stimulation. Example averaged traces are shown
during baseline stimulation and following Ro25 wash on (scale bars: 25 pA/50 ms). Graphs show the IPSC amplitudes for each of the three stimuli normalized
to the first response in the baseline condition. Solid circles show baseline IPSCs, and open circles show IPSCs in the presence of Ro25. Ro25 significantly
reduced the amplitude of the first IPSC (p<0.05, n=6), and also had a pronounced effect on the profiles of subsequent responses. (e) The level of
inhibition was assessed in pyramidal neurons from Ts65dn and wild-type (wt) slices by adjusting the stimulus intensity to evoke an EPSC of approximately
90 pA measured at —80mV (wt=91.0% 10.7, n=10; Ts65Dn=289.2 % 2.1, n=11), and IPSCs were then measured at O0mV, using the same stimulus
intensity. Example of EPSCs and IPSCs are shown for wt and Ts65Dn mice (scale bars: 200 pA and 50 ms, respectively). Bar graph shows the ratio of
inhibition to excitation (IPSC amplitude divided by EPSC amplitude) in each genotype. Ts65Dn mice had a significantly higher level of inhibition than wt mice
(p<0.05, n=10,11). (f) Ro25 reduces EPSPs and synaptically driven spiking in s. radiatum but not s. pyramidale interneurons in Ts65Dn mice. S. radiatum
EPSP area in response to a single synaptic stimulation (arrow) was decreased following Ro25 application (scale bars: 10 mV/100 ms). When triple synaptic
stimulations (100 Hz, arrows) were used to drive s. radiatum interneurons to fire multiple spikes, Ro25 application resulted in a reduction of spike number
(scale bars: 20mV/100 ms). S. pyramidale interneuron EPSPs (scale bars: 5mV/100 ms) and evoked spiking (scale bars: 20 mV/50 ms) were not affected by
Ro25 application. (g) Quantification of the % of baseline spiking remaining after Ro25 wash on in wt and Ts65Dn mice. After application of Ro25, s. radiatum
interneuron spiking was 39.6 £ 6.3% of baseline in wt, and 36.1 £7.4% of baseline in Ts65Dn interneurons (n =4,4), and s. pyramidale interneuron spiking
was 98.1 £3.1% of baseline in wt, and 95.2 +3.7% of baseline in Ts65Dn intereurons (n=4,4). (h) The effects of Ro25 on inhibition during repetitive
stimulation in Ts65Dn slices. Example averaged traces are shown during baseline stimulation and following Ro25 wash on (scale bars: 50 pA/50 ms). Graphs
show the IPSC amplitudes for each of the three stimuli normalized to the first response in the baseline condition. Solid circles show baseline IPSCs, and open
circles show IPSCs in the presence of Ro25. Ro25 significantly reduced the amplitude of the first IPSC (p <0.05, n =4), and also had a pronounced effect on
the profiles of subsequent responses. All data is shown as mean £ SEM, *p < 0.05.
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Figure 2 Ro025-6981 (Ro25) application rescues long-term potentiation (LTP) deficits in slices from Ts65Dn mice. (a) Recording and stimulation
configuration. LTP was measured in the CAl region of the hippocampus in response to Schaffer collateral stimulation under conditions that include
activation of interneurons. EPSP initial slope was measured from recordings in stratum radiatum (s. radiatum; bottom, red line), and populaion spike (PS) area
was measured from recordings in stratum pyramidale (s. pyramidale; top, red area, scale bars: 0.5 mV/10 ms). (b) Representative EPSP (bottom) and PS (top)
traces from wild-type (wt) and Ts65Dn mice in the presence of vehicle and Ts65Dn mice in the presence of Ro25 (scale bars: 0.5 mV/10ms). (c) EPSP LTP
in slices from mice treated with vehicle or Ro25 in response to sequential bouts of |, 2, or 3 x theta burst stimulation (TBS) is shown. The upper graph
shows LTP in wt mice (n=16, 7), and the lower graph shows LTP in Ts65Dn mice (n =6, 7), with wt vehicle data replotted in gray for comparison. (d) PS
LTP from the same experiments as in panel ¢ is shown. (e) Binned EPSP LTP data from the last |0 min following |, 2 or 3 x TBS are shown. There were
significant effects of both genotype (p<0.05) and treatment (p <0.05). Planned comparisons showed that EPSP LTP was significantly reduced in vehicle-
treated Ts65Dn mice compared with wt mice (I x TBS, p<0.05; 2 x, p<0.05; 3 x, p<0.05) and that Ro25 significantly enhanced EPSP LTP in Ts65Dn
mice compared with vehicle (I x, p<0.01; 2 x, p<0.05). (f) Binned PS LTP data are shown. There were significant effects of both genotype (b <0.01) and
treatment (p <0.05). Planned comparisons showed that PS LTP was significantly reduced in vehicle-treated Ts65Dn mice compared with wt mice (I x TBS,
p<00l; 2 x, p<00I; 3 x, p<0.0I) and that Ro25 significantly enhanced PS LTP in Ts65Dn mice compared with vehicle (I x, p<0.05; 2 x, p<0.05;
3 x, p<0.05). All data in this figure are shown as mean * SEM, *p <0.05, **p <0.01.

