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Restoration of spatial working
memory by genetic rescue of
GluR-A—deficient mice

W B Schmitt!, R Sprengel?, V Mack?, R W Draft?, P H Seeburg?,
RM ] Deacon!, J N P Rawlins! & D M Bannerman!

Gene-targeted mice lacking the AMPA receptor subunit GIuR-A
(also called GIuR1 encoded by the gene Grial,) have deficits in
hippocampal CA3-CA1 long-term potentiation (LTP) and have
profoundly impaired hippocampus-dependent spatial working
memory (SWM) tasks, although their spatial reference memory
remains normal. Here we show that forebrain-localized expression
of GFP-tagged GIuR-A subunits in GluR-A—deficient mice rescues

after theta-burst stimulation®. In parallel, GluR-A—deficient mice are
impaired in hippocampus-dependent SWM tasks but show normal
hippocampus-dependent spatial reference memory (SRM) perfor-
mance>®. Together, these results suggest that GluR-A—independent
neuronal mechanisms within the hippocampus can support gradual
acquisition of a fixed-location, hidden-platform water maze task’ or
discrimination of initially baited arms from never-baited arms on a
radial maze®. Nonetheless, GluR-A—dependent hippocampal synaptic
plasticity seems necessary for rapid, flexible, trial-specific memory’~°
such as keeping track of which initially baited arms have been chosen
within a given trial.

We tested this by transferring a GFP-tagged GluR-A expression sys-
tem into GluR-A—deficient mice. This produces a mosaic pattern of
subunit expression across the CA1 cell population such that LTP can
be induced in CA1 neurons expressing GFP-GluR-A, but not in GluR-
A—deficient cells'”. This results in partial recovery of tetanus-induced
field LTP. We assessed whether this could restore SWM performance.
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Figure 2 Immunohistochemical comparison of B-gal expression in dorsal
and ventral hippocampal CA1 and CA3 of GluR-A-deficient mice expressing
GFP-GIuR-A. The expression of GFP-GIuR-A and B-gal is coregulated.

The nucleus-localized B-gal was used as reporter for the presence of
GFP-GIuR-A in hippocampal pyramidal neurons!©. (a) Schematic sagittal
views show the position of horizontal cuts for dorsal (left) and ventral
(right) hippocampus (dorsal: bregma —2.8 through —-3.3 mm; ventral: -4.0
through —=5.0 mm). (b) Confocal images of dorsal (left) and ventral (right)
horizontal slices from a GluR-A—deficient mouse expressing GFP-GIuR-

A stained with primary anti—B-gal (rabbit, 1:8,000; ICN) and secondary
FITC-labeled antibody (goat, 1:200; Jackson ImmunoResearch; green)
and counterstained with propidium iodide (1 uM, Sigma) to label nuclei
from all cells (red). CB, cerebellum; OB, olfactory bulb; DG, dentate gyrus;
Cx, cortex. Boxed regions represent a single panel in the hippocampal
pyramidal cell layer where pyramidal cells were counted. Six or seven

such panels were evaluated per slice. (c) Dorsal CA1 and CA3, and ventral
CA1 and CA3 regions, in higher magnifications. Images with the sharpest
and most compact pyramidal cell layering were selected. For quantitative
analysis, brains of five GluR-A-deficient mice expressing GFP-GIuR-A (age
P44-P47) were perfused with paraformaldehyde, sliced horizontally and
histochemically stained (see above). CA1 and CA3 images were recorded
within a single optical plane using confocal microscopy for five slices

per animal at various depths. In total, about 9,000 cells expressing the
aCaMKIl-driven nucleus-localized B-gal were counted. The number of -
gal-positive cells was slightly variable between slices of different animals
(Supplementary Fig. 1 online). The average percentage of CA1 and CA3
pyramidal cells rescued with GFP-GIuR-A and expressing nucleus-localized
B-gal is given on the top of panels in c.
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of the six arms, but always baiting the same three arms, we were able to
assess SRM simultaneously.

