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N-methyl-p-aspartate receptors (NMDARSs) at excitatory synapses are central to activity-dependent synaptic plasticity and
learning and memory. NMDARs act as ionotropic and metabotropic receptors by elevating postsynaptic calcium concen-
trations and by direct intracellular protein signaling. In the forebrain, these properties are controlled largely by the aux-
iliary GIuN2 subunits, GIUN2A and GIuN2B. While calcium conductance through NMDAR channels and intracellular
protein signaling make separate contributions to synaptic plasticity, it is not known if these properties individually influence
learning and memory. To address this issue, we created chimeric GIuN2 subunits containing the amino-terminal domain
and transmembrane domains from GIUN2A or GIuN2B fused to the carboxy-terminal domain of GIuN2B (termed ABc)
or GIuN2A ATD (termed BAc), respectively, and expressed these mutated GIUNZ2 subunits in transgenic mice.
Expression was confirmed at the mRNA level and protein subunit translation and translocation into dendrites were ob-
served in forebrain neurons. In the spatial version of the Morris water maze, BAc mice displayed signs of a learning
deficit. In contrast, ABc animals performed similarly to wild-types during training, but showed a more direct approach
to the goal location during a long-term memory test. There was no effect of ABc or BAc expression in a nonspatial
water escape task. Since background expression is predominantly GIuUN2A in mature animals, the results suggest that
spatial learning is more sensitive to manipulations of the amino-terminal domain and transmembrane domains (calcium con-
ductance) and long-term memory is regulated more by the carboxy-terminal domain (intracellular protein signaling).

Experience-dependent activation of N-methyl-p-aspartate recep-
tors (NMDARs) at excitatory synapses in the forebrain enables al-
terations in excitatory synaptic transmission that contribute to
the formation of memory traces (Dumas 2005a). Traditionally, it
was thought that NMDAR-dependent synaptic plasticity was con-
trolled entirely by the entry of calcium and its actions as a second
messenger in the postsynaptic neuron (Malenka and Bear 2004).
More recently it has been shown that, upon binding of glutamate,
NMDARSs can produce long-term changes in synaptic function in-
dependent of calcium conductance (Vissel et al. 2001; Nabavi et al.
2013; Birnbaum et al. 2015; Stein et al. 2015; Li et al. 2016; Dore
et al. 2017). Thus, how exactly NMDAR activation contributes to
synaptic plasticity and learning and memory remain unclear.
NMDARs are hetero-quatramers containing two obligatory
GluN1 subunits and two auxiliary GluN2 subunits. In the fore-
brain, the auxiliary GIuN2 subunits can be both GluN2A, both
GIluN2B, or one GluN2A and one GluN2B subunit (triheteromeric),
depending on the age (Monyer et al. 1994; Al-Hallaq et al. 2007;
Rauner and Kohr 2011; Wang et al. 2011) or prior experience of
the animal (Chen and Bear 2007; Travaglia et al. 2016; Cercato
et al. 2017) or the activity level of the synapse (Fox et al. 2006;
Bellone and Nicoll 2007; von Engelhardt et al. 2008; Gambrill
et al. 2011). GluN3 subunits are incorporated into NMDARs in
the hippocampus and cortex, although this is largely limited to
the neonatal period (Pachernegg et al. 2012). Changes in the
GluN2 composition of NMDARs alter numerous functional prop-
erties, most notably, the degree of calcium conductance through
the receptor channel and the ability to directly interact with other
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synaptic plasticity proteins (Paylor et al. 1996; Stoneham et al.
2010). NMDARs containing GluN2B display reduced open proba-
bility and slower deactivation of calcium conductance than recep-
tors containing GluN2A (Chen et al. 1999; Cull-Candy et al. 2001;
Erreger et al. 2005). Additionally, GluN2B subunits display greater
affinity for calmodulin-dependent protein kinase II (CaMKII)
(Barria and Malinow 200S; Petralia et al. 2009), the primary mole-
cule considered necessary for NMDAR-dependent synaptic poten-
tiation (Mayford et al. 1995; Lisman et al. 2002; Hansel et al. 2006;
Pi et al. 2010; Sanhueza and Lisman 2013) and RasGRF-1, which
acts as a mediator between GluN2B-containing NMDAR activation
and LTP or LTD (Li et al. 2006). These “gain-of-function” aspects of
GluN2B might suggest that NMDARs containing more GluN2B
subunits should better enable spatial cognition. However, while
overexpression of GluN2B enhances spatial learning in adult
mice (Tang et al. 1999), juvenile animals that naturally express
greater levels of GIuN2B perform poorly in hippocampal-
dependent tasks (Altman et al. 1973; Rudy et al. 1987; Dumas
2005b; Sanders et al. 2013; Travaglia et al. 2016). Additionally, fore-
brain NMDARs with GluN2A subunits are more closely associated
to rapid contextual learning (Sakimura et al. 1995; Kiyama et al.
1998; Bannerman et al. 2008) while NMDARs with GluN2B appear
to be more broadly involved in contextual and noncontextual
learning and memory (von Engelhardt et al. 2008; Brigman et al.
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NMDARs impact learning separate from memory

2010). A better understanding of GluN2 subunit contributions to
spatial cognition may be obtained by examining how different sig-
naling modes of NMDARs individually impact spatial learning and
memory.

