
OR I G INA L ART I C L E

Conserved hippocampal cellular pathophysiology but
distinct behavioural deficits in a new rat model of FXS
Sally M. Till1,2,†, Antonis Asiminas1,3, Adam D. Jackson2,4,‡,
Danai Katsanevaki1,2,‡, Stephanie A. Barnes1,2, Emily K. Osterweil1,2,5,
Mark F. Bear5, Sumantra Chattarji1,4,6, Emma R. Wood1,3,†,
David J.A. Wyllie1,2,4,† and Peter C. Kind1,2,4,†,*
1Patrick Wild Centre, 2Centre for Integrative Physiology, The University of Edinburgh, Edinburgh EH8 9XD, UK,
3Centre for Cognitive and Neural Systems, The University of Edinburgh, Edinburgh EH8 9JZ, UK, 4Centre for Brain
Development and Repair, The Institute for StemCell Biology and RegenerativeMedicine, Bangalore 560065, India,
5Department of Brain and Cognitive Sciences, Howard Hughes Medical Institute, Picower Institute for Learning
and Memory, Massachusetts Institute of Technology, Cambridge MA 02139, USA and 6National Centre for
Biological Sciences, Tata Institute of Fundamental Research, Bangalore 560065, India

*To whom correspondence should be addressed at: University of Edinburgh, Hugh Robson Building George Square, EH8 9XD, UK. Tel: +0131 6511762;
Fax: +0131 6511706; Email: pkind@ed.ac.uk

Abstract
Recent advances in techniques for manipulating genomes have allowed the generation of transgenic animals other thanmice.
These new models enable cross-mammalian comparison of neurological disease from core cellular pathophysiology to circuit
and behavioural endophenotypes. Moreover they will enable us to directly test whether common cellular dysfunction or
behavioural outcomes of a genetic mutation are more conserved across species. Using a new rat model of Fragile X Syndrome,
we report that Fmr1 knockout (KO) rats exhibit elevated basal protein synthesis and an increase inmGluR-dependent long-term
depression in CA1 of the hippocampus that is independent of new protein synthesis. These defects in plasticity are
accompanied by an increase in dendritic spine density selectively in apical dendrites and subtle changes in dendritic spine
morphology of CA1 pyramidal neurons. Behaviourally, Fmr1 KO rats show deficits in hippocampal-dependent, but not
hippocampal-independent, forms of associative recognition memory indicating that the loss of fragile X mental retardation
protein (FMRP) causes defects in episodic-likememory. In contrast to previous reports frommice, Fmr1 KO rats show no deficits
in spatial reference memory reversal learning. One-trial spatial learning in a delayed matching to place water maze task was
also not affected by the loss of FMRP in rats. This is the first evidence for conservation acrossmammalian species of cellular and
physiological hippocampal phenotypes associated with the loss of FMRP. Furthermore, while key cellular phenotypes are
conserved theymanifest in distinct behavioural dysfunction. Finally, our data reveal novel information about the selective role
of FMRP in hippocampus-dependent associative memory.
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Introduction
Although mice and other model organisms have been, and con-
tinue to be valuable models of neurodevelopmental disorders
(NDDs), the development of genetically engineered rats allows
for extended modelling of several key aspects of these disorders
including complex cognitive and social functions and non-inva-
sive imaging. Furthermore, rats and mice separated in evolution
over 12million years ago, and comparison across thesemamma-
lian species will be essential for determining whether conserved
cellular phenotypes result in similar circuit and/or behavioural
outcomes. While rat models can have a significant impact on
our understanding of neurological disease, experimental inter-
pretation will be prone to the untested assumption that cellular
phenotypes between mouse and rat models are conserved.
Therefore an essential first step to realizing the potential of rat
models ofNDDs is to directly compare key phenotypes associated
with analogous mutations in mice or other species.