dosing. Therefore, we tested in vitro gamma oscillations in  oscillation power in wt mice, but did not affect oscillations
slices after the same dosing and washout regimen. in Ts65Dn mice (Figure 6a and b). No changes in the
Prolonged Ro25 dosing resulted in an impairment of  oscillation frequency profile and time course were observed

Neuropsychopharmacology
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Figure 3 R025-6981 (Ro25) has no impact on long-term potentiation (LTP) in the presence of picrotoxin (PTX). (a) EPSP LTP in slices from mice treated
with vehicle or Ro25 in response to sequential bouts of |, 2, or 3 x theta burst stimulation (TBS) is shown. The upper graph shows LTP in wild-type (wt)
mice (n=6, 7), and the lower graph shows LTP in Ts6é5Dn mice (n=6, 7), with wt vehicle data replotted in gray for comparison. (b) Population spike (PS)
LTP from the same experiments as in panel a is shown. (c) Binned EPSP LTP data from the last 10 min following I, 2, or 3 x TBS in the presence of PTX is
shown. There were no significant effects of genotype or treatment, and planned comparisons did not show any significant deficits in EPSP LTP in Ts65Dn
mice or any effects of Ro25. (d) Binned PS LTP data in the presence of PTX is shown. There were no significant effects of genotype or treatment, and
planned comparisons did not show any significant deficits in PS LTP in Ts6é5Dn mice or any effects of Ro25.

with treatment in either genotype (Supplementary
Figure S5). Although the reduction in gamma oscillation
power in wt mice resembles the effect of acute in vitro
application of Ro25, the lack of impact on oscillations in
Ts65Dn mice contrasts with the increased power with acute
application, suggesting functional circuit changes following
prolonged treatment do not simply mimic the acute impacts
of Ro25.

Although conceivably the functional circuit alterations
following prolonged dosing could simply be caused by
changes in the NMDAR function, several observations argue
against this possibility: (1) a similar reduction in gamma
oscillation power was seen after complete blocking of
NMDARs by the non-selective NMDAR antagonist 2-amino-
5-phosphonopentanoic acid (APV) in slices from both
vehicle-treated and Ro25-treated wt and Ts65Dn mice

(Supplementary Figure S6A); (2) The extent of Ro25-
induced inhibition of isolated synaptic NMDAR responses
in radiatum interneurons was not altered in either genotype
(Supplementary Figure S6B); (3) No significant changes in
GluN1, GluN2A, or GluN2B protein levels were detected in
hippocampi from either genotype (Supplementary Figure
S6C). Together, these data suggest that the impairment of
gamma oscillations in wt mice following prolonged dosing
is unlikely to be caused by gross changes to the NMDAR
expression or function.