The GluN2 amino acid motifs that regulate calcium conduc-
tance are almost entirely in the amino-terminal domain (ATD)
and transmembrane domains (TMDs) (Paoletti and Neyton 2007;
Gielen et al. 2009; Yuan et al. 2009; Mullasseril et al. 2010), spa-
tially separate from those motifs that enable direct intracellular sig-
naling situated in the carboxy-terminal domain (CTD) (Sala and
Sheng 1999; Sheng 2001; Merrill et al. 2005; Prybylowski et al.
2005; Hayashi et al. 2009; Newpher and Ehlers 2009; Sanders
etal. 2013). As such, it is possible to apply molecular cloning to se-
lectively alter calcium conductance and intracellular signaling. We
created GluN2 chimeras by fusing the ATD and TMDs of GluN2A
with the CTD of GluN2B (termed ABc) and, vice versa, by fusing
the ATD and TMDs of GluN2B with the CTD of GluN2A (termed
BAc). These constructs were integrated into transgenic mice so
that we could examine the influence on spatial learning and mem-
ory. In adult animals with a predominantly GluN2A background,
the presence of the GluN2B CTD is increased in ABc animals, while
in BAc animals the ATD and TMDs of GluN2B become overrepre-
sented. Chimera expression was verified in brain sections and
mice were tested in spatial and nonspatial versions of the Morris
water maze (MWM). Numerous measures supported a spatial learn-
ing impairment in BAc animals relative to wild-type (WT) litter-
mates, while ABc animals showed more direct approach to the
escape location when tested at 24 h after training. These discover-
ies are similar to previously results obtained from Y-maze testing
where ABc animals displayed measures of a selective enhancement
in spatial navigation (Sanders et al. 2013) and suggest that spatial
learning is more sensitive to the amino acid composition of the
GluN2 ATDs/TMDs and long-term memory is more strongly influ-
enced by intracellular signaling sequences in the GluN2 CTDs.

Materials and Methods

We obtained pCIS-A and pCIS-B plasmids with respective mouse
GIluN2A and GIluN2B full-length ¢cDNA (graciously donated by
Dr. Ann Stephenson, University College of London). These plas-
mids served as templates for PCR amplification of fragments
used to generate the chimera injection constructs. We designed
mutagenic forward and reverse primers to amplify the ATD +
TMDs (amino acids 1-2481 for GluN2A and GluN2B) separately
from the CTD (GluN2A: 2482-4512; GluN2B: 2482-4449). The
ATD + TMD fragments of GluN2A and GluN2B were separately li-
gated into pTRE-HA (tet-off) plasmids. Subsequently, the carboxy
fragments of GluN2A and GIuN2B were serially ligated into
pTRE'HA'BATD+TMD and pTRE'HA‘AATD+TMD; reSpeCtiVely. ngatlon
was performed by SeqWright and final products were completely
sequenced. pTRE-HA-ABc (7265 bp) and pTRE-HA-BAc (7494 bp)
injection constructs (Fig. 1A) were linearized with Asel and Drdl
and sent to the Transgenic Mouse Facility at the University of Cal-
ifornia, Irvine for oocyte injection. Positive founders (and subse-
quently their offspring) were bred with mice expressing tTA
(tetracycline transactivator) under transcriptional control of the
CaMKII minimal promoter (Mayford et al. 1996). Genotyping
for tTA and the HA (hemagglutinin) tag sequence on chimeric
subunits (Fig. 1B) was performed by PCR on tail snip genomic
DNA in-house and, in ambiguous cases, confirmed commercially
(Transnetyx).

In situ hybridization

Young adult animals (30-60 d of age) were anesthetized with
Isoflurane and perfused with 4% paraformaldehyde (PFA). Brains
were removed and stored in PFA for 6 h and then switched to
30% sucrose. Cryopreserved brains were sectioned on a cryostat
at 30 pm thickness and stored on magnetic microscope slides
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Figure 1. Chimeric GIuN2 transgenic design. (A) GIuN2 chimera expres-
sion was regulated by the tet-off transcription system with tTA under tran-
scriptional control of the minimal CaMKII promoter (aCaMKII,) (Mayford
et al. 1996). GIuN2 chimera injection constructs consisted of the first 2481
bp of GIuN2A or GIuN2B fused to the CTD of GIuN2B (1967 bp) or
GIuN2A (2030 bp), respectively. A 30-bp sequence coding for HA was in-
serted in frame upstream of each chimera construct. A B-globin (3Glob)
polyadenylation sequence was situated downstream from the chimera
construct. (B) lllustration of ABc and BAc chimeric subunits situated in a
plasma membrane. (C) Sagittal brain sections labeled with antisense
riboprobe targeting tTA mRNA. (Top) Labeled section collected from an
tTA/ABc double-positive mouse. (Bottom) Labeled section collected from
a WT mouse.

