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of these tests72, and comparable results to humans are achieved using mouse models of 

cognitive impairments51,73. Unexpectedly, Atrx-cKOFem mice displayed normal memory in 

several paradigms, indicating a sex-specific phenomenon upon ATRX inactivation.  In 

humans, females harbouring ATRX mutations are protected from the disease by complete 

skewing of X-inactivation74; however this cannot be the case here since the mice were 

homozygous for the “floxed” allele and we confirmed by immunofluorescence staining that 

ATRX is indeed absent from hippocampal excitatory neurons. Sexual dimorphism has 

been reported in other mouse models with mutations in chromatin remodeling proteins, 

including CHD8 and MeCP2, where females are unaffected by loss of the protein of 

interest or are affected differently75-77. In humans, neurological disorders such as autism-

spectrum disorders tend to preferentially affect males rather than females, possibly due 

to combinatorial contributions of hormonal and genetic factors in a phenomenon known 

as the female protective effect78-80, and this is regularly supported with mouse models81-

83. The presence of estrogen and estrogen receptor in the female brain has been shown 

to be neuroprotective and leads to enhanced Schaffer-collateral LTP84. In addition, certain 

X-linked genes involved in chromatin regulation (e.g. Utx, a histone demethylase) are 

able to escape X-inactivation and so are expressed two-fold in females compared to 

males85. These mechanisms could lead to protective gene regulation in the Atrx-cKOFem, 

causing the sexually dimorphic defects in learning and memory.  We previously reported 

impairment of spatial learning and memory in a female mouse model with mosaic 

expression of ATRX in all cells of the central nervous system17.  This suggests the 

intriguing possibility that female-specific protective factors originate from cell types other 
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Figure 3: CA1 dendritic length and branching and the number of non-neuronal cells are not affected in 
Atrx-cKO mouse hippocampi. (A) Representative Golgi traces from Ctrl and Atrx-cKO hippocampal CA 1 
pyramidal neurons. (B) Sholl analysis of Ctrl (n=73) and Atrx-cKO (n=53) CA1 pyramidal neurons (p=0.0842). (C) 
Total length of Ctrl and Atrx-cKO CA1 dendrites (p=0.2994). (D) Sholl analysis of Ctrl and Atrx-cKO CA1 apical 
dendrites (p=0.3858). (E) Total length of Ctrl and Atrx-cKO CA 1 apical dendrites (p=O. 7832). (F) Sholl analysis of Ctrl 
and Atrx-cKO CA 1 basal dendrites (p=O. 7339). (G) Total length of Ctrl and Atrx-cKO CA 1 basal dendrites 
(p=0.2237). (H) lmmunofluorescence staining of GFAP or IBA 1 in Ctrl and Atrx-cKO hippocampi. DAPI was used as 
a counterstain. Scale bar indicates 400 µm. (1) Quantification of the proportion of GFAP+ (p=0.2151) and IBA1 + 
(p=0.7903) cells in stratum radiatum/stratum lucidem moleculare of Ctrl and Atrx-cKO hippocampi (n=5). (J) 
Quantification of DAPI+ cells per mm2 in n stratum radiatum/stratum lucidem moleculare of Ctrl and Atrx-cKO 
hippocampi (n=10, p=0.2904). Data was analyzed by unpaired Student's T-Test or two-way repeated measures 
ANOVA with Sidak's multiple comparisons test where applicable, and asterisks indicate p<0.05. Data is displayed as 