Although the direct impacts of Ro25 are likely limited to
synapses onto interneurons, persistent alterations to circuit
function following prolonged Ro25 dosing could involve
other parts of the circuitry. Therefore, we examined
excitatory drive to CAl pyramidal neurons following
prolonged Ro25 dosing and washout, and observed
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Figure 4 Ro025-6981 (Ro25) acutely impairs gamma oscillations in vitro in
wild-type (wt) mice, but improves oscillations in Ts65dn mice. (a) Example
traces showing tetanus-induced oscillations from vehicle-treated wt (black)
and Ts65Dn slices (purple, scale bars: 0.1 mV/100 ms). The total gamma
power in wt mice during the |-s epoch following tetanization is shown
as mean = SEM, #*p<0.05. There was a significant interaction between
genotype and treatment (p =0.01), and planned comparisons showed that
Ro25-treated wt slices had significantly less power than vehicle-treated wt
slices (p<0.05), whereas Ro25-treated Ts65Dn slices had significantly
more power than vehicle-treated Ts65Dn slices (p<0.05). (b) Average
spectrograms from wt and Ts65Dn slices treated with Ro25 or vehicle
(n=10 wt veh, 13 wt Ro25, 8 Ts65Dn veh, || Ts65Dn Ro25) show the
differing levels of total power.

enhanced basal synaptic transmission and output spiking in
wt mice, but not in Ts65Dn mice (Figure 6c-e). This
selective increase in excitatory synaptic function was also
present when synaptic inhibition was blocked with PTX
(Supplementary Figure S7), indicating that the enhanced
synaptic excitation is not secondary to alterations to
synaptic inhibition. Thus, prolonged dosing with Ro25
can lead to lasting perturbation of the basal excitatory
synaptic properties of neural networks in wt mice, which
could potentially underlie the observed deficits in in vitro
gamma oscillations.

Neuropsychopharmacology

Ro25 Dosing Differentially Affects Cognitive Behavior in
Ts65Dn and wt Mice

To test whether the Ro25-induced alterations observed
in vitro lead to changes in cognitive functions, we examined
Y-maze performance in wt and Ts65Dn mice. Vehicle-
treated Ts65Dn mice made significantly fewer alternations
than wt mice in the Y-maze (Figure 7a). Although other
processes such as novelty-seeking could impact this
measure, reduced alternations in this assay are consistent
with working memory impairment. Acute Ro25 injections
(50 mg/kg) 1h before the Y-maze assay resulted in a marked
genotype-dependent effect on the alternations: Ts65Dn mice
performed significantly better than wt mice (Figure 7a).
This difference was caused by a significant impairment in
the wt mice rather than an improvement in the Ts65Dn
mice with Ro25. Furthermore, this effect was not due to
altered activity levels by Ro25. Although Ts65Dn mice
exhibited hyperactivity in general, there was no significant
change in arm entries following Ro25 injection in wt or
Ts65Dn mice (Figure 7a). This genotype-dependent effect
on the Y-maze performance with Ro25 was replicated in a
second study by an independent laboratory (SFBNL) using
10 or 50mg/kg Ro25 (Supplementary Figure S8). These
Y-maze results demonstrate a differential impact of acute
Ro025 on wt vs Ts65Dn mice in vivo. On the other hand,
prolonged Ro25 dosing did not affect the Y-maze perfor-
mance of either genotype (Figure 7b). Prolonged treatment
did affect cognitive behavior, however, as assessed with the
Barnes maze, a distinct test of spatial memory in which
Ts65Dn mice also show deficits (Figure 7c). In the Barnes
maze, prolonged Ro25 treatment reduced performance in
Ts65Dn mice but not in wt mice (Figure 7c), again
emphasizing the genotype- and treatment regimen-depen-
dent effects of Ro25. Overall, although cognitive impairment
in the Ts65Dn mice was not rescued by GluN2B antagonism,
these behavioral experiments provide in vivo confirmation
of several of the major insights of the electrophysiological
analysis as follows: (1) Ro25 has acute impacts; (2)
prolonged Ro25 dosing induces lasting changes; and (3)
both of these phenomena are genotype-dependent.

DISCUSSION

Alhough much previous work on GluN2B antagonists has
focused on their neuroprotective roles in pathological
situations, we have described novel impacts of GluN2B
antagonism under normal physiological conditions via
contribution to excitatory drive of interneurons.
Antagonizing GluN2B-NMDARs led to differential
changes in LTP and gamma oscillations in wt vs Ts65Dn
Down syndrome model mice. Acute GluN2B antagonism
also led to impaired memory performance in wt mice
without altering memory deficits in Ts65Dn mice. The
importance of GluN2B-NMDARs to normal circuit function
is further emphasized by the lasting changes to neural
circuit function following prolonged antagonist dosing.