Fragile X Syndrome (FXS), themost common formof inherited
intellectual disability, is caused by mutations in the FMR1 gene
that lead to loss of the protein it encodes, fragile Xmental retard-
ation protein (FMRP). Notable hippocampal phenotypes in Fmr1
knockout (KO) mice include enhanced expression of group 1 me-
tabotropic glutamate-receptor mediated long-term depression
(mGluR-LTD) in the hippocampus (1) and protein synthesis-
independent maintenance of this form of persistent plasticity
(2). In agreement with the known role for FMRP in regulating
protein synthesis (3), Fmr1 KO mice show elevated levels
of basal protein synthesis (4–6). These functional changes
are accompanied by alterations in dendritic spine structure (7).
While loss of FMRP does not affect performance in a hippocam-
pus-dependent reference memory version of the Morris water
maze, Fmr1 KO mice are impaired in reversal learning (8–11).

Using a ratmodel of FXS we demonstrate that several key cel-
lular deficits in hippocampus that result from Fmr1 deletion are
conserved between species that separated in evolution more
than 12 million years ago (12). Building on this comparison of
cellular phenotypes between the two species, we further report
deficits in hippocampal-dependent, but not hippocampal-inde-
pendent, novelty based exploration tasks. Importantly, unlike
in themouse, performance in spatial referencememory, reversal
learning and delayed matching to place (DMP) tasks were not
altered in Fmr1 KO rats, indicating rat-specific hippocampal-
based memory behaviours in the absence of FMRP. In summary,
rats show species-specific behavioural deficits in the absence of
FMRP despite conservation of cellular deficits.

Results
Dynamic FMRP expression in brain during postnatal
development

To determine whether the spatiotemporal expression of FMRP in
rats is similar to that described in mice (13), coronal slices were
prepared from wild-type (WT) Sprague Dawley (SD) rats at vari-
ous developmental ages and immunolabelled for FMRP. We
found that FMRP is widely expressed throughout the brain,
including the hippocampus and neocortex during the first few
weeks after birth (Fig. 1A–C), with an apparent decrease in levels
between P14 and P30.Western blot analysis confirmed this devel-
opmental regulation (Fig. 1E). Immunolabelling andWestern blot
analysis reveal lack of FMRP expression in brain tissue from P10
Fmr1 KO (Fig. 1D and E). Together, these findings are consistent
with previous reports that FMRP is widely expressed in neurons

throughout the mouse brain and that its expression level is dy-
namically regulated during postnatal development (13–15).

Loss of FMRP is associated with subtle alterations
in dendritic spines of pyramidal neurons

FXS has been characterized as a synaptopathy as defined by ab-
normalities in spine number, dynamics and morphology as
well as dysregulated group 1 mGluR signalling (16), although
associated spine density and morphology phenotypes are com-
plex and depend on the age and cell-type being examined (17).
To assess the consequences of deleting FMRP on dendritic
spine density and morphology in rats, we quantified dendritic
spines per unit length of dendrite from fluorescent-filled pyram-
idal neurons in the CA1 region of hippocampal slices (P27–P32)
(Fig. 2A–C). Quantification of the number of dendritic protrusions
revealed an increase in overall spine density on secondary
apical obliques in Fmr1 KO compared with WT (spines/10 µm
WT:16.29 ± 0.55; KO:18.31 ± 0.68; t14_Welch_cor = 2.31, P = 0.037). In
contrast, spine density on secondary basal dendrites was compar-
able between genotypes (spines/10 µm WT:15.34 ± 0.70; KO:15.31 ±
0.79; t14_Welch_cor = 0.026, P = 0.98).

Cumulative distributions of spine head diameter suggested a
small, but significant increase in Fmr1 KO compared with WT in
both apical (nWT = 1218, nKO = 1596; P = 0.0053; Fig. 2D) and basal
(nWT = 1106, nKO = 1451; P = 0.0026; Fig. 2E) CA1 secondary den-
drites. These differences were not significant at the level of
means [mean spine head diameter (MSHD)WTapical:0.36 ± 0.0073
µm; KOapical:0.38 ± 0.010 µm; t14_Welch_cor = 1.72, P = 0.11, inset
Fig. 2C; WTbasal:0.35 ± 0.011 µm, n = 7; KObasal:0.36 ± 0.012 µm;
t14_Welch_cor = 0.93, P = 0.37, inset Fig. 2D]. These data are in agree-
ment with recent findings in Fmr1 KO mice using STED micros-
copy showing an increase in spine head width in CA1
pyramidal neurons at P37 (7).