(SuperFrost Plus, Fisher Scientific) at —70°C. In vitro transcription
reactions were performed (DIG RNA Labeling Kit, Roche) to pro-
duce a 760 bp riboprobe that was antisense to tTA (tTA template
plasmid was a kind gift from Dr. Clifford Kentros). Specific single-
stranded riboprobe products were confirmed by standard agarose
electrophoresis run in Tris-borate-EDTA (TBE) buffer.

Riboprobe was diluted in hybridization buffer (PerfectHyb
Plus, Sigma-Aldrich) and denatured at 70°C. Denatured probe
was applied to prewarmed tissue sections and incubated overnight
(62°C). The following day, excess probe was removed by washing
with SSC-(50%) formamide followed by maleic acid buffer
(MABT, 100 mM maleic acid, 15 mM NacCl, 0.2% Tween-20) at
62°C. Tissue was then treated with blocking solution (MABT,
10% sheep serum, 2% blocking reagent) for 1 h at room tempera-
ture (RT) and incubated at RT overnight in anti-dig antibody
(1:1500, fab fragments, Roche). Excess antibody was removed by
washing with MABT followed by alkaline phosphatase (AP) stain-
ing buffer (100 mM NaCl, 50 mM MgCl,, 100 mM Tris, 0.1%
Tween-20, pH 9.5) and the tissue was then transferred to staining
solution (AP staining buffer with 10 % 100 kDa polyvinyl alcohol,
10 mM Levamisol, 3.5 pL/mL NBT, and 2.6 uL/mL BCIP in AP
staining buffer) and incubated at 37°C for 4 h. The color reaction
was stopped by washing with phosphate buffered saline (PBS) con-
taining Triton X-100 (0.1%) at RT. Finally, tissue sections were
dehydrated through ascending alcohol concentrations, defatted
with xylenes, and coverslipped. Bright field images were captured
at 2x-20x magnification.

Immunohistochemistry

Translation of chimeric GluN2 NMDAR subunits and translocation
to synapses was assessed with immunohistochemistry (IHC).
Brains from adult ABc, BAc, and WT animals were harvested and
cryopreserved as stated for in situ hybridization (ISH). Sagittal sec-
tions were cut on a vibratome at 30 pm and processed according to
a free-floating IHC protocol. Slices were permeabilized with 0.1%
Triton-X and pretreated with sodium borohydride (2 ng/mL in ster-
ile water) to minimize tissue autofluorescence. Sections were
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washed in PBS and blocked with normal goat serum (1% NGS,
0.1% Triton X-100 in PBS) at RT for 1 h. Sections were washed again
in PBS and incubated for 72 h in blocking solution containing pri-
mary antibody at 4°C. Anti-HA (1:450 dilution; rabbit polyclonal,
Rockland) was coapplied with o-PSD95 (1:450 dilution; mouse
monoclonal, Thermo Fisher Scientific) or a-SAP102 (1:450 dilu-
tion; mouse monoclonal, Rockland) primary antibodies. Slices
were subsequently washed with PBS and incubated in blocking sol-
ution containing secondary antibodies (1:2500 dilution; a-rabbit-
fluorescein, and a-mouse-Cy3, Jackson ImmunoResearch) for 4 h
at RT. After final PBS washes, slices were mounted on glass micro-
scope slides and coverslipped in Vectashield (Vector Laboratories)
with DAPL

Fluorescent signal intensities for HA, PSD935, and SAP102 were
imaged by confocal microscopy (C1 Plus, Nikon) at 20x, 40x, and
60x. To remove residual autofluorescence signals, laser power and
signal gain levels for each channel were set to produce almost
no signal on sections that were exposed to secondary antibody,
but no primary antibody. These settings were then applied to all
sections treated with primary antibody from all genotype groups.
For analysis, raw data values were compared by two-way ANOVA
(genotype x synaptic region). Signal intensities for all groups
were normalized to mean signal intensities recorded from WT tis-
sue sections and presented as normalized intensities.

MWM training

Animals were trained on spatial version of the MWM. The testing
environment was spatially enriched with various groups of black
shapes hanging on white curtains surrounding roughly three
quarters of the pool circumference and an off-white wall and bio-
containment hood visible through the curtain gap. The pool was
black with a diameter of 127 cm. The platform diameter was 17.5
cm. The pool water was made opaque with nontoxic white tem-
pera paint and maintained at a temperature of 24 C. The platform
was painted white and positioned 1 cm below the water surface.
The escape platform remained at one goal location across all
training trials for each animal, but shifted between cohorts.
Animals from each genotype were trained in a counter-balanced
order and all genotypes were represented in each testing cohort.
Also, the goal location was moved to a new location for each test-
ing cohort so that each quadrant was represented similarly in the
final analyses.

A 1-d massed training protocol was performed. Just prior to
the first trial, naive animals were pretrained by being allowed climb
onto the platform from three different directions and sit for 10 sec
each time. Immediately following climbing practice, escape train-
ing ensued. Escape training consisted of five blocks of three escape
trials (15-20 min inter-block interval) followed by a single probe
trial (immediate, IMM), to test for spatial learning, and then three
more “refresher” escape trials (refresher trials were not included in
data analyses). A single long-term memory probe was performed
24-h following training to assess spatial memory. For each trial,
the animal was placed at one of four starting positions varied
pseudorandomly along the edge of the pool (starting positions
were offset from goal locations by 45°). Training trials lasted for
1 min or until the animal reached the goal platform. If the platform
was not found, the animal was guided onto the platform. In either
case, the animal remained on the escape platform for 15 sec. For
the probe trials, the platform was removed from the pool. The an-
imals were started at one of two “far” locations 73 cm from the cen-
ter of the goal location and allowed to search for 1 min. After each
training block or probe trial, animals were gently toweled off and
placed in a heated cage (~29 C) until dry and then returned to
the home cage to wait for the next trial block.