mean +/-SEM. 
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Figure 4: Ultrastructural analysis of Atrx-cKO CA1 apical synapses reveals a reduced 
number of total or docked presynaptic vesicles, wider synaptic cleft and larger 
post-synaptic density. (A) Representative images of Ctrl and Atrx-cKO CA 1 synapses imaged 
by transmission electron microscopy. Red shading indicates presynaptic neuron, blue shading 
indicates postsynaptic neuron. Scale bar = 200 nm. (B) Number of vesicles in 50nm bins from 
the active zone (p=0.9504) (Ctrl n=60, Atrx-cKO n=63). (C) Number of total vesicles (p<0.01 ). 
(D) Density of vesicles per cluster (p<0001 ). (E) Number of docked vesicles (p<0.05). (F) 
Post-synaptic density (PSD) area (p<0.005). (G) Synaptic cleft width (p< 0.0001 ). (H) Length of 
the pre-synaptic active zone (p=O. 7039). (I) Synaptic vesicle cluster size (p=0.9917). (J) Vesicle 
diameter (p=0.1895). Data was analyzed by unpaired Student's T-test or two-way repeated 
measures ANOVA with Sidak's multiple comparisons test where applicable, and asterisks 
indicate p<0.05. Data is displayed as mean+/- SEM. 
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Figure 5: The Atrx-cKO mice exhibit impaired long-term spatial memory in the 
Morris water maze paradigm and in the contextual fear conditioning task. (A,B,C) 
Latency to reach the platform (p<0.05), distance travelled (p<0.05), and swimming speed 
(p=0.8384) over four days (four trials per day) in the Morris water maze (n=15). (D) 
Percent time spent in each quadrant after removal of the platform on day 5. Dotted line 
indicates chance at 25%. (E) Percent time spent in each quadrant after removal of the 
platform on day 12. Dotted line indicates chance at 25%. (F) Percent of time freezing over 
360s during the contextual fear conditioning task (p<0.05) (n=22). (G) Total time freezing 
(p<0.05). Statistics by two-way repeated measures ANOVA with Sidak's multiple 
comparisons test or Student's T-test where applicable, asterisks indicate p<0.05. 
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Figure 6: Atrx-cKO mice display deficits in spatial learning in the Paired-Associate 
Learning operant task. (A) Representative images used in the paired-associate learning 
task, where touching the(+) stimuli on the screen results in reward and the(-) stimuli results 
in negative reinforcement (Talpos et al., 2009). (B) Percent correct over 10 weeks (p<0.005). 
Dotted line indicates % correct by chance. (C) Number of correction trials required over ten 
weeks (p<0.0001 ). (D) Latency to choose a correct answer (p=0.49). (E) Latency to choose 
an incorrect answer (p=0.72). (F) Latency to retrieve the reward (p=0.33). (G) Number of 
days to reach criterion in the Visual Paired Discrimination task (p<0.01 ). (H) Percent correct 
during baseline (two days) and reversal (10 days) (p=0.25). (I) Number of correction trials 
required during baseline and reversal trials (p<0.005). Statistics by two-way repeated 
measures ANOVA with Sidak's multiple comparisons test or Student's T-test where 
applicable, asterisks indicate p<0.05. 

All rights reserved. No reuse allowed without permission. 
(which was not peer-reviewed) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity.

The copyright holder for this preprint. http://dx.doi.org/10.1101/606442doi: bioRxiv preprint first posted online Apr. 12, 2019; 

http://dx.doi.org/10.1101/606442


A 

c 

== 

K3K1K2C2C1C3C3C2C1K1K2K3 
Male Female Male Female 

D 
miR-27b 

E 
miR-34a 

\J ')., '>< <Q 'b ""' 
Enrichment over expected 

miR-137 
miR-485 * 

* 

G Shank2 Cadps2 Glrb Sgip1 
90 1000 _10000 

;:500 § 5000 § 80 c 
:J :J 
0 0 0 8 500 u u 70 
-0200 ~ 2000 ""O ""O 
Q) Q) Q) 
N -~ 60 -~ 1000 -~ 
~100 Iii 

500 
Iii Iii 

E 
0 
z 

.. E § 50 § 200 
50 0 

200 
0 0 

z z z 
100 40 100 ·. 

~·"' 0-S- !<,§> l}-0 ~·"' 0-S- !<,§> l}-0 ~·"' 0-S- !<,§> l}-0 ~·"' 0-S- !<,§> l}-0 
0-S l}-0 ff(j 0-S l}-0 ff(j 0-S l}-0 ff(j 0-S l}-0 ff(j 