Abnormal synaptic plasticity in Fmr1 KO rats

Group 1 mGluR-LTD in CA1 of the hippocampus is both exagger-
ated and independent of new protein synthesis in Fmr1 KO mice
(1,2). We therefore next asked whether loss of FMRP in rats alters
the expression and/or maintenance of this form of plasticity in

Figure 1. Developmental expression profile of FMRP in rats. Immunohisto-

chemical localization of FMRP in P7 (A), P14 (B) and adult (C) WT SD rats.

Immunolabelling of a P10 Fmr1 KO shows specificity of antibody for FMRP (D).

Western blot analysis of FMRP expression levels in hippocampus homogenates

from WT SD rats littermates over postnatal development compared with P10

Fmr1 KO rat (E). Scale bars: (A–C): 500 µm; (D) 250 µm.
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the hippocampus. The magnitude of long-term depression (LTD)
elicited by directly activating group I mGluRs with the agonist di-
hydroxyphenylglycine (DHPG) (1) was significantly greater in
slices from Fmr1 KO rats compared with control littermates
(fEPSP responses WT:78.64 ± 3.70%, KO:67.53 ± 4.11%, t32 = 2.0065,
pWTvKO = 0.027; Fig. 3A). In addition, while the presence of the pro-
tein synthesis inhibitor cycloheximide prevented the mainten-
ance of mGluR-LTD compared with baseline in WT animals,
late-phase mGluR-LTD did not require new protein synthesis
and was significantly different from baseline in Fmr1 KO rats
(fEPSP responses WT:98.08 ± 8.34%, KO:74.22 ± 7.42%, t20 = 2.14,
pWTvKO = 0.023; Fig. 3B).

Converging evidence suggests that FMRP negatively regulates
the translation of its mRNA targets (3,18,19) and basal protein

synthesis is elevated in Fmr1KOmice (4–6). Increased basal levels
of proteins involved in persistent forms of plasticitymay account
for the protein synthesis-independent nature of mGluR-LTD in
Fmr1 KO mice. To test whether loss of FMRP in the rat results
in increased basal protein synthesis, metabolic labelling of
proteins in acute slices of dorsal hippocampus was compared
between Fmr1 KO and WT. Consistent with findings in Fmr1 KO
mice, loss of FMRP resulted in excessive protein synthesis
under basal conditions (compared with baseline WT:100 ± 1.5%;
KO:119.5 ± 4.6%; t20 = 3.55, P = 0.0023 Fig. 3C).

Figure 2. Altered dendritic spine density and shape in the hippocampus of Fmr1

KO rats. An example Alexafluor 568 filled hippocampal CA1 pyramidal neuron

(A) and representative apical oblique dendritic segments from WT (B′) and Fmr1

KO rats (B″). (C) Quantification of the density of dendritic protrusions reveals a

significant increase on secondary apical obliques in Fmr1 KO rats compared

with WT control littermates. In contrast, spine density of secondary basal

dendrites is comparable between genotypes. KS-tests of the cumulative

frequency distributions indicate differences in the distribution profiles of spine

head diameters on apical (D) and basal (E) CA1 dendrites between Fmr1 KO and

WT rats. Dotted lines show the cumulative distribution for each animal, solid

lines represent group means. The MSHD is not significantly different between

genotypes.

Figure 3. Loss of FMRP alters synaptic plasticity and basal protein synthesis in the

rat hippocampus. (A) Sample fEPSP traces from 5 min pre- and 55 min post-DHPG

treatment are shown above average fEPSP plots for both WT and Fmr1 KO slices

normalized to pre-DHPG baseline. (A) The magnitude of DHPG-induced LTD in

WT and Fmr1 KO rats was not significantly different between genotypes.