In a separate test with separate subjects, a nonspatial escape
task was performed. In this case, the curtains were rolled up to min-
imize the extramaze cues, the pool water was clear, and a white wif-
fle ball was attached to the center of the escape platform. The
escape platform was moved to a new quadrant for each trial within
a testing block and across testing blocks in a pseudorandom order.
The start location was also moved for each trial as was performed
for the spatial version of the MWM. Twenty-four hours following
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training, three additional trials were performed to test long-term
memory.

For both versions of the MWM test, animal position was con-
tinually tracked during training and probe trials by an overhead
video camera and tracking software (MazeScan, CleverSys Inc.).
Escape latencies were measured by stopwatch. Path length and
swim speed were extracted from each training trial and averaged
by training block to create learning curves for each animal. Dwell
time in each quadrant, time spent over goal location, and distance
from platform (1 Hz sampling rate) were calculated for each probe
trial for every animal. Two-way repeated-measures ANOVAs (geno-
type x training block) were used to compare learning curves. Goal
qéladrant biases for probe trials were calculated within groups by
x~ test. Dwell time in the goal quadrant and time over goal location
were analyzed by one-way ANOVA. Directness of initial approach
was analyzed by two-way repeated measures ANOVA (genotype x
sample time). Where necessary (violation of Mauchly’s test for
sphericity), the Greenhouse-Geisser correction was applied to
the two-way ANOVAs. Tukey HSD post hoc tests were used to deter-
mine individual group differences.

Results

In situ hybridization

Colorimetric ISH using an antisense probe targeting tTA produced
punctate labeling of cell bodies in forebrain regions only (Fig. 1C).
tTA expression was observed in the neocortex and hippocampus,
but not in the striatum or olfactory bulb. Expression was most
dense in area CA1 of the hippocampus and sparse in all other hip-
pocampal and cortical regions.

Immunohistochemistry

Confocal images were taken from sagittal brain sections collected
from young adult ABc, BAc, and WT mice treated with primary an-
tibodies targeting HA, SAP102, and PSD95 (example images shown
in Fig. 2A). Signal intensities for HA, SAP102, and PSD95 were mea-
sured in three dendritic fields (CA1l stratum radiatum, RAD; CA1
stratum moleculare, MOL; dentate gyrus stratum moleculare, DG)
and compared across genotype (ABc, BAc, WT). Across all hippo-
campal areas, there was a main effect of genotype on HA signal in-
tensity [F(z,60)=10.83, P<0.001], reflecting the presence of ABc
(versus WT, P<0.001) and BAc (versus WT, P<0.005) subunits.
Within anatomical region, there was an effect of genotype on HA
levels in the RAD [one-way ANOVA, F 15 =4.33, P<0.05], the
MOL [F(3,18)=4.27, P<0.05], and the DG [F,15)=5.19, P<0.02].
Relative to WTs, HA signal was elevated in both ABc (RAD,
P<0.006; MOL, P<0.001; DG, P<0.002) and BAc sections (RAD,
P<0.006; DG, P<0.004) (Fig. 2B).

There were no main effects of genotype or region or an inter-
action effect on SAP102 signal intensities. In contrast, there was a
main effect of genotype on PSD95 expression [F(2,36)=11.92, P<
0.0001]. Within regions, there was a main effect of genotype for
the RAD [F(Z,ll) =4.40, P< OOS] and in the DG [F(2l11)=4.29, P<
0.05]. Post hoc analyses showed that the significant differences
were carried entirely by ABc animals. For ABc animals, PSD9S5 ex-
pression was elevated relative to WT in RAD (P<0.049) and DG
(P<0.048) (Fig. 2B) with a trend for significance in MOL (P=
0.057). PSD9S5 expression in sections from BAc mice was not dif-
ferent from WTs in any region. Considering all IHC results togeth-
er, the data indicate that 1) ABc and BAc subunits are expressed and
translocated into dendrites in area CA1 and in the DG and 2) ABc
expression is accompanied by an increase in PSD9S5 expression.

