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Distinct effects of AMPAR subunit depletion on spatial
memory

Ahmed Eltokhi,’? llaria Bertocchi,’** Andrei Rozov,'>¢ Vidar Jensen,” Thilo Borchardt,” Amy Taylor,®
Catia C. Proenca,’ John Nick P. Rawlins,® David M. Bannerman,®* and Rolf Sprengel™-?*

SUMMARY

Pharmacological studies established a role for AMPARs in the mammalian forebrain in spatial memory
performance. Here we generated global GluA1/3 double knockout mice (Gria1/3~/") and conditional
knockouts lacking GluA1 and GluA3 AMPAR subunits specifically from principal cells across the forebrain
(Gria1/34F?). In both models, loss of GluA1 and GluA3 resulted in reduced hippocampal GluA2 and
increased levels of the NMDAR subunit GIuN2A. Electrically-evoked AMPAR-mediated EPSPs were
greatly diminished, and there was an absence of tetanus-induced LTP. Gria1/3 "/~ mice showed premature
mortality. Gria1/3“"® mice were viable, and their memory performance could be analyzed. In the Morris
water maze (MWM), Gria1/3“F? mice showed profound long-term memory deficits, in marked contrast to
the normal MWM learning previously seen in single Grial~’~ and Gria3~/~ knockout mice. Our results sug-
gest a redundancy of function within the pool of available ionotropic glutamate receptors for long-term
spatial memory performance.

INTRODUCTION

L-a-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARs) support the majority of fast, excitatory synaptic transmission in
the mammalian forebrain. Moreover, the process by which AMPAR trafficking is stimulated and directed toward active synaptic zones under-
lies synaptic plasticity in many brain regions." In the hippocampus, it is well documented that fast glutamatergic transmission plays a key role
in learning and memory. For instance, the infusion of broad spectrumAMPAR/KainateR antagonists, LY326325, CNQX or NBQX, into the
hippocampus impairs spatial memory performance in the Morris water maze (MWM).? This impairment is observed when the antagonists
are infused prior to training as well as when they are administered before recall in pre-trained rats.” Despite the long-standing realization
that spatial memory depends on AMPA/Kainate transmission, the contribution of different AMPAR subunits to long-term spatial memory per-
formance has remained elusive.

Together with N-methyl-D-aspartate receptors (NMDARs) and Kainate receptors (KARs), AMPARs form the family of ionotropic glutamate
receptors (iGluRs). Members of all three subfamilies are encoded by their own genes which are differentially expressed in different brain
regions during development and in the adult brain.””" In the case of the AMPAR family, the GIuA1, A2, A3 and A4 subunits are involved in
the formation of a tetrameric ligand-gated ion channel. The subunits GluA1, 2 and 3 form the AMPAR core complex in excitatory cells in
various combinations. The majority of these AMPARs, at least in hippocampal excitatory neurons, are Ca*-impermeable and are formed after
the tetramerization of two GluA1/GluA2 dimers or tetramerization of two GluA2/GIuA3 dimers in native ER membranes during secretion.®”
The homomeric Q/R site-edited GluA2 and homomeric GluA3 receptors can be formed in vivo but are poorly transported to the plasma
membrane and thus to :synapses.m’12 In the mature brain, the Q/R site- edited GIuA2 subunit “GIuA2(R)" is the most abundant GIuA2 iso-
form."® GIuA2(R) determines critically the Ca?*-impermeability of GluA2-containing AMPARs. In contrast, GluA4-containing AMPARs are
Ca?*-permeable. GIuRA4 is expressed together with GluA1 and/or GIuA3 mainly in the cerebellum, olfactory bulb and interneurons, and
only transiently during development in CA1 pyramidal neurons.®'*~'® GluA4 global knockout had no effect on associative long-term spatial
memory performance in the MWM'” but showed a mild impairment in spatial learning in the Barnes Maze.'®

Gria3™’~ global knockout mice exhibited several phenotypes,'”! while maintaining normal synaptic transmission with enhanced LTP?
and regular long-term spatial reference memory performance in the MWM?' [for review, see: ltalia at al., 202177, In contrast, both global
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Figure 1. Generation and molecular analysis of global double GluA1 and GluA3 knockout mice (Gria1/3 /") and constitutive mutants (Gria1/34 ) with
specific loss of the GluA1 and GIluA3 subunits in excitatory forebrain neurons

(A) Gria1/37/~ were generated by matings of GluA1 and GIuA3 knockout mice. A three-week-old Grial/3™~~ mouse raised by a foster mother can be recognized
by its smaller body size and impaired body behavior in comparison to a Grial/3™* littermate (see: Video S1).

/-

(B) Immunoblot analyses of hippocampal extracts for all four members of the AMPAR family evidenced the depletion of GluA1 and GIuA3, and a decrease in
GluA2 level accompanied by a trend toward increased GIuN2A and GIuN2B in Grial/3~/~ mice (for immunoblots and MW size marker see Figure S4).

(C) Generation of Gria1/34™ mice: The transgenic encoded transcription factor tTA expressed by the promoter of the alpha subunit of the aCamKIl gene
(@Camkll-Pr.) was used to drive the expression of the transgenic Cre recombinase in excitatory neurons of the forebrain, as monitored by the
immunobhistological analysis of Cre expression (right inset) of the transgene (Tgtero'cre) in the hippocampus (CA1,2,3 Cornu Ammunis layer 1,2,3; DG =
Dentate Gyrus). After integrating TgC®™ 274 and Tg'**©%"® transgenes into the genetic background of mice encoding the floxed Gria1?** [Gria1”" (loxP
sites)] and floxed Gria3?* [Gria3™ (LoxP* = loxP7151 sites)] genes, we obtained Gria1/3°™ mice with the forebrain-specific gene deletion of the exon 11 in
the Grial and Gria3 gene regions encoding the essential transmembrane spanning region M1 and the channel pore loop fragment P2 (indicated as black
bars in the in exon 11) in both Gria genes.

2 iScience 26, 108116, November 17, 2023



iScience ¢? CellPress
OPEN ACCESS

Figure 1. Continued

(D) The depletion of GluA1-containing AMPARSs could be monitored by the massive loss of GluA1 immunoreactivity in the forebrain and hippocampus of Gria1/
34 mice and by the accumulation of the GIuA2 subunit in the cellular layers when compared to controls. (DG = Dentate Gyrus, Hi = Hippocampus, CB =
Cerebellum, SO = Stratum Oriens, SP = Stratum pyramidale, SR = Stratum Radiatum). (E) The quantitative immunoblot analyses of hippocampal extracts for all
four members of the AMPAR family showed a significant reduction of those subunits which are expressed in excitatory hippocampal neurons; GluA1, GIuA2 and
GluA3, and a significant increase of GIuN1, GIuN2A and GIuN2B in Gria1/3*F mice. In (B) and (E), the statistical analysis was performed using the unpaired
Student's t test. *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001. Error bars indicate the standard error of the mean (SEM). (For the size markers of
immunoblots in Figures 1 B and 1E, see Figure S6).

Gria2~'~ and Gria2/3~/~ knockout mice were not suitable for the study of hippocampal-dependent learning due to their motor coordination
problems, reduced exploration and increased mortality.?***

Although GluA1, together with GIuA2, is the most prominent subunit of the AMPAR population in principle hippocampal neurons,” the
whole-brain genetic depletion of GluA1 did not have any effect on long-term spatial memory when tested on the standard fixed location,
hidden escape platform, reference memory version of the MWM task.?® Still, these mice were found to exhibit a selective short-term memory
impairment,”’~*® and have been discussed as a putative animal model for schizophrenia-like phenotypes.””" In our most recent publication,
we showed that the impaired short-term memory in a GluA1 knockout mouse is a key driver of enhanced striatal dopamine responses, which
may be an important contributor to aberrant salience and psychosis.*

Using our conditional GluA1 knockout mice (Gria1”f), we were able to allocate these behavioral phenotypes to the hippocampus using
CRE expression by viruses or transgenes.*** Despite the presence of normal spatial learning in the MWM, tetanic stimulation of CA3-to-
CA1 synapses in GluAT knockout mice could not induce the classical field LTP. However, with alternative stimulation procedures that rely
on the massive depolarization of the postsynaptic cell during presynaptic input signals, such as “Pairing” or “Theta-burst-stimulation,” the
activity-induced enhancement of CA3-to-CA1 synaptic transmission could be achieved.*>*’ Thus, it appears that the traditional field LTP
seems, in particular, to rely on a pool of extrasynaptic GluA1-containing AMPARs.*®

The generation and analysis of region-specific and conditional AMPAR depletion in excitatory forebrain neurons or specific parts of the
hippocampus using mice with floxed Gria genes (GriaX”) provides a more differentiated picture of the function of the AMPAR in synaptic
plasticity and spatial learning. Mice with a forebrain-specific GluA2 depletion (Gria2?™ mice) from pyramidal cells showed some enhance-
ment of the Theta-burst-induced LTP, exhibited a spatial working memory deficit and only a mild spatial reference memory impairment in
an appetitively motivated Y-maze task, suggesting residual spatial memory performance in these animals.*” This residual memory persisted,
even in the absence of the GluA1 and GIuA2 subunits in Grial™/~/24"° mice, with a 5- to 10-fold reduction of AMPAR currents in the hippo-
campus,’’ suggesting that the AMPAR currents, mediated by the putative remaining Ca®* -permeable GluA3 homomers at hippocampal CA1
synapses, might be sufficient for simple forms of long-term spatial memory.

In wildtype mice, Lu et al.,*" estimated by employing our conditional triple knockout Gria1/2/3”f mice that about 81% and 16% of synaptic
AMPARs in excitatory synapses are composed of GluA1/2 and GluA2/3 receptors, respectively. The remaining 3% of receptors could not be
identified as any particular AMPAR subtype, and ~95% of the currents at somatic outside-out patches were supported by GluA1/2 hetero-
mers."" The very low numbers of GluA1-type receptors that contain GluA3 subunits, as determined in our Co-IP studies,*” could potentially
originate from hippocampal interneurons. Hippocampal interneurons are well known to co-express GluA1, 3 and 4."”*% In addition, the
number of synaptic and extrasynaptic GluA2/3 receptors might be underestimated since the channel function of GluA2/3 receptors is inactive
under basal conditions.*

To explore whether, in the absence of GIuA1/2 and GluA2/3 receptors, residual synaptic transmission in excitatory neurons is sufficient for
learning, we generated global and conditional GluA1/3 knockout mice (Gria1/3™~; Gria1/3%7) and analyzed the basic molecular, histolog-
ical, and behavioral phenotypes of both mouse models. In particular, we were interested in spatial memory performance, since neither the
single GIuA1 nor single GluA3 knockout mice had any deficit in long-term spatial memory,?'*® and the fact that GluA1/2 and GluA2/3 type
receptors constitute the entire population of the hippocampal synaptic AMPARs. Therefore, long-term memory performance was assessed in
conditional Gria1/3%™ mice across a battery of hippocampus-dependent, spatial memory tests. The performance of hippocampal-lesioned
mice, known to be deficient across a wide range of spatial memory tasks,”” was tested alongside the Grial/34" mice at the same time.