(B) While the persistent expression of mGluR-LTD did not require new protein

synthesis in Fmr1 KO rats, mGluR-LTD was not maintained in WT rats in the

presence of protein synthesis inhibitor cycloheximide. (C) Basal protein

synthesis levels are excessive in dorsal hippocampal slices from Fmr1 KO rats

compared with WT littermate controls. Calibration bars for A and B: 0.5 mV,

10 ms.
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Hippocampus-dependent behaviours in Fmr1 KO rats

To begin to address whether cognitive function is altered by the
loss of FMRP in rats, performance in a hippocampus-dependent
reference memory version of the Morris water maze was tested.
This task assays the ability to learn to navigate a circular pool
using distal cues to locate a hidden, submerged escape platform.
During acquisition, bothWTand Fmr1 KO rats showed a decrease
in path length taken to reach the platform (training day F(6,96) =
21.894, P < 0.001; genotype F(1,16) = 1.66, P = 0.22; genotype ×
training day F(6,96) = 0.56, P = 0.76; Fig. 4A), and increased crossings
of the platform location during probe trials across days (training
day F(6,96) = 4.112, P = 0.0010; genotype F(1,16) = 3.666, P = 0.074;
genotype × training day F(6,96) = 1.41, P = 0.22; Fig. 4B), indicating
that spatial learning andmemory was equivalent between geno-
types and that Fmr1 KO rats have intact capacity for spatial navi-
gation. To assess behavioural flexibility, rats then underwent a
reversal learning task whereby the platform was moved to the
opposite side of the pool; a decrease in overall path length (train-
ing day F(6,96) = 27.585, P < 0.001; genotype F(1,16) = 0.476, P = 0.50;
genotype × training day F(6,96) = 1.68, P = 0.13; Fig. 4C), increase in
crossings of the new platform location (training day Fnew(6,96) =
3.46, P = 0.0038; genotype Fnew(1,16) = 0.30, P = 0.59; genotype ×
training Fnew(6,96) = 1.18, P = 0.32) and a concomitant decrease in
crossings of the initial platform location during probe trials
were observed across time (training day Fold(6,96) = 12.322, P <
0.001; genotype Fold(1,16) = 3.21, P = 0.092; genotype × training day
Fnew(6,96) = 1.51, P = 0.18; Fig. 4D), reflecting comparable learning

of the second platform position between genotypes. While ana-
lysis of non-cognitive parameters revealed no difference in learn-
ing on the cued version of the task or in thigmotaxis (data not
shown), swimming speed was significantly increased in Fmr1
KO (genotype F(1,16) = 6.28, P = 0.023; training day F(13,208) = 3.37,
P < 0.001; genotype × training day F(13,208) = 0.79, P = 0.67; Fig. 4E).

To explore further whether loss of FMRP affects behavioural
flexibility, we next used a DMP that is similar to the reference
memory version of water maze except that the location of the
platform is altered each day (Fig. 5A). This task assesses the
ability of an animal to learn a novel location of a hidden platform
in a single trial as measured by its performance in subsequent
trials; a reduction in path length between the first and second
trials of each day reflects the ‘savings’ accrued from the memory
of the first trial. During pre-training, both WT and Fmr1 KO rats
showed decreases in path lengths taken to escape over trials
2–4 compared with the first trial of the day (trial FD1-4(3,22) = 21.19,
P < 0.0001; genotype FD1-4(1,22) = 0.21, P = 0.65; genotype × trial
FD1-4(3,66) = 0.86, P = 0.47. trial FD5-8(3,22) = 19.10, P < 0.0001; geno-
type FD5-8(1,22) = 0.23, P = 0.64; genotype × trial FD5-8(3,66) = 0.18,
P = 0.91 Fig. 5B). In a second phase, the task was made more de-
manding by introducing variable time delays between the first
and second trials of the day [15 s, 15min or 2 h inter-trial intervals
(ITI)]. During this phase, bothWTand Fmr1KO performanceswere
comparable at each ITI as measured by either the path lengths to
escape (trial F15sec(3,94) = 1.55, P < 0.001; genotype F15sec(1,94) = 0.85,
P = 0.3586; trial × genotype F15sec(3,282) = 1.553, P = 0.201. trial