Spatial MWM—training trials
During the training phase, when analyzing all five blocks,
escape latencies decreased across training blocks [F4 292)=26.0,
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(*=3.3; P=0.34) (Fig. 4A) further sup-
porting an impairment in spatial learning
in the BAc line. Examination of the goal
quadrant alone revealed no difference in
dwell time across genotypes [one-way
ANOVA: F; 64)=2.08, P=0.13] (Fig. 4B).
However, time spent over the goal loca-
tion was impacted by genotype [F364) =
3.78; P<0.05], where BAc animals spent
less time over the goal location compared
to WT animals (Tukey HSD, P <0.05) (Fig.
4C). Combined with the lack of a geno-
type effect on goal quadrant latency,
this result suggests that a coarse spatial
navigation capacity is present in the BAc
animals, but the ability to locate the es-
cape location is less accurate. While a
standard measure, goal quadrant dwell
time is a relatively poor way to assess spa-
tial search strategy (animals spend time
scratching on the pool wall in the goal
quadrant and this quadrant is often aban-
doned within tens of seconds after an un-

Figure 2. |HC for GIuN2 chimeric subunits and synaptic anchoring proteins. (A) Representative image
of colabeling for HA (green) and PSD95 (red) and stained with DAPI (blue) in 30 um hippocampal slice of
an ABc chimeric mouse (shown at 20x, 40x, and 60x magnification). Yellow boxes illustrate boundaries
for extraction of average signal intensities for stratum radiatum (RAD) and stratum moleculare (MOL).
Yellow lines are scale bars: 20x, 60 pm; 40x, 30 um; 60x, 20 um. Intensities were also extracted from
the stratum moleculare of the dentate gyrus (DG). (B) Quantification of signal intensities for HA (n=4
animals per genotype), PSD95 (n=6 animals per genotype), and SAP102 (n= 6 animals per genotype)
antibodies applied to sections from ABc, BAc, and WT mice. Both transgenic lines expressed chimeric
subunits (increased HA signal). SAP102 expression was not altered compared to WT animals. ABc expres-
sion increased PSD95 expression in the RAD and DG. Statistical significance versus WTs is indicated as

successful search). Proximity measures,
such as the distance-to-platform measure
developed by Gallagher et al. (1993), have
been compared to other analyses and
deemed superior for detecting group
differences in spatial memory ability
(Pereira and Burwell 2015; Kapadia et al.
2016). Analysis of directness of initial ap-

follows: (*) P<0.05, (**) P<0.01, and (***) P<0.005.

P <0.0001], but there was no main effect of genotype [Fz,73,=2.06,
P=0.14] and no genotype by block interaction [Fg 292 = 0.67, P=
0.72] (Fig. 3A). Given that GluN2A knockout mice display a selec-
tive impairment in rapid contextual learning (Sakimura et al. 1995;
Kiyama et al. 1998; Bannerman et al. 2008), we eliminated the final
two testing blocks from the analysis to test for an effect of GluN2
chimera expression on learning rate. When only the first three
blocks were analyzed, a main effect of genotype emerged [F(5 73) =
3.93, P=0.02], but no genotype by block interaction [F(4,146)=
0.41, P=0.80] (Fig. 3A). Escape latencies were greater for BAc
mice compared to WTs (Tukey HSD, block 2: P<0.019), suggesting
slower initial learning in the BAc animals.

The mean path length from the start location to the escape
platform varied across block [F4 64 =3.31, P=0.02], but there
was no effect of genotype [F(z 16 =0.09, P=0.91] and no genotype
by block interaction [F(ge4)=1.21, P=0.31] (Fig. 3B). When the
analysis was restricted to the first three blocks, there was no effect
of genotype [F(2 56 =1.36, P=0.28] or block [F(3 56,=1.97, P=0.16]
and there was no genotype by block interaction [F4, 56 =0.55, P=
0.70]. Swim speed analysis across all five training blocks revealed
no main effect of training block [F(4,64)=0.37, P<0.77] or genotype
[Fo16=1.76, P=0.20] and no genotype by block interaction
[F8,64)=0.92, P<0.51] (Fig. 3C), suggesting no effect of GluN2 chi-
mera expression on swimming ability and no modulation of swim-
ming ability across training trials. Combined, the data support a
normal rate of escape learning in adult ABc mice, but slower escape
learning in BAc animals.

Spatial MWM—immediate probe trial

During the immediate probe trial, WT and ABc animals similarly
showed significant goal quadrant biases (WT: y*>=13.76, P<
0.005; ABc: X2= 11.96, P<0.01), while BAc mice showed no bias
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proach toward the goal location (proxim-
ity sampled at 1 Hz during the first 10 sec)
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Figure 3. Learning performance across training blocks. (A) Mean escape
latency (Latency) across training blocks for all genotypes. BAc chimeras
took longer to reach the platform across the first three training blocks.
ABc (n=25), BAc (n=14), and WT (n=37). (B) Mean path length to
escape (Path) across training blocks. There was a main effect of training
block, but no main effect of genotype on path length. ABc (n=7), BAc
(n=7), and WT (n=35). (C) Mean swim speed (Speed) across training
blocks. There was no main effect of training block or of genotype on
swim speed. Statistical significance versus WTs: (*) P<0.05.
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Figure 4. Spatial performance in the IMM probe. (A) Mean dwell time
across all quadrants for all genotypes (quadrants: [G] goal; [O] opposite
quadrant; [A] adjacent). ABc (n=25), BAc (n=14), and WT (n=37).
(**) P<0.01, and (***) P<0.005. Only BAc chimeras did not have a goal
quadrant bias. (B) Mean dwell time in the goal quadrant for all genotypes.
There was no effect of genotype on goal quadrant dwell time. (C)
Normalized mean dwell time over the goal location during the immediate
probe for all genotypes. BAc chimeras spent less time over goal location
than WTs, (*) P<0.05. (D) Mean distance to goal location sampled at 1
Hz was calculated for each genotype. Start location distance is marked
by a black arrowhead on the Y-axis. The first 10 sec were analyzed to
measure directness of approach to the goal location. BAc chimeras
were consistently farther away from goal location than the WT animals,
(*) P<0.05.