RESULTS

Generation and analysis of global Gria1/3 knockout mice

We first generated whole-brain GluA1/3 knockout animals (Grial/3~") by crossing Grial™/~?* with Gria3™~ mice,”’ and offspring were
genotyped by tail biopsies as described.”'** The observed number of born GluA1/3 double-knockout mice was consistent with the expected
Mendelian ratio (1/16), suggesting no embryonic lethality for the double-knockout mice. However, we noticed that Grial/3™/~ mice were
smaller, had to be nursed by foster mothers, and adolescent mice required a calory-rich diet. Nevertheless, Grial/3™/~ mice remained signif-
icantly smaller than control littermates and phenotypically noticeably weakened (Figure 1A, and Video S1). In preliminary open field and
rotarod tests, 3 months old Gria1/3~~ mice performed poorly (Figures STA and S1B), although histological analysis of their brains showed
no obvious abnormalities in brain structure and CNS anatomical organization (Figure S2). Additionally, Gria 1/3~/~ mice and control mice had
similar marker protein distribution e.g., NeuN and GluN1 with the exception of the accumulation of GIuA2 in the cellular layers of the hippo-
campus (Str. pyramidale and granule cell layer of the DG) (Figure S3) as previously described in Grial™/~
characteristic sign of the trafficking issue of putative GluA2 homomers in hippocampi.'%**® In the cerebellum, the distribution of GluA2

1

mice.?>*° This can be considered a
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immunohistochemical signal was comparable between controls and Grial/3~~ mice (Figure S3B) despite the complete absence of GluA1
and GIuA3 in cerebellar extracts (Figure S4).

Quantitative immunoblots of Grial/37/~ mice showed that neither GluA1 nor GluA3 was expressed in the hippocampus (Figure 1B),
cerebellum or cortex (Figure S4) and that the accumulation of the GIuA2 immunosignal in the cellular layer of the hippocampus was asso-
ciated with a reduced GIuA2 immunoblot signal, suggesting a degradation of the unassembled GIuA2 subunits that reside in an intracel-
lular pool in the endoplasmic reticulum.*” Reduced GIuA2 levels were also noticed to some extent in the cerebellum of Grial/3™/~ mice
although the immunohistological GluA2 distribution in the cerebellum was similar to controls (Figure S3B). This may suggest that rules for
the transport of GIuA2 receptor components and thus the AMPAR-associated proteins in the cerebellum are different from the very well-
studied hippocampal trafficking, as might be indicated for the GluA3-dependent LTP at Purkinje cells.”® In addition, there was a trend
toward increased GIuN2A and GIuN2B levels in the hippocampus (Figure 1B), a trend which was less pronounced in the cortex and cer-
ebellum (Figure S4).

Generation and analysis of forebrain-restricted Gria1/3 knockout mice

To specifically assess learning behavior that is mediated by excitatory forebrain neurons, and to avoid behavioral impairments observed in the
global GluA1/2- and GluA1/3-deficient mice, we generated conditional Gria1/34™ mice with Grial and Gria3 gene deletions restricted to
excitatory neurons of the forebrain, by using mice with loxP site flanked Gria1”f 3" alleles (see Figure S5 for the description
of the floxed Gria1fallele), in combination with a transgenic mouse expressing Cre recombinase, controlled by the well-characterized trans-
genic aCaMKIl promoter fragment [e.g.,”' ] specifically in excitatory neurons of the forebrain (Figure 1C). Gria1/3*™ mice were viable and
suitable for complex phenotyping. The immunohistological staining of coronal Gria1/34™ brain sections showed that the expected strong

alleles and Gria

Cre expression in all cellular layers of the hippocampus (Figure 1C) was accompanied by a strongly reduced GluA1 immunohistological signal
in the forebrain (Figure 1D). Only a minor population of neurons in the CA1 region, probably interneurons, was still GluA1 positive. The typical
intense GIuA1 immunohistological signal in the hippocampal neuropil was not present in Grial/34 mice (Figure 1D). The hippocampal
GluA2 signal was accumulated in the cellular hippocampal layers (Str. pyramidale and granule cell layer of the DG) of Gria1/34™? (Figure 1D)
as described for the global Gria1/3™/~ knockout mice (Figure S3). The drastically reduced GluA1, 3 and reduced GluA2 levels in the hippo-
campi of Gria1/34™ mice could be verified in quantitative immunoblots. A trend toward increased levels of GIuN2A and GIuN2B levels in
Grial/3™/~ knockout mice reached significance in the hippocampi of Gria1/34™ mice (Figures 1E and S6).

L-¢-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors currents and tetanic field LTP are absent in CA1
principal cells

We next investigated the effect of combined GluA1 and GluA3 deletion on the amplitude of AMPAR-mediated spontaneous excitatory post-
synaptic currents (SEPSCs) in CA1 pyramidal cells of brain slices from Gria1/3™/~ mice at postnatal day 14 (P14) in the presence of Mg?* to
block NMDAR-mediated currents. While in control animals sEPSC were relatively frequent (IEI: 0.72 £+ 0.12 s n = 5) and had a mean amplitude
of 27 + 11 pA, we did not observe any detectable sEPSC events in slices from age-matched Grial/3™/~ mice although the threshold of detec-
tion was set 2 times higher than the noise level (Figure 2A), suggesting a very strong reduction or absence of AMPA-currents in CA1 cells of
Grial/37~ mice. Another common way to assess the consequences of genetic manipulations on the functional expression of AMPAR and
NMDAR channels is the analysis of induced excitatory postsynaptic currents (EPSCs) in absence of Mg?*. EPSCs recorded in Grial/37/~
mice were mediated almost exclusively by D-APV sensitive iGluRs and were therefore classified as NMDARs (Figure 2B, left). The fast compo-
nent of the EPSC that remained after blocking NMDAR channels by NBQX was very small (7 + 1.6 pA) and also insensitive to the application of
50 uM of AMPAR selective antagonist GYKI (6.8 + 0.83 pA; n = 5; p > 0.05), suggesting the contribution of KAR channels. This very low
contribution of AMPA/Kainate iGluRs to the fast excitatory synaptic transmission in Grial/3™/~ mice persists in adulthood and could be
observed in mice at P42 (Figure 2B, right). The contribution of KAR channels finds support by the analysis of the field excitatory postsynaptic
potentials (fEPSPs) at CA3-to-CA1 synapses in hippocampal slices. As expected, in the presence of the AMPAR/KAR blocker, NBQX, the re-
corded fEPSP response in CA1 to an electrical stimulation of the CA3 fibers in the str. radiatum was completely switched off in both Gria1™/~
and Gria3™"~ mice, and was not affected by the NMDAR blocker D-APV (Figure S7A). However, in Gria 1/37/~ double knockout mice, a slower
fEPSP response could only be partially blocked by either NBQX or D-APV (Figure S7A). This revealed a partly operative NMDAR and a KAR
component, that could also be detected in cellular EPSPs (Figure S7B), in principle neurons when GluA1 and GIuA3 subunits are
simultaneously depleted.

To evaluate whether this residual fEPSP can be modulated in an activity-dependent manner, we measured hippocampal CA3-to-CA1 field
LTP in hippocampal slices from Gria1/37/~ and Gria1/3%™ mice. When we stimulated the inputs to CA1 pyramidal cells of adult animals by
tetanic stimulation, no potentiation of CA1 field responses could be detected, neither in young Grial/3~~ nor in adult Gria1/3*™ mice
(Figure 2C). In adult control mice, the tetanic stimulation of the afferent fibers produced a persistent potentiation of the synaptic responses,
characteristic of LTP. The average fEPSP slope 40-45 min after tetanization was 129% + 4% (mean £+ SEM) of the normalized pre-tetanic con-
trol value, whereas synaptic transmission in the control pathway was unchanged (98% + 2%). In contrast, in adult conditional Gria1/3*™ mice,
the tetanic stimulation gave a non-significant increase of fEPSPs responses in the str. radiatum from 100% + 3% (control pathway) to 105% +
3% in the tetanized pathway, indicating the lack of a tetanus-induced change of the synaptic strength in absence of GluAT and GluA3 at those
synapses in Gria1/3%™ mice (Figure 2C).
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Figure 2. Alterations in synaptic transmission and synaptic plasticity at the hippocampal synapse in the absence of GluA1 and GIuA3
(A) Spontaneous EPSCs in CA1 pyramidal neurons were recorded from brain slices of 4 control mice at a holding potential of =70 mV in the presence of 1 mM

/= mice are depicted. Note the

Mg?" at postnatal day 14. In the bottom panel, examples of continuous recordings under the same conditions in 4 Grial/3~
absence of any detectable spontaneous EPSCs in Gria1/3™/~ mice.

(B) AMPA/NMDA ratios were measured from electrically evoked EPSCs in CA1 pyramidal cells in Mg?*-free ACSF in control and Gria1/3~/~ mice. The left panel
shows example traces of pharmacologically isolated putative NMDA and AMPA currents. The left panel shows example traces of pharmacologically isolated
NBQX-resistant and D-APV-resistant currents named as putative NMDA and AMPA currents, respectively. The right panel compares AMPA/NMDA ratios
from young and adult control and Grial/3™/~ mice. In both groups, the ratios measured in Grial/3™/~ mice were significantly smaller relative to values
obtained for control animals (***p < 0.001, t-test).

(C) Field LTP recordings at CA3/CA1 synapses in the different genotypes as indicated. LTP was quantified by the mean slope taken 40-45 min after tetanization. In
hippocampal slices of Gria1/3~/~ mice at P14, the EPSPs were reduced after tetanic stimulation, and in adult Gria1/3%™ conditional knockout mice, the LTP was
abolished. The time points of the tetanization (100Hz for 1 s) are indicated by arrows. The numbers of slices and animals used for the recordings are indicated.
Open symbols show the control pathway, and filled symbols show the tetanized pathway. Mean of six consecutive EPSPs just before tetanization (red) and 40 min

after (black) are inserted into the result panels. Representative traces before (red) and after (black) are given in as insets.