Figure 4. Fmr1 KO rats have normal spatial reference memory acquisition and

reversal learning. (A) Fmr1 KO rats learn the hidden-platform version of the

water maze similarly to WT littermates as measured by a decrease over days in

the path taken to escape (A) and the number of crossings over the platform

location on daily probe trials (B). Performance during reversal learning was

comparable between genotypes as measured by path to escape (C) and the

number of crossings over the old and new platform locations during probe trials

(D). (E) Fmr1 KO rats swim faster than WT littermates over all days tested.

Figure 5.One-trial spatial learning is intact in Fmr1 KO rats. (A) A schematic of the

DMP version of thewater maze task. (B) Fmr1 KO rats learn the DMP task similarly

to WT littermates as measured by a decrease in the path length taken to escape

over trials within a day. Introducing a variable time delay between the first and

second trials of the day does not affect performance of Fmr1 KO rats compared

with WT as measured by path length to escape (C), savings (D), time spent

searching in the target zone on probe trials (E) or perseveration around the

location of the target on the previous day on probe trials (F).
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F15min(3,94) = 91.76, P < 0.001; genotype F15min(1,94) = 1.68, P = 0.1986;
trial × genotype F15min(3,282) = 0.5612, P = 0.6411. trial F2hr(3,94) =
113.5, P < 0.001; genotype F2hr(1,94) = 0.21, P = 0.6481; trial ×
genotype F2hr(3,282) = 1.63, P = 0.1824; Fig. 5C) or by the savings
accrued from trials one to two (delay F(2,22) = 4.77, P = 0.013; geno-
type F(1,22) = 2.58, P = 0.1226; delay × genotype F(2,44) = 0.14, P = 0.87;
Fig. 5D). Probe trialsmeasuring time spent searching in the target
zone further confirmed comparable one-trial spatial learning
between genotypes across the ITIs (delay F(2,22) = 4.27, P = 0.0202;
genotype F(1,22) = 0.34, P = 0.5635; delay × genotype F(2,44) = 1.26,
P = 0.2942; Fig. 5E) and comparison of the time spent in the loca-
tion of the target on the previous day suggests no difference in
perseveration between genotypes (delay F(2,22) = 2.07, P = 0.14;
genotype F(1,22) = 0.61, P = 0.44; delay × genotype F(2,44) = 0.54,
P = 0.59; Fig. 5F).

To investigate further the effect of loss of FMRP on cognitive
function, rats were tested on a battery of four spontaneous recog-
nition memory tasks testing memory for object-recognition (OR)
and object-context (OC), object-place (OP) and object-place-con-
text (OPC) associations (Fig. 6A). Only, the most complicated of
these, the OPC task, is hippocampus-dependent and involves
the associative recognition of objects, their spatial locations
and the local context (20). WT rats discriminated novel from fa-
miliar objects/object configurations in all four versions of the
spontaneous exploration tasks, indicated by a discrimination
index (DI) significantly greater than zero (WTOR: 0.37 ± 0.03, t15 =
11.26, P = 4.087 × 10−8; WTOP: 0.28 ± 0.056, t15 = 5.031, P = 0.0006;
WTOC: 0.28 ± 0.032, t15 = 8.88, P = 9.34 × 10−7; WTOPC: 0.22 ± 0.041,
t15 = 5.32, P = 0.00035; Fig. 6B). While Fmr1 KO rats exhibited a sig-
nificant preference for the novel object/object configurations in
the OR, OC and OP tasks (KOOR: 0.42 ± 0.038, t15 = 11.20, P = 4.42 ×
10−8; KOOP: 0.21 ± 0.051, t15 = 4.112, P = 0.0037; KOOC: 0.18 ± 0.038,
t15 = 4.93, P = 0.00073), they did not explore the novel OPC

configuration more than expected by chance (DI KOOPC: 0.071 ±
0.032, t15 = 2.214, P = 0.17; Fig. 6C). This suggests the impairment
shown by Fmr1KO inOPC performance is not due to impairments
in the associative recognition of objects and their locations or ob-
jects and their contexts.