revealed significant effects of sample time [Fo s04)=33.02, P<
0.0001] and genotype [F 6 =3.54, P<0.04], but no genotype
by sample interaction [F(z ¢6)=1.19, P<0.27]. BAc animals exhibit-
ed greater distance to platform values than WT (Tukey HSD, sam-
ple times 2-6, 9: P<0.05) (Fig. 4D). There was no genotype effect
on swim speed [ABc: 16.3+1.5 cm/sec; BAc: 16.8+0.6 cm/sec;
WT: 16.9%+1.0 cm/sec; F(2,66) = 118, P= 031] [F(2'72) = 006, P=
0.94]. Overall, results from four separate measures (escape latency
early in training, goal quadrant bias, time over platform, and dis-
tance to platform during the probe trial) support a reduced profi-
ciency in learning the location of or in executing a route to the
goal location for the BAc, but not the ABc mice.

Spatial MWM—24-h probe trial

A massed training protocol for the MWM produces suboptimal
learning and memory compared to spaced training (Commins
et al. 2003; Vorhees and Williams 2014). As a result, only WT ani-
mals displayed a significant quadrant bias during the 24-h probe
(x*=13.56, P<0.005) (Fig. 5A). Analysis of dwell time within the
goal quadrant alone revealed no effect of genotype [F(3 66, =0.84,
P=0.44] (Fig. 5B). Analyzing time over goal location revealed a sig-
nificant genotype effect [F 60)=3.22, P<0.05]. BAc mice spent
less time over the goal location (P <0.05) compared to WTs (Fig.
5C). Also, there were significant main effects of sample time
[F(9,539) = 2297, P=00001] and genotype [F(2’71) = 624, P<
0.005] but no genotype by sample time interaction [F(1g639)=
1.00, P=0.46] (Fig. 5D). BAc mice showed larger mean values
(Tukey HSD, sample time 6-10: P<0.01) for distance to platform
than WTs across the first 10 sec. This result was expected due to
the learning impairment observed during training and the search
performance deficit during the immediate probe trial. In sharp
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contrast, ABc animals exhibited reduced distance to platform val-
ues compared to WT (P<0.05) or BAc mice (P<0.005), indicating
a more direct approach to the goal location (Fig. 5D). There was
no genotype effect on swim speed [ABc: 19.3 +1.8 cm/sec; BAc:
20.8£0.8 cm/sec; WT: 20.0+1.0 cm/sec; Fp 609)=0.21; P=0.81]
[F2,609)=0.21, P<0.81]. Together, these data support a possible en-
hanced ability of the ABc mice to orient to space or plan a route to
the goal location when tested a day after training.

Nonspatial MWM

In a single day, each animal performed 18 training trials separated
into six blocks with a nonstationary escape platform marked with a
white wiffle ball. Similar to the spatial version of the MWM, mean
escape latencies (Fig. 6A) and path lengths (Fig. 6B) decreased
across training blocks [latency: Fs125)=19.17, P=0.0001; path
length: F(s 125)=20.32, P=0.0001] (Fig. 5). There was no main ef-
fect of genotype on escape latency [F(;,2s5)=1.06, P=0.36] or path
length [F(225)=0.46, P=0.63]. There were also no genotype by
training block interactions for any measure [escape latency:
F(lO,lZS) =0.73, P= 061], path length: F(lO,'lZS) = 154, P=020],
swim speed: F10,125)=0.57, P=0.78]. To compare more directly
to the results from the spatial test, the repeated measures analysis
was restricted to the first three blocks. Unlike the spatial test,
when the analysis was restricted to the first three blocks, there
was no effect of genotype on escape latency [Fs3 =1.10, P=
0.35] or path length [F(5 g3)=0.91, P=0.41] but there was an effect
of training block [escape latency: F g3 =14.50, P=0.0001; path
length: Fg3,=12.60, P=0.0001]. There were no genotype by
block interactions on escape latency [F,s3=0.78, P=0.54] or
path length [F4s3=1.82, P=0.14]. When swim speed was
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Figure 5. Long-term spatial memory in the MWM. (A) Mean dwell time