Preliminary behavioral analysis of Gria1/3 mice

To analyze the behavioral consequences of the altered synaptic signaling and its lack of activity-induced modulation by tetanic stimulation, we
used Grial/3%™ mice (i) due to the severe behavioral impairments of global Gria1/3™/~ knockout mice and (i) to keep the focus on the func-
tion of AMPAR in excitatory neurons in the forebrain. The visual inspection of the Gria/34? mice in their home cages did not reveal any gross
abnormalities. However, there was a reduction in body weights and grip strength in the wire-hanging test (Figures 3A and 3B; Table S1). Gria1/
347 mice displayed a deficit in nesting behavior and exhibited reduced burrowing in the first 2 h of the test, whereas the levels of burrowing
overnight were not impaired (Table S1).

Further assessment across a battery of tests revealed a number of phenotypes in Gria1/34™ mice. For example, Gria1/3
an impairment in the multiple static rods tests despite their normal performance on the horizontal bar (Table S2). They demonstrated normal
motor learning on the rotarod across 5 days of testing (3 trials per day) [Main effect of genotype: F (1, 21) = 2.514; p = 0.1278; genotype by trial
interaction: F (14, 294) = 0.4836; p = 0.9411] (Figure 3C). In a 2 h assessment of spontaneous locomotor activity using photobeam breaks,
Gria1/34F° mice displayed long-lasting hyperactivity (Figure 3D; and Table $1). In a 5 min open field test in a bigger novel unpleasant envi-
ronment, the distance traveled by Gria1/3°™ was highly variable across Gria1/3™ mice (although not different overall from controls),
whereas the number of rearings was consistently reduced in Gria1/3*™ mutants (Figure 3E). There were no overt differences in anxiety levels
between Gria1/34™ and control mice on several ethological, unconditioned tests of anxiety, e.g., light/dark box, food hyponeophagia, and
the successive alleys test which is a modified version of the elevated plus maze (Figure 3F; and Table S1). As expected from the emotional
learning deficits in GluA1 knockout mice,”>* Gria1/3%"® mice displayed a pronounced deficit on the passive avoidance test when tested
24 h after conditioning (Figure 3G). A similar impairment was previously correlated with a selective absence of GluAl-dependent LTP in

AP0 mice displayed

the basolateral amygdala.®

Spatial memory performance in Gria1/3 mice

57-59

Given the role of the hippocampus in spatial memory and the altered synaptic transmission and plasticity at hippocampal CA3-to-CA1

synapses in Gria1/32™ mice, we aimed at testing whether the previously reported impaired GluA1-dependent spatial working memory?” will
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Figure 3. General performance, motor skills and exploratory activities of Gria1/3*"™ mice

(A) The body weight of Grial/34™ mice was significantly reduced.

(B) The latency to fall from the hanging wire was decreased in Gria1/34™ mice.

(C) Gria1/3%" showed robust rotarod learning across 15 trials.

(D) Increased activity of Gria1/34™ mice in a 2 h spontaneous locomotor activity test measured by the mean number of beam breaks per group in photocell
activity cage.

(E) In the 5 min open field test, the distance traveled was highly variable in Gria1/3*™ mice (Mann Whitney U test was non-significant (p = 0.436), and rearing was
significantly reduced in Gria1/3%™ mice (Mann Whitney U test ***p < 0.001; median +/— IQR).

(F) In the successive alleys, there was no difference in the time spent by the Gria1/34™ or the control mice in each of the alleys in the successive alleys. The graph
shows the mean time spent in seconds for each group of animals in each of the alleys.

(G) In the passive avoidance fear conditioning test, a significant learning impairment could be observed in Gria 1/3*" mice. In (A), (B), (D), (F)and (G), the SEM are
given *p < 0.05, **p < 0.01, **p < 0.001.

be accompanied by a deficit in spatial reference memory in our double knockout mice. In a battery of hippocampus-dependent spatial
memory tasks, we compared control, Gria1/34™ and hippocampal-lesioned mice with almost complete destruction of the hippocampus
[see: Supplementary information in Bannerman et al., 2012*°].

Y-maze spatial reference memory task

First, we assessed associative spatial memory using an appetitively motivated, reference memory Y-maze task in which one arm of the maze
(defined by the allocentric, extramaze cues) was consistently associated with a milk reward (Figure 4A). While the sham-lesioned animals
readily acquired this task, the hippocampal-lesioned mice showed little, if any, improvement across the eleven days of training. Gria1/34°
mice and their controls learned the task at the same rate. After 100 trials, the controls, shams and knockout animals had all acquired the
task to a very high level of performance but the hippocampal-lesioned animals remained at near-chance levels of performance. ANOVA re-
vealed a main effect of group [(F (3, 30) = 44.51; p < 0.0001)], a main effect of day [F (9, 270) = 44.14; p < 0.0001] and groups by days interaction
[F (27, 270) = 5.6, p < 0.0001]. Analysis of simple main effects confirmed group differences from day 3 onwards [F (3,251) = 7.26; p < 0.001].
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Figure 4. Y and T-maze performance of Gria1/3“"" and hippocampal-lesioned mice

(A) Gria1/347® mice were able to acquire the Y-maze spatial reference memory task as well as their littermate controls. Mice with hippocampal lesions were
impaired on this task, while the sham-operated animals acquired the task more quickly than the Gria1/34™ mice and the control mice. The figure shows
mean correct choices (+SEM) out of 10 trials per day over an 11-day period, with day 11 being a session of post-choice baiting trials. The broken line
denotes chance levels of performance (50% correct choices).

(B) Hippocampal-lesioned and Gria1/3% mice were unable to solve the spatial working memory, non-match to place (rewarded alternation) appetitively
motivated T-maze task, with performance levels at near chance levels for the duration of the task in both groups. The control and sham-operated animals,
however, were able to acquire the task after 5 blocks of training. In (A) and (B), the figure shows the mean correct choices made per block of 10 trials
(+SEM). The broken line denotes chance levels of performance (50% correct choices). ***p < 0.001.

Furthermore, there was an effect of day for the control mice [F (9, 270) = 19.32; p < 0.001], Gria1/3°™ mice [F (9,270) = 24.16; p <0.001] and
sham-operated animals [F (9,270) = 15.26; p < 0.001] but not for the hippocampal-lesioned mice (F < 1; p > 0.9). Further investigation of the
main effect of group using Newman-Keuls post-hoc comparisons revealed that the hippocampal-lesioned group was impaired compared to
the other three groups (p < 0.01), and the sham animals were also different from the other two groups (p < 0.01).

Given our specificinterest in the performance of the Gria1/34™ mice, a separate ANOVA restricted to just the Gria1/34" mice and their control
littermates was conducted and showed no effect of group [F (1,15) = 2.41; p > 0.1], a main effect of day [F (9,135) = 37.15; p < 0.0001] but no groups
by days interaction [F (9, 135) = 1.3; p > 0.2], confirming that there was no deficitin the Gria1/3%™ mice when compared specifically to their control
counterparts. The performance of mice did not change during the last block of trials when post-choice baiting was carried out, demonstrating that
the mice were not solving the task by smelling the milk reward. A repeated-measures ANOVA of blocks 10and 11 (the final block of training and the
post-choice baiting block) revealed no effect of day, nor a genotype by day interaction (both F < 1; p > 0.5). In summary, unlike hippocampal-
lesioned animals, Gria1/34™ mice were able to learn a simple hippocampus-dependent spatial reference memory Y-maze task.

T-maze spatial working memory task

Next, we assessed spatial working memory performance using a non-matching to place rewarded alternation T-maze task, a task that is highly
sensitive to both hippocampal damage and GluA1 deficiency.”’*”¢? In this task, hippocampal-lesioned and Gria1/34™ mice were substan-
tially impaired compared to the two control groups (Figure 4B). A two-way repeated measures ANOVA revealed a significant main effect of
group [F (3,30) = 27.27; p < 0.0001], and also of block [F (4, 120) = 22.29; p < 0.0001], and a groups by blocks interaction [F (12, 120) = 6.11;
p < 0.001]. Newman-Keuls post-hoc comparisons revealed no significant differences between the control and sham-lesioned animals, nor
were there any differences between the Grial/34™ mice and hippocampal-lesioned animals. However, there were differences between
the control and sham groups when compared to both Gria1/3™ and hippocampal-lesioned groups (p < 0.01).
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This spatial working memory deficit in the Gria1/3%™ mice was also evident in a test of spontaneous alternation conducted in the absence
of appetitive rewards,®** as part of the initial test battery performed (Table S$1). Previous studies have shown that both hippocampal lesions
and GluA1 deficiency also impair spontaneous alternation performance.®““°

Spatial reference memory in the radial maze

The lack of a spatial reference memory impairment in the Gria1/34™ mice on the Y-maze was surprising. Therefore, we next assessed spatial
reference memory using a 6-arm radial maze task. We have shown previously that spatial reference memory performance on the radial maze is
dependent on the hippocampus but is unaffected in GluA1-deficient mice.”® Mice were trained to discriminate between 3 always rewarded
arms and 3 never rewarded arms, defined by the allocentric extramaze cues, thus increasing the mnemonic demands on the mice. Doors
prevented mice from re-entering arms and thus from making working memory errors during this initial acquisition phase.”® The control
and sham mice were again easily able to acquire this task. However, the hippocampal-lesioned animals were significantly impaired during
radial maze reference memory acquisition. The Gria1/3?™ mice acquired the task but at a slower rate than the control groups (Figure 5A).
A two-way repeated-measures ANOVA revealed an effect of group {F (3, 30) = 177.76; p < 0.0001), an effect of block [F (23, 690) = 38.2;
p < 0.0001], and a groups by blocks interaction [F (69, 690) = 6.25; p < 0.0001]. Simple main effects revealed an effect of block for controls
[F (23,690) = 13.32; p < 0.001], Gria1/32™ mice [F (23,690) = 26.59; p < 0.001] and sham-operated mice [F (23,690) = 14.00; p < 0.001], but
not for the hippocampal-lesioned group (F < 1; p > 0.2). Again, a separate comparison was made between just the Gria1/3%™ mice and their
control littermates. ANOVA revealed a significant main effect of group [F (1,15) = 48.13; p < 0.0001], an effect of block [F (23,345) = 36.77;
p < 0.0001], and a groups by blocks interaction [F (23,345) = 2.05; p < 0.005]. Therefore, there was a substantial impairment in the Grial/
347 mice, although they did eventually manage to acquire the task to a level comparable with the controls.