Discussion
The development of genetically modified rat models provides a
valuable means of understanding the cognitive dysfunction as-
sociated with the loss of FMRP, as well as providing cross-species
validation of cellular dysfunction that will strengthen the rele-
vance of genetic models of FXS to the human disorder. We find
that Fmr1 KO rats phenocopy key aspects of hippocampal cellular
and synaptic phenotypes associated with the loss of FMRP in
mice, including elevated basal protein synthesis (5), abnormal
synaptic plasticity (1,2) and alterations in themorphology of den-
dritic spines (7) of hippocampal pyramidal neurons. Importantly,
these phenotypes are commonly used to assess therapeutic effi-
cacy for pharmacological reversal of FXS-related symptoms. As
such, this study demonstrates cross-species validity of multiple
cellular phenotypes associated with loss of FMRP between two
mammalian species that separated in evolution more than 12
million years ago (12). It thereby validates the conceptual basis
of theories underlying targeted approaches to therapies and
their potential relevance to the human syndrome. It will be im-
portant in future studies to determine whether pharmaceutical
interventions, such as negative allosteric modulators of
mGluR5, are able to prevent or reverse these cellular deficits as
they can in mice (5,21).

We also identified species-specific differences in cellular
phenotypes between Fmr1 KO models. For example, we find an
increase in dendritic spine density on apical CA1 dendrites, a re-
sult which supports some (22,23), but not all studies in Fmr1 KO
mice (24). Importantly, differences in spine density are cell-type
and age-dependent. In this study we have examined dendritic
spine density at P28–P32 and found a small (12.4%) but significant
increase in spine density on apical dendrites but no difference in
basal dendritic spine density. Using STED microscopy we found
no change in spine density at a similar age (P37) in mice (7).
These apparent species differences could result from differences
in methodologies; while STED is excellent for spine shape, the
sample size is markedly smaller than confocal imaging for mea-
surements of spine density. Furthermore, the biological signifi-
cance of an increase in spine density of this magnitude is not
known and more detailed studies relating spine structure to
function are needed.

Species-specific differences were also apparent when we
examined whether the common cellular phenotypes in the
hippocampus in Fmr1 KO mice and rats are mirrored by hippo-
campus-dependent behavioural phenotypes in the Fmr1 KO rat.
Despite Fmr1 KO mice showing deficits in reversal learning in
thewatermaze (8–11), this form of spatial learning is not affected
by the loss of FMRP in rats. One-trial spatial learning in a hippo-
campus-dependent DMP water maze task was also unaffected in
Fmr1 KO rats. While this form of learning has not been tested in
Fmr1 KO mice, these findings are consistent with intact flexible
spatial learning in Fmr1 KO rats. These differences highlight the
fact that common cellular dysfunction across species maymani-
fest in distinct behavioural phenotypes andmay result from spe-
cies-specific differences associated with ethologically relevant
tasks (25).

Importantly, while spatial learning was unaffected in Fmr1
KO, we found significant deficits in hippocampus-dependent

Figure 6. Loss of FMRP results in impaired performance on a hippocampus-

dependent novelty preference task. (A) A schematic of the spontaneous

exploration tasks for novelty preference. (B) WT rats exhibit memory for all four

tasks as measured by above chance performance. (C) In contrast, Fmr1 KO rats

do not perform above chance levels in an OPC task that requires the ability to

form associations between objects, their locations and the context, but do

exhibit memory for the individual components as measured by above chance

performance in object recognition, object-place and object-context tasks.
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associative recognition memory, but not in versions of these
tasks that do not require an intact hippocampus. Complete hip-
pocampal lesions impair performance on the OPC recognition
task but do not alter performance on OR, OP and OC (20). We
find that Fmr1 KO rats are able to perform the OR, OP and OC
tasks, but not the OPC recognition task that requires the hippo-
campus to bind multiple associations to form a memory. These
data suggest that the loss of FMRP selectively affects a subset of
hippocampus-dependent processes that include memory/bind-
ing of complex associations. Understanding how these differ-
ences arise will require a detailed analysis of the mechanisms
by which cellular dysfunction affects neuronal circuit activity to
ultimately control behaviour.