across all quadrants for all genotypes during the 24-h probe (quadrants:
[G] goal; [O] opposite quadrant; [A] adjacent). ABc (n=22), BAc (n=
14), and WT (n=29). Only WT animals displayed a goal quadrant bias (sig-
nificant %2 result, (*) P < 0.05). (B) Mean dwell time in the goal quadrant for
all genotypes. There was no effect of genotype on goal quadrant dwell
time. (C) Mean time spent over goal location during the 24-h probe for
all genotypes. BAc chimeras spent less time over goal location than WT
animals, (*) P<0.05. (D) Mean distance to goal location sampled at 1
Hz was calculated for each genotype. Start location distance is marked
by a black arrowhead on the Y-axis. The first 10 sec were analyzed to
measure directness of approach to the goal location. BAc chimeras
were consistently farther away from goal location than the WT animals,
(**) P<0.01. ABc mice approached the platform more directly than
WTs, (*) P<0.05.
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Figure 6. Learning performance across training blocks in the nonspatial
escape task. (A) Mean escape latency (Latency) across training blocks for all
genotypes. There was a main effect of training block, but no effect of ge-
notype on path length. ABc (n=8), BAc (n=8), and WT (n=10). (B) Mean
path length to escape (Path) across training blocks. There was a main
effect of training block, but no effect of genotype on path length. (C)
Mean swim speed (Speed) across training blocks. There was no main
effect of training block, but there was an effect of genotype on swim
speed. There was no effect of genotype on escape latency, path length,
or swim speed during the 24-h tes. A=ABc, B=BAc, and W=WT.

analyzed across all five training blocks, there was a main effect of
genotype [F225=5.76, P=0.01], but no effect of training
block [F(s,125)=1.67, P=0.17] and no genotype by training block
interaction [F(10,125)=1.54, P=0.20] (Fig. 6C). These results did
not change when only the first three blocks were analyzed [geno-
type: Fp 3= 8.97, P=0.002; training block: Fg3)=2.50, P=
0.09; interaction: F(4 g3y=0.97, P = 0.43]. ABc animals swam consis-
tently faster across training blocks (Tukey HSD, blocks 1 and 2: P<
0.05). Combined, these data suggest no impact of GluN2 chimera
expression on cued escape learning.

When tested 24-h after initial training, there were no group
differences in mean escape latency [F(;25,=0.99, P=0.39], path
length [F(225=0.54, P=0.59], or swim speed [F(; 25 =1.09, P=
0.35] (Fig. 6, right), supporting no effect of GluN2 chimera expres-
sion on nonspatial long-term memory.

Discussion

We verified transgene expression in forebrain principle cells, docu-
mented transgene translation to protein, and quantified transloca-
tion of NMDARs with chimeric subunits into dendrites. By
expressing chimeric GluN2 subunits in NMDARs at hippocampal
synapses in adult animals, we were able to show that different re-
ceptor properties likely affect separate aspects of spatial cognition.
BAc animals displayed slower and perhaps less accurate learning
while ABc animals exhibited an enhanced ability to orient to the
goal location when tested at 24-h after training. Both mutant
groups were not distinguishable from WTs in a nonspatial water es-
cape task supporting selective spatial effects of GluN2 chimera ex-
pression in the forebrain. Largely different behavioral results were
obtained from the ABc and BAc lines that use the same transcrip-
tion system, suggesting that the effects were not a nonspecific re-
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sult of transgene overexpression and strongly support an effect of
amino acid sequence.

We interpret the molecular basis of the behavioral outcomes
with respect to native GlJuN2 subunit background in adult WT an-
imals. Synaptic NMDARs containing two GluN2B subunits are lost
during postnatal development and replaced by NMDARs with two
GluN2A subunits or one GluN2A and one GluN2B subunit (Barria
and Malinow 2002; Al-Hallaq et al. 2007). Thus, in mature animals,
the GluN2 background is predominantly GluN2A. In our BAc ani-
mals, the contrast to the WT background is the ATD and TMDs of
GluN2B. These animals display a reduced capacity for spatial learn-
ing. Since the ATD and TMDs regulate calcium conductance, these
results suggest that GluN2B-type calcium conductance is not opti-
mal for spatial learning. Conversely, in the ABc animals, the con-
trast to the WT background is the GIuN2B CTD. These animals
outperform BAc and WT animals at the start of the long-term spa-
tial memory test. Since the CTD provides the metabotropic signal-
ing, this finding implicates the GluN2B CTD metabotropic
signaling as a positive modulator of memory processes (consolida-
tion, maintenance, or retrieval). Alternatively, ABc expression re-
sults in removal of the GluN2A CTD, which has been shown to
be a negative modulator of memory maintenance (Sprengel et al.
1998; Shinohara and Hata 2018). Regardless, separate signaling
properties of NMDARs likely make independent contributions to
different aspects of spatial cognition. This conclusion will be
further explored by direct measurement of NMDAR-dependent cal-
cium currents recorded from CA1 pyramidal neurons in hippocam-
pal slices and through immunohistochemical quantification of
calcium-independent NMDAR signaling in maze-tested animals.

GluN2 chimeras have been engineered into transgenic mice
by other investigators to study the neural bases of learning and
memory. Analogous to our results in a spatial task, adult mice ex-
pressing ABc chimeric GluN2 subunits display long-term memory
for novel objects that is superior to WTs (Jacobs et al. 2014) and
BAc-type chimeras display impaired long-term memory for fearful
(Jacobs et al. 2014) and social events (Jacobs et al. 2015). Likewise,
in knock-in mice, BAc equivalent animals displayed impaired con-
textual fear conditioning, but there was no effect of the ABc
knock-in (Ryan et al. 2013). As such, while similar effects have
been reported previously, the current results illustrate the learning
impairment produced by overexpression of the GluN2B ATD and
TMDs and the cognitive enhancement produced by overexpres-
sion of the GluN2B CTD in BAc and ABc mice performing the
same behavioral task. The cognitive enhancement was likely
made visible by the more difficult massed training protocol (leav-
ing room for improvement). Application of a spaced training
protocol and intermittent probe trials might discern between pos-
sible effects on the facility of memory consolidation or the total
capacity for long-term memories.