Next, the working memory component of the task was introduced, and the mice were now allowed to re-enter arms they had already
chosen on that trial. Only the Gria1/34™ and control mice were tested in this phase of the experiment as a substantial reference memory
impairment was already evident in the hippocampal-lesioned mice. Unsurprisingly, given the profound working memory deficit reported
previously for Grial™~ knockout mice,”® the Gria1/3%™ mice were also dramatically impaired, making more spatial working memory
(SWM) errors into the initially rewarded arms than controls [main effect of group (F (1,15) = 213.45; p < 0.0001) (Figure 5B). Notably, the
Gria1/34F? mice made substantially more spatial reference memory (SRM) errors during this phase of the task [main effect of group
F (1,15) = 55.59; p < 0.0001] (Figure 5C), and also more working memory-incorrect errors whereby the re-entered a never-baited arm for a
second time on a given trial [main effect of group (F (1,15) = 22.11; p < 0.0001] (Figure 5B). Thus, Gria1/3™ mice resembled global
Grial™~ mice in displaying a substantial spatial working memory deficit in the radial maze.®”* However, Gria1/34™ mice also showed a clear
SRM deficit during acquisition on this task, which was not present in Grial™’~ knockout animals.

Spatial reference memory in the Morris water maze

Finally, we assessed hippocampus-dependent, spatial reference memory using the standard, fixed location, hidden escape platform version

17/~ knockout mice [e.g.,26'27], but is dependent on

of the MWM task. It has been shown that performance on this task is unaffected in Gria
AMPAR/KARs in the hippocampus.’

In terms of escape latencies to find the platform during training, both control and sham-operated mice exhibited a gradual improvement
across days, but neither hippocampal-lesioned mice nor Gria1/34? mice showed any signs of learning (Figure 6A). A two-way repeated-mea-
sures ANOVA revealed a significant main effect of group [F(3,30) = 77.01; p < 0.001], a main effect of day [F(8,240) = 13.84; p < 0.001], and a
significant groups by days interaction [F(24,305) = 5.18; p < 0.001]. Post-hoc Newman-Keuls pairwise comparisons revealed significant
differences (i) between the hippocampal-lesioned group and sham, control and Gria1/3°™ mice; (ii) between the Gria1/3*™ mice and
both sham and control mice, and (iii) between sham and controls. Similar results were found for the pathlengths to the platform during acqui-
sition (Figure 6B). A two-way repeated-measures ANOVA revealed a main effect of group [F(3, 30) = 22.02; p < 0.001], an effect of day [F(8,
240) = 27.62; p < 0.001] and a significant groups by days interaction [F(24, 240) = 4.86; p < 0.001]. Post-hoc Newman-Keuls comparisons re-
vealed a significant difference (i) between the hippocampal-lesioned group and both the sham and control groups, but not between the
lesioned and Gria1/34" mice, and (ii) between the Gria1/3™ mice and both the sham and control mice.

Transfer tests (during which the platform was removed and the mice allowed to swim freely for 60 s) were used to assess spatial memory
performance after 24 and 36 training trials (Figure 6C). In both of these probe tests, the sham and control mice searched preferentially in the
training (Goal) quadrant (where the platform was normally located during the acquisition of the task), whereas neither the hippocampal-
lesioned mice nor the Gria1/34™ mice showed any such quadrant preference. ANOVA comparing the time spent in the training quadrant
by the four groups revealed a significant main effect of group in both probe tests [Test 1 - (F(3,30) = 4.89; p < 0.01; Test 2 - (F(3,30) = 5.96;
p < 0.05)]. Further analysis with post-hoc Newman-Keuls pairwise comparisons revealed significant differences in Probe Test 1 between con-
trols and both the hippocampal-lesioned and Gria1/3%™ mice (p < 0.05). For Probe Test 2, there were significant differences between the
sham group and both the Gria1/3%™ and hippocampal-lesioned mice (p < 0.05); and between the controls and both the Gria1/3*™ and
hippocampal-lesioned mice (p < 0.05), but importantly, there were no differences between the Grial/34™ and hippocampal-lesioned
mice (p > 0.5). Throughout the experiment, there was some evidence of floating behavior exhibited to various extents, which was most pro-
nounced in the hippocampal-lesioned animals (mice with at least one incidence of floating - control 0 out of 7; shams 2 out of 7; Gria1/34 2
out of 10; hippocampal-lesioned mice 8 out of 10). Thus, in contrast to single GluA1 and GluA3 knockout mice, Gria1/3*™ mice failed to learn
the position of the submerged platform in the MWM, similar to hippocampal-lesioned mice.

8 iScience 26, 108116, November 17, 2023



iScience ¢? CellPress
OPEN ACCESS

A
2.5

8E T

S 'g 20 I o
5 S
D =

? P 1.51

g5

g 2 1.0 @ Gria1/3**(n=7)

T 5 @ Gria1/3*™® (n = 10)

9 g 0.51 ¥ Sham (n=7)

X e

3+4 7+8 11+12  15+16 19+20 23+24
Day [n] (4 trials/day)

B

o 307 Gria1/3¥*(n=7) Gria1/3>7 (n=10)

g —— @) Re-entry rewarded arms
£ (_E """ @ @) Re-entry unrewarded arms
[ 2
28 ¢—¢ ¢ ¢
[CINS]
=6 10 {)

% g C} *kk

T s Sl -0—

1 2 3 4 5 6 7 8
Day [n] (4 trials/day)
¢ (0]

R 391 o Gria1/37+(n=7)

cE @ Gria1/35Fb(n=10)

— ©

S5

—_ 20,

o 8 ¢ 6@ e

28 ¢ o °

© o

E o 1.0 Kk %k
»n Qo

(0]

<

=~ 0.0

1 2 3 4 5 6 7 8
Day [n] (4 trials/day)

Figure 5. Spatial learning in the radial arm maze

(A) The Gria1/34° mice were impaired on the 3/6 radial maze reference memory task although they were eventually able to acquire the task. The hippocampal-
lesioned animals showed high error rates throughout testing. The sham, control and Gria1/3% animals all displayed decreasing error rates, showing their ability
to learn the task. The Gria1/3%™ animals, however, showed impairment in task acquisition.

(B) In the second phase of the radial maze task (simultaneous assessment of working and reference memory), Gria1/3*™ mice made significantly more repeat
visits to previously baited arms and repeat visits into the never baited arms (i.e., spatial working memory (SWM) errors). In (A) and (B), the graph shows mean
working memory errors per trial (£ SEM).

(C) The results show a pronounced increase in the number of spatial reference memory errors (SRM) made per block in Gria1/3%™ mice during the second phase.
Gria1/3*™ mice showed a significantly higher number of daily errors on this task than the control mice (+SEM). ***p < 0.001.

DISCUSSION

To assess the contribution of AMPAR subunits to hippocampus-dependent memory performance, we generated global and conditional
knockout mice in which both the GIuAT and GIuA3 subunits were ablated to enable comparison with previous studies analyzing the
AMPAR single gene knockout mice’?*?/[for review, see Gugustea and Jia (2021)%"]. Global Gria1/3™/~ knockout mice were viable un-
der supportive conditions and exhibited no major histological or immunohistological cross-anomalies in the brain but showed severe
developmental and basic behavioral impairments. This is reminiscent of the global Gria2/3™/~ knockouts which displayed increased
mortality and a gradual appearance of global abnormalities from 2 to 4 weeks after birth, including smaller body sizes, reduced loco-
motor activities, and severe tremors upon movement.” In contrast, conditional Gria1/3%™ mice were viable and amenable to further
analysis.
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Figure 6. Gria1/3“"® and hippocampal-lesioned mice were unable to acquire the spatial reference memory Morris water maze task

(A) The control and sham mice showed decreasing latency to find the submerged platform but the Gria1/3*™ and hippocampal-lesioned mice showed no clear
reduction in the latencies.

(B) The pathlength to reach the platform decreased across trials during the task, but the Gria1/3?™ and hippocampal-lesioned mice showed no clear reduction of
the path lengths. The time points when the first and second transfer tests [(TT1) and (TT2)] given in Figure 6C were performed are indicated by arrows. For A aund
B: The figure shows the mean latency and path length taken to reach the escape platform (+SEM).

(C) Inboth transfer tests (TT1 and TT2), the control and sham lesion animals spent significantly longer searching in the training (Goal) quadrant than in the adjacent
or opposing quadrants. The hippocampal-lesioned and Gria1/34™ mice showed no such spatial preference during either probe trials. The figure shows the mean
percentage of time spent in each quadrant during the test (+SEM). The green bars summarize the time spent by the mice in the target quadrant, the yellow bars
summarize the times spent in the adjacent left or right quadrant, and the orange bar summarizes the times spent in the opposite quadrants. The broken line
denotes chance levels of performance during the probe test (25% in each quadrant of the pool). The experimental data on sham and hippocampal-lesioned
mice are given in light gray since they were previously published [see supplementary information of Bannerman et al. 2012 *°]. ***p < 0.001.
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Changes in glutamate subunit receptor expression in Gria1/3~/~ and Gria1/34 mice

Ablation of the Grial and Gria3 genes was verified by the reduced expression of the GluA1 and GluA3 subunits according to immunoblots on
hippocampal extracts from the conditional Gria1/34F? knockout mice. In addition, these immunohistochemical analyses of both Gria1/37/~
and Gria1/34™ demonstrated a retention followed by a possible degradation of the GluA2 subunit in the cell body layer of the principal cells
in the hippocampus. This may be explained by an assembly and/or trafficking deficit associated with the Q/R site-edited GluA2 homodimers
or homotetramers that are not delivered to the cell membrane.'®""? Surprisingly, the combined ablation of GluA1 and GIuA3 in both the
Grial/37~ and Gria1/3%™ mice was associated with an increase in hippocampal NMDAR subunits, which suggested the activation of
compensatory mechanisms when the AMPAR population is reduced.

Fast synaptic transmission and synaptic plasticity are impaired in Gria1/34™ mice

The simultaneous knockout of the GluA1 and GIluA3 subunits could be demonstrated by the substantial reduction of synaptic CA1 AMPAR
currents that was even more pronounced than the reduced CA1 currents described for Gria2/37=?>** and Gria17/2*™ mice ["GIuA3 only”AO].
This result is in agreement with the observation that principal neurons expressing only the Q/R site-edited GIuA2 show very little AMPAR
currents.”’ By the pharmacological analysis of the EPSCs and EPSPs at CA3-to-CA1 synapses of Grial/3~/~ mice, compensatory NMDA
and non-NMDA components could be detected, which were not observed in Grial™"~ or Gria3™’~ mice. However, the tetanic stimulation
of CA3-to-CA1 synapses could not induce field LTP, which is also absent in GIuA1™/~ mice, but is GluA1 independent in young animals.”%*
Instead, a kind of LTD could be observed in two week old Grial/3™/~ mice.