In summary, this study reveals valuable insight into the de-
fects in episodic-like memory associated with the loss of FMRP.
Furthermore, by demonstrating that the cellular pathophysiology
associatedwith the loss of FMRP is shared betweenmice and rats,
our study provides the foundation for interpretation of subse-
quent investigations of hippocampal function that utilises the
biological and technical advantages afforded by rat models. For
example, future studies can take advantage of their increased
flexibility in response to novel situations and their extensive so-
cial interactions—two domains specifically affected in FXS and
the autism spectrum disorders. In this context, deficits in perse-
verative chewing and juvenile playhave been reported in Fmr1KO
rats (26). Furthermore, they can include the use of fMRI/PET scan-
ning that will enable the identification of circuit level biomarkers
that can be useful for translation into humans as well as drug
screening and clinical trial design. As a result, rat-based disease
models will complement existing mouse models and together
they may provide new insight into mechanisms and behavioural
outcomes of FMRP dysregulation in humans.

Materials and Methods
Animals

SD Fmr1 KO rats were obtained from Sigma Advanced Genetic
Engineering (SAGE) Labs (St. Louis, MO, USA), nowpart of Horizon
Discovery. Female Fmr1 heterozygotes were crossed to WT SD
males (Charles River labs) to produce Fmr1 KO andWT littermate
controls. All experimental subjects were male and group housed
(2–5 animals/cage) to avoid effects of isolation. Experimentswere
done blind to genotype.

Immunoblotting

Hippocampal extracts from Fmr1 KO rats and controls (n = 3/age
for developmental expression; n = 5/genotype at P10 to verify
loss of expression)were prepared in RIPA buffer containing prote-
ase inhibitors (Complete EDTA-free), immunoblotted using pri-
mary antibody to FMRP (1:2000; AbCAM ab69815) and imaged as
previously described in (13).

Immunohistochemistry

Histology was performed as previously described (13). Coronal
sectionswere reactedwith an antibody to FMRP (1:1500, Millipore
MAB2160).

Basal protein synthesis

Metabolic labelling of transverse slices prepared from P28 rats
(n = 11/genotype) was performed as described (6).

Intracellular fills and analysis

Individual hippocampal CA1 pyramidal neurons from P27 to P32
males (nWT= 7,nKO = 9)werefilledwithAlexafluor-568, imaged, de-
convolved and spine densities quantified as in Till et al. (2012).
Dendritic spineheaddiametersweremeasuredusing the ‘shortest
distance from distance map’ algorithm (IMARIS FilamentTracer,
Bitplane); spines with an obvious point of attachment to the
dendritic shaft were quantified. Head diameters <200 nm were
excluded from analysis, due to the resolution of the confocal
microscope.

Electrophysiology

Horizontal hippocampal slices (400 µm) prepared from P21 to P32
animals were incubated in oxygenated ACSF at 31°C for 30 min,
then stored at room temperature until recording. An incision
was made through CA3 prior to recording. Slices were continu-
ously perfused in an interface chamber with 30 ± 1°C ACSF satu-
rated with 95% O2-5% CO2 at 4–5 ml/min. Field potentials were
recorded as described in Huber et al. (2002). mGluR-LTD was in-
duced using dihydroxyphenylglycine (DHPG; 50 µ) in the pres-
ence of NMDA receptor antagonist D-AP5 (50 µ) for 5 min.
Where indicated, cycloheximide (100 µ) was present in ACSF
>30 min prior to DHPG addition and throughout recordings. LTD
magnitude was calculated by dividing the average fEPSP slope
from 50 to 60 min post-DHPG application by the average fEPSP
slope during the 20 min baseline before DHPG application.