More recent studies involving expression of GluN2 chimeras
and GluN2 subunits with CTD deletions have shown independent
involvement of the carboxy tails of GluN2A and GluN2B in LTP in-
duction (Kohr et al. 2003; Berberich et al. 2007; Foster et al. 2010).
In hippocampal slices prepared from adult mice having native
GIluN2A subunits replaced with GIuN2A subunits lacking the
CTD, LTP magnitude was reduced and LTP induction was abol-
ished by treatment with antagonists that block GluN2B-contain-
ing NMDARs (Kohr et al. 2003). Thus, alternative to the formerly
held notion that GluN2A and GluN2B, as whole subunits, regulate
different forms of plasticity (Liu et al. 2004; Massey et al. 2004;
Izumi et al. 2006), a newer, more plausible idea is that functional
domains of GluN2A and GluN2B act together to facilitate plasticity
induction. Specifically, the combination of ATD and TMDs of
GluN2A and the CTD of GluN2B optimized maze performance, po-
tentially through greater temporal control over the rise in the level
of intracellular calcium (GluN2A) working together with greater
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recruitment of critical plasticity proteins, like CaMKII or RasGRF-1
(GluN2B).

Triheteromeric NMDARs contain one GluN2A subunit and
one GluN2B subunit and display calcium conductance properties
that are intermediate to diheteromeric NMDARs with GluN2A
and GluN2B (Monyer et al. 1992; Rauner and Kohr 2011). Prior
studies point to higher proportions of triheteromeric NMDARs at
mature versus less mature glutamatergic synapses in the hippo-
campus (Al-Hallag et al. 2007; Rauner and Kohr 2011; Wang
et al. 2011), though developmental changes in synaptic content
of triheteromeric NMDARs have not been studied directly. To con-
sider how triheteromeric NMDARs play a role in our transgenic
lines, we made a diagram to propose ABc and BAc contributions
in di- and triheteromeric receptors (Fig. 7). Assuming complete
transformation where both native GluN2 subunits are replaced
by chimeric GluN2 subunits within a receptor, the molecular out-
come is the same for synapses with diheteromeric or triheteromeric
NMDARs. The situation is more complicated for a single subunit re-
placement in triheteromeric NMDARs because the chimeric sub-
unit may replace either the GluN2A or GluN2B subunit. Thus, in
the ABc line showing long-term memory enhancement, if ABc sub-
units selectively replace GIuN2B subunits, the already dominant
GluN2A-type ATD and TMD representation increases. If ABc sub-
units selectively replace GluN2A subunits, the GluN2B-type CTD
representation increases. Given a high level of GIuN2A content
in adults, the former replacement possibility (ABc for GluN2B) is
less plausible in explaining the cognitive enhancement.

Positioning of NMDARs adjacent to presynaptic release sites is
reliant on specific anchoring proteins in the postsynaptic density,
including PSD95 and SAP102 (Sans et al. 2000, 2003; Béique et al.
2006; Besshoh et al. 2007; Elias et al. 2008; Minatohara et al. 2013).
Prior sequential immunoprecipitation studies have shown similar
affinities of GluN2A and GIluN2B for PSD95 and SAP102 in adult
hippocampal homogenates (Al-Hallaq et al. 2007). Our immuno-
histochemical results revealed elevations in dendritic content of
PSD95, but not SAP102, only in the ABc line. Thus, behavioral al-
terations could be related to increased synaptic content of PSD95, a
related increase in total number of NMDARs per synapse, or an
increase in the number of synapses. These possibilities can be

Number of GIuN2 substitutions

Diheteromeric
(juvenile)

Diheteromeric : aa“
(adult) UU;

Triheteromeric : aﬁ
(adult) UU

Figure 7. All possible chimeric GluN2 subunit substitution patterns in di-
and triheteromeric NMDARs. Synaptic diheteromeric NMDARs containing
two GIuN2B subunits are lost during postnatal development and replaced
by diheteromeric and triheteromeric NMDARs with two GIuN2A subunits
or one GluN2A and one GluN2B subunit, respectively. Predicted NMDAR
subunit composition is shown when one or both native GIuN2 subunits
are replaced by chimeric subunits.

e
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addressed in part through morphological studies that quantify
dendritic spines and through electrophysiology. However, as stat-
ed above, the behavioral outcomes of ABc and BAc expression are
very different and not likely explained by a secondary alteration
that is common to both lines.

In summary, the current studies indicate that manipulations
in calcium conductance or intracellular signaling domains of
NMDARs produce separable alterations in hippocampal-
dependent behaviors in mature mice. The findings support further
submolecular analyses and interdisciplinary studies of NMDAR
function across the lifespan. Findings from such studies could en-
able the production of improved treatments for developmental
and adult disorders where NMDARs are implicated, including
Fragile X syndrome, autism spectrum disorders, and schizophrenia
(Lau and Zukin 2007).
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