Itis conceivable that in the absence of GluAT-mediated transmission, other mechanisms for the induction of the CA3-to-CA1 synaptic plas-
ticity can support hippocampus-dependent spatial learning (see also Bannerman et al., 2012; 2014*>°%). The pairing and Theta-burst LTP pro-
tocols were able to activate such mechanisms in Grial™~ and Grial™~/24" mice as evidenced by the long-term potentiation at CA1 syn-
apses of the respective genotypes.” %9 Even in the absence of all AMPARs at hippocampal synapses, the long-term enhancement of
synaptic transmission at CA3-to-CA1 synapses was obtained by these protocols.®”

Thus, after more than 30 years of research with different LTP protocols [see for example Nicoll (201 7Yl and many AMPAR knockout mice, it
still remains to be worked out whether, and which form or forms of, experimentally induced synaptic plasticity are relevant for hippocampus-
dependent long-term spatial learning.®” Plasticity mechanisms that could be recruited in Gria1/34F? mice might include the potentiation of
presynaptic release’’ or the observed upregulation of NMDAR expression that leads to NMDAR-dependent LTD, for example.”? It is also
described that Arc expression might trigger a homeostatic form of synaptic plasticity by binding inactive CaMKIIf to produce a relative
potentiation at CaMKll-activated synapses.”*’*

Furthermore, structural plasticity, i.e., the stabilization of new spines that relies on NMDAR activation’® and CaMKII,”® may be independent of
AMPAR subunit composition or even independent of the presence of AMPARs, since knocking out all AMPAR subunits does not affect spine
density at CA1 neurons.”’ The types of learning that require multiple repetitions may depend less on LTP and more on the creation of new
connections.

It could be that Gria1/34? and Gria1=/~/2%™ mice can form memories in the Y-maze task through structural plasticity, independently of
AMPARs, particularly considering that the formation of GIuA3 homomers, as present in Grial™/~/24° CA1 neurons, is energetically
unfavorable.”®

4Fb

Impaired hippocampus-dependent spatial memory performance in Gria1/3“"> mice

In contrast to the obligatory role of GluAl-containing AMPAR in spatial short-term memory,”®’/’8

a redundancy of function exists with
respect to the involvement of different AMPAR subunits in long-term spatial memory performance. In the Morris water maze (MWM),
Gria1/34F° mice showed profound long-term memory deficits, in marked contrast to the normal MWM learning previously seen in both
the single Grial™/~ and Gria3™’~ knockout mice. Thus, in long-term spatial memory, the GIuA3 subunit can compensate for the absence
of GluA1 and vice versa. However, when AMPAR synaptic transmission is no longer detectable in dorsal hippocampal excitatory neurons,
other mechanisms may emerge, including for example in the ventral hippocampus, but these may only be sufficient for some simple forms
of spatial learning.

In our study, the Gria1/34? mice could still learn the hippocampus-dependent spatial reference memory in the Y-maze task but were
unable to solve the MWM and the radial arm maze that is regarded as a more complex version of the three arm Y-maze. This argues against
a simple sensorimotor or motivational account of the radial maze impairment in the Grial/34" mice, and suggests that deficits become
apparent in these mice as the memory demands increase. This is potentially important given the evidence of a mild motoric impairment
in these animals (e.g., static rods tests) and their reduced muscle strength that could conceivably impact behavioral performance in these
memory tasks. However, it is also worth noting that the Gria1/34"? mice were hyperactive in a 2 h beam test for spontaneous locomotor ac-
tivity, resembling mice with hippocampal lesions and GriaT™'~ mice,*"’" " arguing against a poverty of movement in these animals.

The spatial memory deficit that we see in Grial/34P mice is less severe compared to our hippocampal-lesioned animals that were
analyzed side by side. This may indicate that the traditional postsynaptic AMPAR- and NMDAR-mediated synaptic plasticity and transmission
at CA3-to-CA1 excitatory dorsal hippocampal synapses is not a strict requirement for memory performance in simpler spatial tasks in mice. In
adult Gria1/22F and Gria1/3% mice, residual homomers of the GluA3 or GluA2 subunits, respectively are unlikely to support basic synaptic
transmission as detailed in the introduction.
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NMDAR, KARs, presynaptic components or structural plasticity are more likely to provide activity-dependent modulation of the synaptic
transmission within the hippocampal circuits. Alternatively, the interneuron network might be adapted to the reduced excitatory transmission
system, or the increased NMDAR density might facilitate experience-dependent neuroplasticity as noticed in pharmacological studies in rats
and patients with psychiatric disorders.?”® Furthermore, some residual AMPAR activity, including for example in the ventral hippocampus,
where the transgenic CaMKIl promoter is less active®” might compensate for spatial memory functions in the absence of a functional dorsal
hippocampus although the ventral hippocampus is not normally associated with spatial memory.?*®° It is also worth pointing out that our
genetically modified mice do not allow us to differentiate between a deficit in learning and an impairment in memory recall [see Riedel
et al. 1999%.

Based on our earlier observations that GluA1-deficient mice are models of impaired synaptic plasticity relevant to schizophrenia,
and that GluA2(Q/R) editing-deficient mice with drastically increased numbers of Ca®*-permeable AMPAR are associated with epilepsy,
the subsequent genetic analyses of neurological and neuropsychological patients have shown that GluA1, 2 and 3 AMPAR subunit mutations
can all be associated with such disorders [e.g.,”"""?]. From this perspective, it is of particular interest to describe the learning and memory

29,77,86,87

88,89

processes that are disrupted, and those which are spared in the presence of defective AMPAR signaling. This might provide important hints
for the treatment and therapy of diseases with severe AMPAR signaling impairment.

Limitations of the study

The present study did not explore in detail compensatory mechanism(s) that are activated when AMPARSs are depleted in excitatory neurons
and did not investigate the etiology and molecular mechanisms underlying the decreased levels of GIuA2 in the GluA1/3 knockout mice (e.g.,
reduced expression, reduced secretion, or increased degradation). Additionally, other protocols for the induction of cellular plasticity were
not pursued and were only mentioned in reference to other publications that used the floxed Gria1, 2 and 3 mice.***”*"?* In future studies, it
would be of interest to analyze potential alterations that may occur in other brain regions involved in memory (e.g., the medial entorhinal
cortex), as well as changes in the balance of excitation/inhibition, theta/gamma oscillations, or activity of place cells. Furthermore, it is impor-
tant to acknowledge that while the knockout approach employed in this study was highly informative and elucidative, it has the limitation of
not enabling the differentiation between deficits in learning and impairments in memory recall.
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REAGENT or RESOURCE SOURCE IDENTIFIER
Antibodies

Rabbit polyclonal anti-Glutamate Receptor 1 (anti-GluA1) Millipore Cat# AB1504
Rabbit polyclonal anti-Glutamate Receptor 2 (anti-GluA2) Millipore Sigma Cat# AB1768
Mouse monoclonal anti-Glutamate Receptor 3 (anti-GluA3) Thermo Fisher Cat# 32-0400
Rabbit polyclonal anti-Glutamate Receptor 4 (anti-GluA4) Millipore Sigma Cat# AB1508
Mouse monoclonal anti-NMDAR1antibody (anti-GluN1) BD Pharmingen Cat# 556308
Rabbit polyclonal anti-NMDAR2A antibody (anti-GluN2A) Upstate Cat# 06-313
Rabbit polyclonal anti-NMDAR2B antibody (anti-GluN2B) Fisher Scientific Cat# AB1557
Mouse monoclonal anti-B-Actin (anti-B-Actin) Millipore Sigma Cat# Ac15

Mouse monoclonal anti-NeuN (anti NeuN) Millipore Sigma Cat# MAB377
Mouse monoiclonal anti-MAP2 (anti MAP2) Millipore Sigma Cat# M4403
Rabbit polyclonal anti-Glial Fibrillary Protein (anti-GFAP) Agilent Dako Cat# 70334
Mouse monoclomnal anti-BllITubulin (anti-Tubulin) Millipore Sigma Cat# MAB1637
Mouse monoclonal anti-Synaptophysin (anti-Synaptophsin) Millipore Sigma Cat# MAB5258-20UG
Mouse monoclamal anti-a-CaMKIl Millipore Sigma Cat# MAB3119
Rabbit polyclonal Cre recombinase (anti-Cre) Thermo Fisher Cat# PA5-32244
Peroxidase-conjugated AffiniPure Goat anti-Rabbit IgG[H+L] Dianova Cat# 111-035-144
Peroxidase-conjugated AffiniPure Goat Anti-Mouse IgG[H+L] Dianova Cat# 115-035-003

Chemicals, peptides, and recombinant proteins

EUKITT® classic Mounting
Media for Microscopy

cOmplete™, EDTA-free Protease
Inhibitor Cocktail

Orsatec/Kindler

Millipore Sigma

N/A

Cat# 11873580001

ECL Plus Western Blotting Substrate Amersham Bioscience N/A
(2,3-dihydroxy-6-nitro-7-sulfamoyl- Tocris Cat# 1044
benzo(F)quinoxaline)

NBQX disodium salt

(D-2-amino-5-phosphonovalerate) D-APV Tocris Cat# 0106
(1-(4-aminophenyl)-4-methyl-7,8-methylenedioxy- Tocris Cat# 1454
5H-2,3-benzodiazepine hydrochlorid)

GYKI 52466 dihydrochloride

(2,3-dihydroxy-6-nitro-7-sulfamoyl- Tocris Cat# 1044
benzo(F)quinoxaline)

NBQX disodium salt

Critical commercial assays

BCA Protein Assay Kit Thermo Fisher Cat# 23225

Experimental models: Organisms/strains

C57BL/6N Mice (WT, controls)

WT controls & hippocampoal lesioned mice
B&N-Gria 1R (Gria1~/")

B6N-Gria 1tm2RspJ (Gria 1f/f)
B6. Cg_ Tg(Camea-tTA) 1Mmay/DboJ

Charles river/DE
Harlan/UK Bicester

The Jackson laboratory
The Jackson laboratory

The Jackson laboratory

RRID MGI:2159965

RRID:IMSR_JAX:019011
RRID:IMSR_JAX:019012
RRID:IMSR_JAX:007004

(Continued on next page)
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Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

B6.129-Gria3™m ReP/Kett (Gria3" European Mouse Mutant RRID:IMSR_EM:09215
Archive EMMA

B6.Cg-TgtetO-crell C1Bjd/BJdCnrm (T4 (tetO-Cre)l.C) The Jackson laboratory & European RRID:IMSR_EM:00753

Mouse Mutant Archive (EMMA

Others

normal diet food pellets

Lasvendi GMBH

LASQCdiet Rod18, auto

LAS3000 Luminescent Imager Analyser FUJI https://wie-tec.de/
Zeiss Axioimager Zeiss https://www.zeiss.com
Axiovision Imaging system Zeiss RRID: SCR_002677
Software and algorithms

ImageJ 1.52a NIH RRID:SCR:003070

Microsoft Excel
GraphPad Prism 9
Adobe lllustrator
Adobe Photoshop

Microsoft Corporation
GraphPad Software
Adobe Systems
Adobe Systems

RRID:SCR_016137
RRID:SCR_002798
RRID: SCR_010279
RRID: SCR_014199

AxioVision RRID: SCR_002677

RESOURCE AVAILABILITY
Lead contact

Further information and requests for resources and reagents should be directed to and will be fulfilled by the Lead Contact, Rolf Sprengel
sprengel@mr.mpg.de.