Spatial reference memory water maze

Three- to six-month old male rats (nWT = 9, nKO = 9) were trained
in three stages in a 2 m diameter water maze containing a
10 cm escape platform. First, rats were trained for 3 days on the
visible platform version of the water maze (4 trials/day, 15 min
ITI, extra-maze cues obscured, platform location moved each
trial). In the second stage, extra-maze cues were visible and
rats received one daily hidden-platform training session for
seven consecutive days; each session began with a reinforced
probe trial, followed by three training trials separated by a
15 min ITI. For probe trials, an Atlantis platform (27) was raised
to 1.5 cm below the water surface 1 min into the trial; for stand-
ard trials the platform was raised throughout. Each trial lasted a
maximum of 2 min; rats failing to escapewere guided to the plat-
form. All rats remained on the platform for 30 s before removal
from the pool. The third (reversal) stage was identical to the se-
cond, but the platform was relocated to the opposite side of the
pool. Path length performance is plotted in meters (m) was com-
pared to account for differences in swim speed. For probe trials,
target crossings during the first 60 s were quantified.

DMP water maze

Three- to six-month oldmale rats (nWT= 12, nKO = 12) were trained
on a modified version of a DMP task in the water maze (28). The
protocol for both pre-training and delay phases were the same;
the platform was hidden in a novel location on trial 1 of each
day and then remained in this place for trials 2–4, on which rats
could use rapidly encoded placememory to reach the escape plat-
form efficiently. The different platform locations were located on
an inner ring (0.8-m diameter) or outer ring (1.4 m) concentric
with the pool. Each trial lasted a maximum of 2 min; rats failing
to escape were guided to the platform. All rats remained on the
platform for 30 s before removal from the pool. All four start posi-
tions were used daily in an arbitrary sequence, to discourage ego-
centric strategies. During the first phase, rats received two 4-day
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blocks of pre-training (4 trials/day, 15 s ITI, extra-maze cues vis-
ible, platform location moved each day). In the second phase,
rats received 15 days of delay training duringwhich three different
ITIs (15 s, 15 min or 2 h) were introduced between trials 1 and 2 (5
days of each ITI); for one of the 5 days at each delay, trial 2 of the
daywas run as a probe trial with anAtlantis platform (27) raised to
1.5 cm below the water surface 1 min into the trial; for standard
trials the platformwas raised throughout. Probe trial performance
was calculated as the percent time spent in a 20 cmdiameter zone
around the centre of theplatform locationduring thefirst 60 s. Per-
severation index indicates the difference between the percent
time spent in the previous day’s target zone and the current
day’s target zone during the first 60 s of the probe trial.

Spontaneous exploration tasks

Three- to six-month old male rats (nWT = 16, nKO = 16) underwent
OR, OP, OC and OPC tasks as previously described (20). Animals
were tested in a rectangular box (76 × 45 × 60 cm tall) that could
be configured as either of two contexts (by changing floor/wall
inserts). After 5 days habituation to the boxes, rats received 2
trials (one/day) on each of the four tasks (OR, OP, OC, OPC, OPC,
OC, OP, OR), with 3 min sample phases, a 2 min retention interval
and a 3 min test phase. For each test phase, a DI [(time exploring
novel object—time exploring familiar object)/(time exploring
both objects)] was calculated.

Statistical analysis

Electrophysiology data were analysed using one-tailed Student’s
t-test. Dendritic spine density data were analysed by unpaired
t-test with Welch’s correction. Dendritic head diameter mea-
sures were analysed with two-sample Kolmogorov–Smirnov
test (KS-test) and Mann–Whitney test (MW-test). Water maze
data were analysed by repeated measures ANOVA and spontan-
eous exploration task discrimination indices were analysed by
one sample t-test (chance = 0) with Bonferroni correction.
Except in the case of dendritic spine head measures, the inde-
pendent replicate (n) is experimental animals. Error bars in
graphs represent ± SEM; *P < 0.05, **P < 0.01, ***P < 0.001.
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