Cell-Type Specific Impacts of GluN2B Antagonism

We found that GluN2B antagonists inhibited synaptic
NMDARs on s. radiatum interneurons but not excitatory
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Figure 5 Prolonged Ro25-6981 (Ro25) dosing persistently rescues long-term potentiation (LTP) in Ts65Dn mice. (a) 2.5-3-month-old mice were
injected with 50 mg/kg Ro25 or vehicle daily for 2 weeks, followed by at least a 2-week washout period before LTP was measured as in Figure 2 (over a
period of 2.5 weeks). (b) EPSP LTP in slices from mice treated with vehicle or Ro25 in response to sequential bouts of |, 2, or 3 x theta burst stimulation
(TBS) is shown. The upper graph shows LTP in wild-type (wt) mice (n= 16, 12), and the lower graph shows LTP in Ts6é5Dn mice (n=11, 14), with wt
vehicle data replotted in gray for comparison. (c) Population spike (PS) LTP from the same experiments as in panel c is shown. (d) Binned EPSP LTP data
from the last 10min following |, 2 or 3 x TBS is shown. There was a significant interaction between genotype and treatment (p<0.01). Planned
comparisons showed that LTP was significantly reduced in slices from vehicle-treated Ts65Dn mice compared with vehicle-treated wt mice (I x, p<0.05),
and that Ro25 treatment significantly enhanced LTP in Ts65Dn mice compared with vehicle (I x, p<0.01; 2 x, p<0.05; 3 x, p<0.05). Wt vehicle data
from panel b is in gray. All data in this figure is shown as mean = SEM. (e) Binned PS LTP data is shown. There was a significant effect of genotype on PS LTP.
Planned comparisons showed that PS LTP was significantly reduced in vehicle-treated Ts65Dn mice compared with wt mice (I x, p<0.01; 2 x, p<0.01;
3%, p<00l) and that Ro25 significantly rescued PS LTP in Ts65Dn mice treated with Ro25 compared with vehicle (I x, p<0.05). All data is shown as
mean * SEM, *p <0.05, #**p <0.01.

pyramidal neurons or s. pyramidale interneurons. The lack
of impact of GluN2B antagonists on pyramidal neurons is
consistent with previous reports (Harris and Pettit, 2007;
Papouin et al, 2012). As GluN2B antagonists have been
shown to be more effective in inhibiting diheteromeric
NMDARs (NR1/NR2B) than triheteromeric NMDARs (NR1/

NR2A/NR2B), one possible explanation is that trihetero-
meric NMDARs constitute the main population of synaptic
NMDARs on pyramidal neurons, whereas s. radiatum
interneurons have a significant amount of synaptic
diheteromeric GluN2B-NMDARs (see Supplementary
Discussion SI).
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Figure 6 Prolonged Ro25-6981 (Ro25) dosing persistently impairs in vitro gamma oscillations and enhances excitation in wild-type (wt) mice. (a) Effects of
prolonged Ro25 treatment on gamma oscillations. Example traces following tetanus-induced oscillations in vehicle-treated (black) and Ro25-treated wt mice
(purple; scale bars: 0. mV/100ms) are shown. Although there wasn't a significant interaction between genotype and treatment (p =0.096), planned
comparisons showed that oscillation power in slices from Ro25-treated wt mice was significantly lower than that from vehicle-treated wt mice (p <0.05),
whereas Ro25 treatment did not alter oscillation power in Ts65Dn mice. (b) Average spectrograms from recordings in wt and Ts65Dn mice treated with
Ro25 (n= 11 wt veh, 8 wt Ro25, 12 Ts65Dn veh, 14 Ts65Dn Ro25), show greatly reduced power in Ro25-treated wt mice. (c) Measurement of excitatory
synaptic strength. Stimulus intensity (logarithmically spaced) vs EPSP magnitude relationships are shown for wt mice treated with vehicle or Ro25 (left).
Example EPSP recordings are inset (scale bars: 2mV/50 ms). The right panel shows simultaneously measured population spike (PS) data (n= |3 vehicle, 14
R025; p<0.05). (d) Stimulus intensity vs EPSP (left) and PS magnitude (right) relationships are shown for Ts65Dn mice treated with vehicle or Ro25 (n= 13
vehicle, 15 Ro25). Data from vehicle-treated wt mice from panel a is shown in gray for comparison. (e) Maximal EPSP and PS responses are plotted for all
genotype and treatment groups under baseline conditions. There was a significant interaction between genotype and treatment for both EPSP and PS
responses (p <0.05), and planned comparisons showed that both EPSP and PS magnitudes were significantly greater in slices from Ro25-treated wt mice
compared with vehicle-treated wt mice (p<0.05). Slices from vehicle-treated Ts65Dn mice did not significantly differ from vehicle-treated wt slices, and
Ro25 treatment did not significantly alter maximal EPSP or PS magnitude in slices from Ts65Dn mice compared with vehicle treatment. Data is shown as
mean = SEM, *p <0.05.