Materials availability
This study did not generate new unique reagents.

Data and code availability

e Data reported in this paper will be shared by the lead contact upon request.
e This paper does not report original code.
¢ Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS
Experimental animals

Generation of the Grial/37~ mice

2 /-

For the generation of Gria1/3”~ mice, matings between Gria1”® and Gria3”~ mice”' were employed. First, Grial”~ mice were crossed with
homozygous Gria3”~ mice to produce Grial*"/Gria3"/~ female mice and hemizygous Grial*~/Gria3"~ males. In the second step, these two
genotypes were used together with Grial™™ to generate Grial”~/Gria3"~ and Grial”~/Gria3"" mice. In a third step, Grial™~/Gria3"’~ and
Grial1”"/Gria3"~ females and Grial*"/Gria3"~ males were used to generate the experimental cohorts [Grial/3”~ = Grial”"/Gria3”",
Gria1”"/Gria3"~; Controls: males Gria1/3"/*, female Gria1/3"/* and Gria1*/*/3* mice. Genotyping for the Grial and Gria3 loci was done
as described in Zamanillo et al.?® and Sanchis-Segura et al.”’ respectively. Between PO and P2, offspring were separated from their mothers
and transferred to NMRI foster mothers. Furthermore, after weaning, between P19 and P21, offspring were provided with additional high
caloric, wet food pellets. Gria1/3*/~ female offspring and littermates homozygous for one of the knockout alleles were comparable to single
heterozygous or control littermates in growth rate and body robustness. However, Grial/37~ females and Gria1/3"~ males differed signifi-
cantly from their littermates. Both could be recognized by late eyelid opening, delayed growth, smaller body size, and lower body weight.
Due to their physical weakness, the adolescent Gria1/37~ and Gria1/3"~ genotypes had difficulty reaching the food shelf and the water bottle
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in the cage lid, but could be kept viable in their home cages with NMRI foster mothers and wet, rich food pellets in the bedding. Under those
conditions, Grial/37~ and Gria3"~ animals reached a normal life expectancy.

45 mice

Generation of Gria1/3
Gria1”fand Gria3” were used in several previous studies [see main text]. Gria1/34™ mice were generated by mating double-positive Gria1/
3 mice with the Tg*et©-c e mouse line,”” which contains a Cre recombinase transgene (Cre) regulated by the tetO; transactivator operator
sequence that can be activated by a tetracycline/VP16 transactivator (tTA) transgene, under the control of a promoter fragment from the
aCaMKIl gene; TgEamk?atTA 53 Eor the generation of the Gria1/34™ and control cohorts, Gria1%/3%/Tg(tt©-<CT were crossed with Gria1™/
3/TgCemk2atTA mice. Transgenic littermates that lack one or both transgenes were used as controls. Genotyping was done by PCR of tail-
biopsies with the following primer sets. For GriaT alleles; primers MH60: 5-CAC TCA CAG CAA TGA AGC AGG-3 and 3int3": 5-CTG
CCT GGG TAA AGT GAC TTG G-3; (250bp Grial allele, 220bp WT allele); for Gria3 alleles; primers RC2: 5-CCA ATG TTG TGC TTT
AGC CTT TGC-3' and RC3: 5-GGT ATA TCT TCC CAG CCC CAA G-3' (300bp Grial allele, 270bp WT allele). For the transgene Tget©
crellCl. sense lucl: 5-TTA CAG ATG CAC ATA TCG AGG-3'; antisense luc2: 5-TAA CCC AGT AGA TCC AGA GG-3' (500bp) and for
TgCamk2atTA +TA multi1: 5-GGA CGA GCT CCA CTT AGA CG-3 and tTA multi2: 5-AGG GCA TCG GGT AAA CAT CTG-3'. Alternative gen-
otyping protocols are available for all mouse lines at the host of the respective mouse repository. The presence of the Gria3 gene on the X
Chromosome facilitated mating. All mouse lines used were backcrossed for several generations in C57BL/6N background. We did not
observe any influence of sex in the mating or basic behavior in our study. A detailed comparative analysis was not performed.

Ethical statement

Animal experiments at the Max Planck Institute for Medical Research in Heidelberg were performed according to the institutional guidelines
of the Max Planck Society and the ‘Interfakultare Biomedizinische Forschungseinrichtung’ (IBF) animal core facility of the Heidelberg Univer-
sity. Genetic manipulations of mice were licensed by the Governmental Council Karlsruhe, Germany: Generation of mice (35-9185.81/G-4/02);
mouse behavior (35-9185.81/G-71/10; 35-9185.81/G-171/10). Animals used for molecular, histological and electrophysiological experiments
were recorded under the protocols MPI/T-6/06 and 15/08. Ex vivo LTP experiments were conducted according to the Norwegian Animal Wel-
fare Act and the European Union's Directive 86/609/EEC. Behavioral experiments in the UK were conducted in accordance with the United
Kingdom Animals Scientific Procedures Act (1986), under the project license number PPL 30/2561 of the U.K Home Office.

METHOD DETAILS

Immunohistochemistry

Mice were deeply anesthetized with halothane, followed by intracardial perfusion with PBS and 4% PFA in PBS. Brains were postfixed over-
night, embedded in 2% agarose in PBS and cut either coronal or sagittal into 40-70 um thick sections on a vibratome (Leica VT 1000S, Leica).
For DAB immunostaining, slices were permeabilized for 30 min in Day1-buffer (0.3% Triton X-100, 2% BSA in PBS). After 3 washes in PBS,
endogenous peroxidase activity was blocked with 1% H,O, in PBS for 10 min. After 3 washes with PBS, slices were blocked in 8% normal
goat serum in Day1-buffer for 1 h. Primary antibody incubation was done overnight in Day1-buffer at 4°C with slide shaking. The next day,
slices were washed twice with Day2-buffer (1:3 diluted Day1-buffer with PBS) and secondary antibodies (1:600 in Day2-buffer) and were incu-
bated for 2 hr. After one wash with Day2-buffer and two washes with PBS, slices were incubated with DAB-solution (0.4 mg DAB, 0.3% H,O5 in
20 mM Tris-Cl pH 7.6). The reaction was stopped by 2 washes in PBS and a final wash in 20 mM Tris-Cl pH 7.6. Slices were air-dried overnight,
dipped into xylol and embedded in EUKITT. Antibodies were used for Cre-recombinase (rabbit polyclonal, 1:3000), GIuA1 (anti-GluR-A; rabbit
polyclonal, 1:200), GIuA2 (anti-GluR-B; rabbit polyclonal, 1:25). Slides were imaged with Zeiss Axioimager M1 brightfield microscope with the
software AxioVision version 4.6 (Axiocision system). Objectives 5x Zeiss EC PlanNeofluar dry, 0.16 NA and 10x Zeiss EC Plan-Neofluar dry, 0.45
NA were used mainly. For Figure S3, the following antibodies were used for immunohistochemical studies according to the supplier’s instruc-
tions: anti-NeuN anti-MAP2, anti-GFAP), anti-BllITubulin, anti-Synaptophysin, anti-aCaMKIl). Secondary antibodies were Peroxidase-conju-
gated AffiniPure Goat Anti-Rabbit IgG[H+L] and Peroxidase-conjugated AffiniPure Goat Anti-Mouse IgG[H+L]; see KRT.

Immunoblots

Mice were anesthetized with isoflurane and decapitated. Total brains were isolated and hippocampi were prepared. Hippocampal protein
samples were prepared using a Dounce homogenizer on ice in 25 mM HEPES pH 7.4 including a protease inhibitor Cocktail. After centrifu-
gation at 2000 rpm for 5 min at 4°C to remove cell debris and nuclei, protein concentration was determined via BCA-Assay (Pierce). Eight pg of
protein were separated via 7.5% SDS-PAGE,” and blotted onto nitrocellulose membranes (PA-85 Schleicher&Schuell) by wet transfer. After
blocking the membranes with 8% dry milk powder in PBS-T (0.05% Tween 20 in PBS) for 2-3 hr, primary antibody incubation was done for 3 hr
at RT with slide shaking. After 4 additional washes for 10 min in PBS-T, peroxidase-conjugated secondary antibodies were applied at 1:20000
dilutions in PBS-T for 45 min. After 4 additional washes with PBS-T, blots were developed with ECL+Plus on autoradiographic films and
scanned by a CCD-camera at 600 dpi (LAS300, Fujifilm) for different time points of exposure. The following primary antibodies were used
for Western blot studies: B-actin (mouse monoclonal, 1:20000), GluA1 (GluR-A; rabbit polyclonal, 1:2000), GluA2 (GluR-B; mouse monoclonal,
1:500), GIuA3 (GIuR-C; mouse monoclonal, 1:300), GluA4 (GluR-D; rabbit polyclonal, 1:250), GIuN1 (NR1; mouse monoclonal, 1:500), GluN2A
(NR2A; rabbit polyclonal, 1:250), GIuN2B (NR2B; rabbit polyclonal, 1:250). Quantification: Signal intensities of individual immune-labeled
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proteins of the CCD immunoblot images were quantified by ImageJ (NIH) and normalized to intensities of B-actin bands, which served as an
internal control for the samples analyzed.