Mice were first trained solely on the reference memory (RM) com-
ponent of the task. Doors prevented the mice from reentering an arm
that they had already visited on that trial, precluding working memory
(WM) errors. RM errors were scored when a mouse entered an arm that
had never been baited. All mice learned the RM task at the same rate
(main effect of block, Fs 135 = 125.0, P < 0.0001; main effect of group
and groups by blocks interaction, both F < 1; Fig. 1a), confirming that
GluR-A—deficient mice show normal SRM acquisition®>®.

The WM component was then introduced. All doors were open for
o every choice, so it was now possible to re-enter previously visited arms.
'WM errors were scored if a mouse revisited an initially baited arm
within a trial. Wild-type mice made virtually no WM errors. In con-
trast, GluR-A—deficient mice made numerous WM errors (main effect
F,,,= 1,588.2; P < 0.0001; Duncan’s P < 0.01; Fig. 1b). The GluR-A—
deficient mice rescued by GFP-GIuR-A performed at a level intermedi-
ate between the wild-type and knockout animals (Duncan’s P < 0.01 for
both comparisons). RM errors remained very low in all three groups
(Fig. 1¢), although wild-type mice showed a slightly increased RM error
rate during blocks 3 and 4 (groups X blocks interaction, Fy 4 ;g9 = 2.0;
P < 0.05; simple main effects P < 0.01). The intact RM performance
indicates that GluR-A deletion induces a specific WM deficit rather
than a non-mnemonic impairment of general maze behavior.

Additional SWM testing on a discrete trial, rewarded alternation
task (spatial non-matching-to-position on an elevated T-maze!!2)
showed excellent alternation in wild-type but chance performance in
GluR-A-deficient mice (main effect of group, F, ,; = 83.8; P <0.0001;
Duncan’s, P < 0.01; Fig. 1d). The GluR-A—deficient mice rescued
by GFP-GluR-A again showed intermediate performance (Duncan’s
P < 0.01 versus both wild type and knockout).

Expression of the bidirectionally transgenic-encoded GFP-GluR-A
subunit and nucleus-localized B-galactosidase ([3-gal) was controlled
by a regionally specific CaMKII promoter!?, limiting the GIuR-A res-
cue to forebrain areas such as the hippocampus (Fig. 2). Expression
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was especially high in dorsal CA1 (shown for (3-gal), which has been
specifically implicated in spatial memory'®!4, In contrast, constitutive
GluR-A-deletion affects the entire brain®, not only impairing spatial
working memory but also inducing a range of behavioral pheno-
types including hyperactivity, a subtle motor coordination deficit,
changes in aspects of emotionality, and disruption of some species-
typical behaviors!®. Tt is likely, therefore, that some of these behav-
ioral phenotypes result from deletion of GluR-A subunits from brain
areas outside the hippocampus. Those should be unaffected by more
region-specific rescue. We therefore also tested emotionality (hypo-
neophagia), motor behavior (motor activity and coordination) and
species-typical behaviors (nesting)!>. On each test, GluR-A—defi-
cient mice that had and had not been rescued by GFP—GluR-A were
equally impaired relative to wild-type mice (Supplementary Table 1
online). There were no significant differences between the two geneti-
cally modified groups. The rescue was specific to the hippocampal-
dependent SWM tasks.

These results demonstrate genetic rescue of a high-level cognitive ability
and provide a new link between hippocampal GluR-A—dependent LTP
and SWM, a rapid, flexible form of memory’~®. The partial behavioral
rescue suggests that the mosaic of rescued and dysfunctional neurons may
actlike a neural network that shows graceful degradation after partial dele-
tion of key connections. The rescue was specific to the SWM impairment.
This is consistent with the hypothesis that the learning impairment in the
knockout mice results from GluR-A deletion in the dorsal hippocampus
and that emotional or non-cognitive effects of the knockout are unlikely
to contribute to the memory deficit.