That GluN2B-NMDARs function is selective to s.  function when their activation is reduced by GluN2B
radiatum vs s. pyramidale interneurons is consistent with  antagonism.
the much longer time course of EPSPs in s. radiatum
interneurons. These interneurons provide feed-forward
inhibition of pyramidal neurons (Maccaferri and  GluN2B Antagonism Reduces Inhibition and Alters
Dingledine, 2002) and have axonal projections that  Circuit Function
are associated with Schaffer collateral inputs to pyramidal
neurons (Vida et al, 1998), and are thus positioned  We found that Ro25 reduced synaptic inhibition of
to regulate depolarization of pyramidal neurons  pyramidal neurons and rescued LTP deficits in Ts65Dn
during synaptic activation. Therefore, reduction of ex-  mice that have excess inhibition. The rescue of LTP by Ro25
citatory inputs to s. radiatum interneurons by GluN2B  appears to be mediated via effects on inhibition, as Ro25’s
antagonism could affect the overall level of inhibition  effects in Ts65Dn mice are occluded in the presence of the
of pyramidal neurons, and thereby gate functions  GABAAR blockers. We speculate that the gamma oscillation
like synaptic plasticity. At the same time s. radiatum  deficits that we report here for the first time could also be
interneurons also provide inhibition to other interneuron  caused by excess inhibition in Ts65Dn mice, as they were
types within CAl (Chamberland and Topolnik, 2012),  also rescued by Ro25. Although we cannot exclude a role of
and could cause additional indirect impacts to circuit  extrasynaptic GluN2B-containing NMDARs in the circuit
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level phenomena, the disinhibition achieved by the action of
Ro25 at synaptic NMDARs on interneurons alone would be
sufficient to explain the rescue of LTP and gamma
oscillation in Ts65Dn mice. In wt slices, disinhibition likely
leads to suboptimal function by shifting the balance
between excitation and inhibition towards excessive excita-
tion, and could underlie the reduction of wt gamma
oscillation power with Ro25. Although we did not observe
an impact of Ro25 on fast spiking interneurons, which
directly control gamma oscillations (Sohal et al, 2009), our
finding of altered oscillations with Ro25 is consistent with
recent findings also demonstrating a contribution of
GluN2B receptors to oscillations (Kocsis, 2012a; McNally
et al, 2011), and suggests that s. radiatum interneurons
could mediate this modulation.
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In addition to acute impacts, we observed lasting impacts
of prolonged dosing, which did not simply mimic the effects
of acute application/dosing. Although acute GluN2B antag-
onism decreases inhibition, prolonged antagonism results
in enhanced excitation in wt mice. This impact of prolonged
dosing should cause a similar imbalance to circuit function
and could account for the similar deficits in gamma
oscillations in wt mice as seen with acute Ro25 application.
We cannot exclude the possibility that the reported off-
target effects of Ro25, such as impacts on monoamine
neurotransmission (Keiser et al, 2009), could contribute to
some of the phenotypes seen with chronic treatment.
However, that the rescue of LTP in chronically treated
Ts65Dn mice resembles the effects of a similar treatment
regimen using GABA,R antagonists (Fernandez et al, 2007)
and is consistent with prolonged disinhibition by Ro25 being
responsible for inducing lasting functional alterations.