Single cell recordings

Transverse hippocampal 300 um slices were prepared from the brains of control and Grial/37~ mice at P14 and P42. The slicing chamber
contained an oxygenated ice-cold artificial cerebrospinal fluid (ACSF) containing (in mM): NaCl, 125; NaHCO;3, 25; KCl, 2.5; NaH,POy,,
1.25; MgCl,, 1; CaCly, 2; and D-glucose, 25; bubbled with 95% O, and 5% CO,. Slices were incubated for 30 min at 35°C before being stored
at room temperature. During experiments, slices were continuously perfused with the same ACSF. Patch electrodes were pulled from hard
borosilicate capillary glass (Sutter Instruments flaming/brown micropipette puller). Electrodes were filled with a solution consisting of (in mM):
Cs-gluconate, 144; CsCl, 4; HEPES, 10; MgATP, 4, MgGTP, 0.3; phosphocreatine, 10 (pH 7.3 with CsOH). CA1 pyramidal cells were visually
identified using IR-video microscopy. Whole-cell recordings from these neurons were taken at room temperature (23-25°C) in voltage-clamp
mode using a HEKA EPC-7 amplifier (List Elektronik) with a sampling rate of 100 ps and filtered at 3 kHz. Spontaneous EPSCs in CA1 pyramidal
neurons were recorded in voltage-clamp mode in hippocampal brain slices at a holding potential of -70 mV in the presence of 1 mM Mg?*.
The AMPA/NMDA current ratios were measured in Mg?*-free ACSF. AMPA- and NMDA-mediated EPSCs were pharmacologically isolated by
sequential bath application of D-APV (200 uM; 2-amino-5-phosphonovaleric acid; Tocis) and NBQX (10 uM; é-cyano-7-nitroquinoxaline-2,3-
dione; Tocis), respectively. First, the compound AMPAR and NMDAR-mediated current were recorded in Mg?*-free ASCF. After collecting at
least 100 sweeps, the AMPA-mediated component was blocked by the application of NBQX. Then, additional 100 sweeps of the NMDA-
mediated currents were collected. The AMPA-mediated component was then obtained by subtracting the averaged NMDA-mediated
currents from the averaged compound responses. The AMPA/NMDA ratio was calculated by dividing averaged amplitude of AMPAR EPSCs
by the amplitude of NMDAR EPSCs.”” In a separate set of experiments, identity of remaining fast AMPAR/KAR-meditated component in
Grial/37~ mice was tested by sensitivity to the GYKI 52466 (50 pM; 1-(4-aminophenyl)-4-methyl-7,8-methylenedioxy-5H-2,3-
benzodiazepine hydrochlorid, Tocis).

Field LTP recordings

Field EPSPs were recorded in CA1 of hippocampal slices prepared from mice sacrificed with halothane. Brain slices (400 pum thick) were main-
tained in an interface chamber [for details see Beertocchi et al., 2021.7” Orthodromic synaptic stimulation (50us < 300 pA, 0.2 Hz) in CA1 was
delivered alternately through two tungsten electrodes to activate synapses in the apical (str. radiatum) and basal (str. oriens) dendrites.
Extracellular potentials were monitored by similarly placed glass electrodes filled with extracellular solution. After obtaining stable synaptic
responses in both pathways for at least 10 min, one pathway (e.g. str. oriens) was tetanized (100 Hz, 1 sec), and the other (e.g. str. radiatum)
served as a control pathway. To standardize the tetanization strength, we set the tetanic stimulation strength in response to a single tetanic
shock at an intensity just above the threshold for the generation of a population spike. We assessed synaptic efficacy by measuring the slope
of the fEPSP in the middle third of its rising phase. Six consecutive responses (1 min) were averaged and normalized to the mean value re-
corded 4-7 min before the tetanic stimulation.”*"® Our analyses revealed that the increased response after tetanization was achieved at a
similar value in the str. oriens and str. radiatum synapses. In slices from adult control littermates, the response increase was on average
1.2505 for the rad./oriens and 1.3329 for the oriens/rad. arrangements (t-test/P,, .. = 0.422878). For adult Grial/3"P, the values were
1.0251 and 1.075571 (P=0.48241), and for hippocampal slices from Grial/37", the values were 1.0867 and 0.885 (P=0.021295). Based on
our results from control littermates and Gria1/3%™ mice, with our protocol, we could not see any difference in LTP between CA3-CA1
synapses in the str. radiatum or the str. oriens.

Preliminary behavioral analysis of Gria1/3*™ mice

In Heidelberg, the behavior of the Gria1/3%™ mice was first analyzed in simple behavioral tests in male mice between 60<P<150. All exper-
iments were performed in parallel with two age-matched control groups. One control group consisted of male littermates of Gria3”f
did not contain the tTA transactivator to evaluate behavioral deficits arising from the suppression via the floxed target alleles and/or leakiness
of the Cre-transgene. Another control group consisted of age-matched male C57BL/6N mice. Since both control groups exhibited similar
behavior in all tests in Heidelberg, we used only the comparison to the control littermates in the detailed behavior analysis of a second cohort
that was sent to Oxford (see Extended Behavioral Analysis below).

mice that

Wire-hanging (grip strength)
Mice were placed with their forepaws gripping the middle of an 18 x 21 cm? metallic wire mesh panel that was suspended 30 cm above the
floor. The latency to fall was measured with a maximum trial time of 2 min.

Accelerating rotarod

Motor coordination and balance were tested using the accelerating rotarod apparatus (Ugo Basil). Mice had to walk on a turning rod (3 cm in
diameter) that accelerated from 4 to 40 rpm within 5 min. Mice received 3 trials a day for 5 days with an inter-trial interval (ITl) of approximately
45 min. The latency to fall from the rod was measured.
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Novel open field
The activity in a novel open field was monitored in a big open field box consisting of a 62 x 62 x 20 cm?® enclosed perspex acrylic glass arena

without any bedding. The total distance travelled, the pattern of movement, and the total number of rearing behaviors were video recorded
(TSE-System) for 5 min.

Conditioned passive avoidance task

9 ) . .
.7 The animal was placed in a 6 x 3 cm? aversive

The passive avoidance test was performed with slight alterations to the described protoco
light compartment, 30 cm from the ground, facing the entrance to the 21 x 21 x 14 cm® dark compartment. After the animal entered the dark
compartment (Timepoint: 0 hr), a mild foot shock of 0.9 mA (100V) was delivered for one second, followed 10 sec later by a second shock. 24 hr
later, the animal was replaced back into the light compartment and the latency to enter the dark compartment was measured, with a

maximum trial time of 2 min.

Extended behavioral analysis of Gria1/3*F® mice

Testing was carried out in a separate cohort of control (n = 7) and Gria1/3 knockout (n = 10) male mice (bred and genotyped at the Max
Planck Institute for Medical Research, and imported to Oxford at 3-5 months old). All mice were single housed to prevent fighting, and a 12-h
light-dark cycle was maintained (lights on at 7 a.m., lights off at 7 p.m.). Testing was conducted during the light phase. After a week of getting
used to the experimenter and the experimental room, species-specific behavior was first monitored (see: Tables ST and S2 and supplemental
methods). For appetitively motivated tasks, mice were then put on a restricted feeding schedule and maintained at 90% of their free-feeding
weight during testing. They were also handled and habituated to the experimenter, and to drinking the sweetened condensed milk reward
(diluted 1:1 with water) in their home cages prior to testing. They were then habituated to drinking the milk from wells on a wooden feeding
platform in their holding room (i.e. not the experimental testing room). An age-matched batch of C57BL/6N male mice (Harlan), which had
either undergone complete bilateral cytotoxic hippocampal lesion surgery (n = 10), or were sham-operated (n = 7) were run alongside the
control and Gria1/3%™ mice at the same time, and were included in some of the analyses [some of these results obtained with these hippo-

campal-lesioned mice were previously published in the Supplementary Information in Bannerman et al. 2012*°].

Burrowing

This test is sensitive to both hippocampal and prefrontal cortex lesions in mice,””'%° and as such, it forms a useful assessment for genetically-
modified animals.'®" Burrowing was conducted using grey plastic cylinders, 20 cm long and 6.8 cm in diameter. These were sealed at one end
and supported at the other by 2 metal legs 4.8 cm long. Each burrow was filled with 200 g of normal diet food pellets (Special Diets Services)
and placed in a new cage with a thin layer of clean bedding on the cage bottom. Water was provided ad-lib, but no food was present in the
hopper. Mice were placed individually in a cage with a burrow approximately 2 hr before the start of the dark phase of the light/dark cycle. The
food remaining in the burrow after 2 hr was weighed and recorded, and the amount displaced (burrowed) was calculated. The test continued
overnight without replacing the already burrowed pellets. The pellets remaining in the tube were then re-weighed the following morning
(approximately 16 hr after the previous reading), and the burrowed amount was calculated. The amount of food eaten per mouse overnight
(2-4 g) was a very small proportion of the 200 g in the burrow and was assumed to be similar in each group.

Nesting

Nest-building behavior is sensitive to lesions of the hippocampal, septal and medial preoptic areas.””'%* Like burrowing, nesting is a highly
sensitive test that is an important part of assessing the behavioral phenotype of genetically modified mice.'® Mice were given clean home
cages, and two squares of pressed, white cotton (‘Nestlet’, Datesand Ltd.), from which they could make nests, were placed in each cage. Mice
were left overnight, and the nests were examined the following morning and scored as follows: 1 = no visible nest site, Nestlet untouched; 2 =
sawdust in crater form, but minimal tearing of Nestlet; 3 = sawdust formed into crater and substantial tearing of Nestlet but no identifiable
nest site; 4 = an identifiable, but flat nest; 5 = Nestlet completely shredded and formed into a round nest which would totally cover the mouse.
This test was repeated the following night to ensure the accuracy of the score.

Hyponeophagia

This test assesses anxiety by using the mouse’s natural hesitance to eating a novel foodstuff in a novel place. Animals with lesions in the hip-
pocampus, amygdala, subiculum, or nucleus accumbens show decreased levels of hyponeophagia.”” %' In test 1, the apparatus consisted
of a white, 30 cm? Perspex base with a metal food well fixed to it at one end (1.2 cm diameter, 0.9 cm high) and a translucent plastic jug, 15 cm
in diameter, with a protruding spout. The well was filled with a solution of sweetened, condensed milk (Nestle) diluted 50:50 with water. All
mice were food deprived for one night before testing (16 hrin total), and had not had any contact with the milk prior to the test. The mouse was
placed in a holding cage the same size and shape as its home cage but with a thin layer of clean bedding, for 5 min before testing. The animal
was then placed on the Perspex base facing away from the well and the jug was upturned and placed over the animal with the spout over the
well area. The latency to contact the well, and then to drink the milk were measured. The mouse was allowed 2 min to drink. If it did not drink, it
was returned to its holding cage and re-tested approximately 6 min later. The mouse was re-tested a maximum of 2 times, and thus was al-
lowed 6 min in total to drink the novel food. In test 2, mice were assessed in a different hyponeophagia test which consisted of a Perspex tube
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40 cm high and 15 cm in diameter, a white plastic tray, 45 cm by 30 cm, and 45 mg Noyes pellets (Sandown. Scientific). All mice were food
deprived for one night prior to testing (16 hr in total). The mouse was taken to the testing cubicle and left in its holding cage for 5 min. The
Perspex tube was placed onto the white plastic tray to create an enclosed circular area and the 45 mg precision food pellets (P. J. Noyes Inc.)
emptied into the tube such that they covered approximately half the floor area. After 5 min the mouse was placed into the Perspex tube by its
tail and dropped the last few centimeters onto the Noyes pellets. The time taken to start eating any of the pellets was recorded. Data were
combined with the previous hyponeophagia test and analyzed using a two-way repeated measures ANOVA.