Note: Supplementary information is available on the Nature Neuroscience website.

ACKNOWLEDGMENTS

This work was supported by the Wellcome Trust (65298 and 074385), by a
European Union Framework V grant (QLG3-CT-1999-01022) awarded to P.H.S.,
R.S.and J.N.P.R. and by Deutsche Forschungsgemeinschaft grants to R.S. (SP602/1
and SFB633/4).

COMPETING INTERESTS STATEMENT
The authors declare that they have no competing financial interests.

Received 29 September 2004; accepted 24 January 2005
Published online at http://www.nature.com/natureneuroscience/

NATURE NEUROSCIENCE VOLUME 8 | NUMBER 3 | MARCH 2005

271



BRIEF COMMUNICATIONS

PN

oo

@ © 2005 Nature Publishing Group  http://www.nature.com/natureneuroscience

Bliss, T.V. & Collingridge, G.L. Nature 361, 31-39 (1993).

Malinow, R. & Malenka, R.C. Annu. Rev. Neurosci. 25, 103-126 (2002).
Zamanillo, D. et al. Science 284, 1805-1811 (1999).

Hoffman, D., Sprengel, R. & Sakmann, B. Proc. Natl. Acad. Sci. USA99, 7740-7745
(2002).

Reisel, D. et al. Nat. Neurosci. 5, 868-873 (2002).

Schmitt, W.B., Deacon, R.M.J., Seeburg, P.H., Rawlins, J.N.P. & Bannerman, D.M.
J. Neurosci. 23, 3953-3959 (2003).

Eichenbaum, H. & Fortin, N. Curr. Dir. Psychol. Sci. 12, 53-57 (2003).

Morris, R.G.M. et al. Phil. Trans. R. Soc. Lond. B. 358,773-786 (2003).

11.

12.

14.

15.

Nakazawa, K., McHugh, T.J., Wilson, M.A. & Tonegawa, S. Nat. Rev. Neurosci. 5,
361-372 (2004).

. Mack, V. et al. Science 292, 2501-2504 (2001).

Deacon, R.M.J., Bannerman, D.M., Kirby, B.P., Croucher, A. & Rawlins, J.N.P. Behav.
Brain Res. 133, 57-68 (2002).
Rawlins, J.N. & Olton, D.S. Behav. Brain Res. 5, 331-358 (1982).

. Bannerman, D.M. et al. Behav. Neurosci. 113, 1170-1188 (1999).

Moser, M.-B., Moser, E.I., Forrest, E., Andersen, P. & Morris, R.G.M. Proc. Natl. Acad.
Sci. USA 92, 9697-9701 (1995).
Bannerman, D.M. et al. Behav. Neurosci. 118, 643-647 (2004).

272

VOLUME 8 | NUMBER 3 | MARCH 2005 NATURE NEUROSCIENCE




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts false
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage false
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 150
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 150
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly true
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox false
  /PDFXBleedBoxToTrimBoxOffset [
    0.30000
    0.30000
    0.30000
    0.30000
  ]
  /PDFXOutputIntentProfile (OFCOM_PO_P1_F60)
  /PDFXOutputCondition (OFCOM_PO_P1_F60)
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /False

  /SyntheticBoldness 1.000000
  /Description <<
    /JPN <FEFF3053306e8a2d5b9a306f300130d330b830cd30b9658766f8306e8868793a304a3088307353705237306b90693057305f00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e30593002>
    /DEU <>
    /FRA <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /ENU <FEFF004e00500047002000570045004200200050004400460020004a006f00620020004f007000740069006f006e0073002e0020003100350030006400700069002e002000320032006e0064002000530065007000740065006d00620065007200200032003000300034002e002000500044004600200031002e003400200043006f006d007000610074006900620069006c006900740079002e>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [595.276 782.362]
>> setpagedevice