ff(j ~ ff(j ~ ff(j ~ ff(j ~ 
~ ~ ~ ~ 

Figure 7: Transcriptional profiling reveals dysregulation of presynaptic vesicular genes 
possibly resulting from miR-137 overexpression. (A) Heat map analysis of differentially 
expressed transcripts according to sex (FDR < 0.05) by RNA sequencing from Ctrl, Atrx-cKO, 
CtrlFem, and Atrx-cKQFem hippocampi. (B) Unique transcripts that were regulated in a sex-specific 
manner upon loss of ATRX were used for Gene Ontology analysis and top 25 Biological 
Processes were listed by Enrichment value (p<0.001, FDR<0.05). Those related to synapses 
were noted with a red asterisk. (C) Expression of miR-485 in Ctrl and Atrx-cKO (p=0.1284), 
CtrlFem and Atrx-cKQFem (p=0.3787) hippocampi normalized to miR-191. (D) Expression of 
miR-34a in Ctrl and Atrx-cKO (p=0.3072), CtrlFem and Atrx-cKQFem (p=0.7193) hippocampi 
normalized to miR-191. (E) Expression of miR-27b in Ctrl and Atrx-cKO (p=0.3953), CtrlFem and 
Atrx-cKQFem (p=0.4968) hippocampi normalized to miR-191. (F) Expression of miR-137 in Ctrl 
and Atrx-cKO (p<0.05), CtrlFem and Atrx-cKQFem (p<0.01) hippocampi normalized to miR-191. (G) 
Transcript expression of Shank2, Cadsp2, Glrb, and Sgip1 in Ctrl, Atrx-cKO, CtrlFem and 
Atrx-cKQFem hippocampi. Data was analyzed by unpaired Student's T-test where applicable, and 
asterisks indicate p<0.05. Data is displayed as mean+/- SEM. 
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Figure 8: Proposed model of ATRX function in the hippocampus. (A) When present at 
normal levels, ATRX limits the expression of hippocampal miR-137 and alters target synaptic 
gene expression, thus preseving synaptic ultrastrucutral morphology and spatial learning 
and memory. (B) Loss of ATRX in forebrain glutamatergic neurons leads to increased 
hippocampal miR-137 expression in male mice, accompanied by ultrastructural synaptic 
defects, leading to sexually dimorphic defects in spatial learning and memory. 
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Supplementary Figure 1: The Atrx-cKO males displayed decreased anxiety in the 
open field test and elevated plus maze. (A) Distance travelled over 120 minutes in the 
open field test (p=0.6803) (n=22). (B) Total distance travelled (p=0.5072). (C) Time 
spent in the centre over 120 minutes in the open field test (p=0.0927) (n=22). (D) Total 
time spent in the centre {p<0.05). (E) Time spent in the closed (p=0.1308) and (F) open 
{p<0.05) arm of the elevated plus maze (n=14). (G) Percent alternation in the Y-maze 
(p=0.3543) (n=14). (I) Proportion time interacting in the novel object recognition task 
with two identical objects (Ctrl p=0.2697, cKO p=0.1096) (n=14). (J) Proportion time 
interacting in the novel object recognition task with a novel object 1.5 hours (Ctrl 
p<0.001, cKO p<0.01) or 24 hours (Ctrl p=0.1120, cKO p<0.05) after training (n=14 ). 
Statistics by two-way repeated measures AN OVA with Sidak's multiple comparisons test 
or Student's T-test where applicable, asterisks indicate p<0.05. 
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Supplementary Figure 2: Expression of Atrx in Atrx-cKO females. (A) lmmunofluo­
rescence in cortex of control (CtrlFem) and knockout (Atrx-cKQFem) female mice. ATRX: 
red; DAPI: blue. Scale bar: 50 µm. (B) lmmunofluorescence in hippocampus of control 
(CtrlFem) and knockout (Atrx-cKQFem) female mice. ATRX: red; DAPI: blue. Scale bar: 200 
µm. (C) Expression of Atrx in the hippocampus by qRT-PCR (n=4) (p<0.005). Statistics 
by unpaired Student's T-test. 
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Supplementary Figure 3: Atrx-cKO females have no change in anxiety. (A) Distance 
travelled over 120 minutes in the open field test (p=0.2796) (CtrlFem n=12, Atrx-cKQFem n=9). 
(B) Total distance travelled (p=0.2796). (C) Time spent in the centre over 120 minutes in the 
open field test (p=0.9254) (CtrlFem n=12, Atrx-cKQFem n=9). (D) Total time spent in the centre 
(p=0.9254). (E) Time spent in the closed (p=0.6277) and open (p=0.6250) arm of the 
elevated plus maze (CtrlFem n=15, Atrx-cKQFem n=12). Statistics by two-way repeated 
measures ANOVA with Sidak's multiple comparisons test or Student's T-test where 
applicable. 
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Supplementary Figure 4: No change in spatial learning or memory in Atrx-cKO 
females in the Morris water maze or contextual fear conditioning tasks. (A,B,C) 
Latency (p=0.0683), distance (p=0.2503), and speed (p=0.2754) over four days (four trials 
per day) in the Morris water maze (CtrlFem n=15, Atrx-cKQFem n=12). (D) Percent time spent 
in each quadrant after removal of the platform on day 5. Dotted line indicates chance at 
25%. (E) Percent time spent in each quadrant after removal of the platform on day 12. 
Dotted line indicates chance at 25%. (F) Percent of time freezing over 360s during the 
contextual fear conditioning task (p=0.8818) (CtrlFem n=15, Atrx-cKQFem n=12. (G) Total time 
freezing (p=0.8818). Statistics by two-way repeated measuresANOVAwith Sidak's multiple 
comparisons test or Student's T-test where applicable, asterisks indicate p<0.05. 
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Supplementary Figure 5: Transcriptional profiling reveals dysregulation of presynaptic 
genes in Atrx-FoxG1 mice. (A) Differentially expressed genes between Control and 
Atrx-FoxG1 P0.5 forebrain were used for Gene Ontology analysis and top 25 Biological 
Processes were listed by P-value. (B) Top miRNA predicted to regulate differentially expressed 
genes from Control and Atrx-FoxG1 mice. 
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