Light-dark box

The Light-Dark box was developed by Crawley (1981) to assess anxiolytic drug effects.'® Since then, it has been developed as a standard
approach/avoidance conflict test of anxiety in rodents using time spent in the light section as a measure of anxiety and the number of cross-
ings between the two compartments as a behavioral indicator of locomotor activity.'”” The apparatus comprised a wooden box with an open,
white-painted section measuring 30 x 20 x 20 cm®. This was the light compartment which had a transparent acrylic panel on one side to enable
observation of the animal. It was separated by a partition (with a 10 cm x 5 cm door) from the dark compartment, painted black with a lid,
measuring 15 x 20 x 20 cm®. The aversiveness of the white compartment was increased by additional illumination from a 60W anglepoise
lamp placed 45 cm from the floor of the box. The mouse was placed in the middle of the dark side, facing away from the door. The latency
to cross (with all four feet) to the light portion, time spent in the dark side, and the number of transitions through the door were measured. The
total time allowed was 5 min. The apparatus was cleaned between subjects with a moist, then a dry tissue. The apparatus was given a low-level
mouse odour by putting some non-experimental mice in prior to commencement of testing.

Multiple static rods

This is a test of motor function and coordination as the animals not only have to travel along a static rod but they must orientate themselves
through 180° and balance on the rods to do s0.'” "' The multiple static rods consisted of five 60 cm long wooden rods of decreasing
diameters (rod 1, 3.3 cm; rod 2, 2.7 cm; rod 3, 2.1 cm; rod 4, 1.4 ¢cm; rod 5, 0.8 cm). Each rod was perpendicularly screwed at one end to a
supporting beam. The apparatus was elevated 60 cm above a soft surface. Previous tests with this apparatus have shown that if placed facing
the exposed end of the rod, animals spontaneously orientate through 180° and run to the refuge provided by the supporting beam at the end
ofthe rods.""" Each animal was placed 2 cm from the exposed end of the rod, facing away from the supporting beam. Latencies to (i) orientate
towards the supporting beam (a 180° turn) and (ii) travel the 60 cm to the supporting beam were recorded. A 3-minute limit was allowed and
any mouse that failed to orientate or cross within this time was not tested further and allocated latencies of 180 s for the untested rods. If the
mouse turned upside-down to travel or hang beneath the rod this was also noted, as was a fall from the rod. Mice were placed on the rod with
the largest diameter first (rod 1), proceeding to the next, smallest rod if they completed the trial in less than 3 min.

Horizontal bar

This test assesses forelimb muscular strength and coordination.'”"'? The apparatus consisted of a 0.2 cm thick and 38 cm long metal bar,
attached horizontally between two supports 49 cm above a padded bench surface. The animals were held by the tail, placed with their front
paws in the middle of the bar and quickly released so that they grasped the bar. The latency to fall from the bar was recorded, with a 30 s
maximum time. If the mouse traveled along the bar to either support it was allocated a time of 30 s. Latencies were then assigned a score
for analysis: falls between 0 and 5s = 1, 6-10s = 2, 11-20s = 3, 21-29s = 4 and holding on for 30 s/reaching either end support bar = 5. The
categorical scores from this task were analyzed with a Mann-Whitney Rank Sum test.

Spontaneous alternation

A grey wooden T-maze was used for this task, with all arms measuring 30 cm long, 29 cm high and 10 cm wide.®* The mouse was placed in the
start arm, facing the end wall, and allowed to enter the goal arm of its choice. The sliding door was then lowered and the animal was contained
within the goal arm for 30 s. After this time, the animal was removed from the arm, both goal-arm doors were raised again and the central
partition was removed. The animal was then placed back in the start arm, facing the end wall and allowed to choose again. This comprised
one trial. The choices made by each animal on both the sample and the following choice run were recorded to establish the rate of alternation.
Each animal was given 10 trials per day on 2 days, one week apart. They received 20 trials in total. The inter-trial interval on each day was
approximately 15 min.

Spontaneous locomotor activity

The activity of Gria1/3%™ mice was recorded by the number of infrared beam breaks in a homemade photocell activity cage. Each mouse was
individually placed in a 26 x 16 x 17 cm® transparent plastic cage with a ventilated lid that resembled a home cage in size and design. Two
infrared beams crossed the cage 1.5 cm above the floor, with each beam 7 cm from the center of the cage. A thin layer of bedding (0.5 cm) was
provided on the floor of each cage to reduce anxiety and encourage exploratory behavior. Mice were left undisturbed in a quiet room for 2 hr
with the light on, and the number of beam breaks made by each mouse was recorded in 24-time bins of 5 min. The number of crossings,
defined by the interruption of both light beams in succession, was also recorded as an indication of movement from one end of the cage
to the other.
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Ethological tests of anxiety
The anxiety of these animals was assessed using a battery of tests, including the Successive Alleys test, the Light/Dark Box and the Food Hy-
poneophagia test (see also Table S1).

Successive alleys

The successive alleys test is an approach/avoidance conflict test which is similar to the Elevated Plus maze task in how it measures anxiety but
has the advantage that its linear form makes interpretation easier and also creates more of a range of anxiogenic areas. The successive alleys

test was performed as described.”!""

Memory tests
The memory tests were performed after the basic test battery was finished. At that time, all animals were fully grown and between 4 and
8 months old.

Appetitive Y-maze task

Spatial reference memory was examined using an elevated Y-maze made of black painted wood as described previously.”’ In the elevated
Y-maze, a target arm (defined according to its given spatial location relative to the room cues) was designated for each mouse to receive its
0.1 ml milk reward. Target arms were counterbalanced with respect to the group such that approximately equal numbers of knockout, control,
lesion- and sham-operated animals were trained to each of the three arms. For 10 days, animals received 10 trials per day. During the eleventh
session, by which point the control, Gria1/3*™ and sham-lesioned animals had acquired the task and were showing a strong preference for
the baited arm, the milk reward was delivered to the food well only after the mice had made a correct choice (post-choice baiting). This was
done to ensure that the mice were not simply solving the task by smelling the milk reward. Data were analyzed in blocks of 10 trials.

T-maze rewarded alternation

Spatial working memory was assessed using an elevated wooden T-maze.”’** Mice were run in batches of approximately 11 mice in a round-
robin fashion, thus the ITl was approximately 10 minutes. Mice received a total of 10 blocks of 5 trials. For analysis, data were combined into 5
blocks of 10 trials.

Spatial reference memory in the radial maze

Spatial memory was also assessed using a six-arm radial maze that was made of grey-painted wood. Mice were trained on a radial-maze task in
which the same 3 of 6 arms were always baited. The 3 baited arms were allocated such that 2 of the 3 arms were adjacent, and the third was
between two non-rewarded arms (e.g. arms 1, 2, and 4). Different combinations of arms were used as much as possible, although the arm
allocations were counterbalanced across groups as described.”®*> Once an arm had been visited, this arm was blocked by Perspex doors
for all subsequent choices during that particular trial.

Spatial reference and working memory in the radial maze

The hippocampal-lesion and sham-operated mice were not run on this next stage of the task as the hippocampal-lesioned mice had failed to
learn the spatial reference memory component of the task. The procedure was carried out in roughly the same manner as the reference mem-
ory acquisition above, using only the Gria1/3*™ mice and their corresponding controls. Each animal had the same 3 arms baited as before.
The only exception is that all the Perspex doors were raised for every choice, giving the mice a free choice between all arms. The animals were
still contained in the central platform area for 10 s after visiting each arm. This procedure allowed the animals to re-enter arms that they had
already visited on that trial and thus three types of error were recorded, reference memory errors —visiting arms never previously baited; work-
ing memory —correct errors — re-visiting arms that were previously baited but already visited on that trial; and working memory — incorrect
errors — revisiting arms never previously baited. Animals received 4 trials per day for a further 8 days. Data were analyzed in blocks of 4 trials.

The Morris water maze (MWM)

Spatial reference memory was also assessed in an open field water maze as described in detail in several previous publications.”’*>*° In order
to escape from the water, mice had to find a fixed location, hidden platform (diameter 21 cm) submerged approximately 0.5 cm below the
opaque water surface. Mice were placed into the pool facing the side wall at one of 8 start locations (nominally N, S, E, W, NE, NW, SE and SW;
chosen randomly across trials), and allowed to swim until they found the platform, or for a maximum of 90 sec. Mice received 4 trials per day for
9 days, with an ITI of approximately 15 sec. On the seventh (24 hr after spatial training trial 24) and tenth days of testing (24 hr after spatial
training trial 36), a probe trial was conducted to determine the extent to which the mice had learned about the spatial location of the platform.
The platform was removed from the pool and the mice were allowed to swim freely for 60 sec. The percentage of time that animals spent in
each quadrant of the maze was recorded. The X and Y coordinates of the animals’ position during each session were sampled in real-time at
10 Hz by an Acorn computer, using specialized software that provided measures of latency, swim speed and path length during acquisition.
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QUANTIFICATION AND STATISTICAL ANALYSIS

In all figures, the number of animals (n) and the number of recorded data points (n) are given as appropriate. In bar graphs, all data points used
are pictured together with the standard error of the mean (SEM). In the figure legends, the tests used for statistical evaluation (ANOVA, t-test,
etc.) are stated together with the P-values of the results. P-values less than 0.05 indicating a significant difference are given directly in the
figures as stars. Due to space limitations in the main figure legends, detailed descriptions of the statistical analyses of the mouse behavior
can be found in Tables ST and S2. When multiple comparisons were used to control the familywise error rate, we indicate the statistical
test used. When appropriate, non-parametric analyses (e.g. Mann-Whitney U-test) were conducted.
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