Implications for Therapeutic use of GluN2B Antagonists

Our results highlight that the effects of GluN2B antagonism
vary depending on disease state, as differential effects on
circuit function and behavior were consistently observed in
Ts65Dn vs wt mice with both acute and prolonged Ro25
treatment. That the specific consequences of GluN2B
antagonist treatment are determined by the state of brain
circuitry is in agreement with an in vivo study showing
sleep-state dependent effects of Ro25 on gamma activity
(Kocsis, 2012b), and the differential impacts of Ro25 on
gamma oscillations in wt brain slices induced by a tetanus
(our study) vs kainate application (McNally et al, 2011). The

<
Figure 7 Ro25-6981 (Ro25) dosing differentially affects cognitive
behaviors in wild-type (wt) and Tsé5Dn mice, depending on dosing
regimen (acute vs prolonged). (a) Y-maze alternations and entries are
shown following acute Ro25 treatment. There was a significant genotype x
treatment effect on the Y-maze alternations following acute Ro25
treatment (p<0.005; n=14/12 Ts65Dn and 14/13 wt vehicle/Ro25).
Vehicle-treated Ts65Dn mice were impaired in percent alternations
compared with wt mice (p<0.05), indicating a deficit in Ts65Dn mice.
However, Ro25-treated wt mice exhibited significantly impaired alterna-
tions compared with Ro25-treated Ts65Dn mice (p<0.05). This was due
to a significant impairment of alternations in Ro25-treated wt mice
compared with vehicle-treated wt mice (p <0.05), and no significant effect
of Ro25 treatment on Ts65Dn mice. Although there was an effect of
genotype on arm entries (p<0.0001) reflecting increased activity of
Ts65Dn mice, there were no genotype X treatment or treatment effects
on arm entries. (b) Y-maze alternations and entries are shown following
prolonged Ro25 dosing. There was an effect of genotype (p<0.01; n =20/
19 Ts65Dn and 20/18 wt vehicle/ Ro25), with the Ts65Dn mice showing
impaired alternations compared with wt mice, but there were no treatment
or genotype x treatment effects on alternations. There was also an effect
of genotype on arm entries (p <0.0001), with more arm entries in Ts65Dn
mice than in wt mice, but there were no treatment or genotype X
treatment effects on entries. (c) Bames maze performance across 3 days of
training is shown following prolonged Ro25 dosing. All groups learned the
task with improved latency, distance, and error levels across days of training
(p<0.0001; n=10/9 Ts65Dn and 9/8 wt vehicle/Ro25), but Ts65Dn mice
showed significant impairments in both distance (p<0.01) and errors
(p<0.0001) compared with wt mice. Significant genotype x treatment
effects were observed for latency (p<0.05) and distance (p<0.05). This
reflected a significantly increased latency (p <0.05) and distance (p <0.05)
in Ro25-treated Ts65Dn mice compared with vehicle-treated Ts65Dn
mice, whereas Ro25 treatment did not significantly affect wt mice. All data
is shown as mean + SEM.
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results of our study suggest that a key aspect of the brain
state that determines the effects of GluN2B antagonism
could be the balance between excitation and inhibition.

In the context of Down syndrome, our in vitro results
indicate that GluN2B antagonists compensate for excessive
inhibition, and could potentially be useful for acute and
persistent rebalancing of synaptic function. However,
despite rescuing several electrophysiological measures in
hippocampal slices, we did not observe acute or lasting
improvement of cognitive deficits after Ro25 treatment in
Ts65Dn mice with the doses/treatment regimens used. Thus,
disinhibition of a subpopulation of interneurons would
appear less powerful in rescuing cognitive functions than
blocking all GABARs, which has been shown to rescue
Ts65Dn mouse memory deficits (Fernandez et al, 2007;
Rueda et al, 2008). Nonetheless, although other approaches
to manipulating inhibition may be more likely of benefit in
Down syndrome, potential benefits of the circuit impacts of
GluN2B antagonists bear further analysis in the context of
other neurological diseases, including Alzheimer’s disease
that could involve altered inhibition (see Supplementary
Discussion SI). In addition, in considering therapeutic
application of GluN2B antagonists, impacts on circuit
function must be considered alongside possible neuropro-
tective benefits.

In general, future studies will need to explore functions in
not only excitatory neurons, but also in inhibitory
interneurons and at the level of circuit function, to
understand the diverse subunit-dependent contributions
of NMDARs to normal physiological functions, as well as
the potential benefits of their selective modulation in
treating specific neurological diseases.
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