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30 Abstract

31 Background

32  Of the many genetic mutations known to increase the risk of autism spectrum
33 disorder, a large proportion cluster upon synaptic proteins. One such family of
34 presynaptic proteins are the neurexins (NRXN), and recent genetic and
35 mouse evidence has suggested a causative role for NRXN2 in generating
36 altered social behaviours. Autism has been conceptualised as a disorder of
37 atypical connectivity, yet how single-gene mutations affect such connectivity
38 remains under-explored. To attempt to address this, we have developed a
39 quantitative analysis of microstructure and connectivity leveraging diffusion
40 tensor MRI (DTI) with high-resolution 3D imaging in optically cleared
41 (CLARITY) brain tissue in the same mouse, applied here to the Nrxn2a
42  knockout (KO) model.

43  Methods

44 Fixed brains of Nrxn2a KO mice underwent DTI using 9.4T MRI, and diffusion
45 properties of socially-relevant brain regions were quantified. The same tissue
46  was then subjected to CLARITY to immunolabel axons and cell bodies, which
47  were also quantified.

48 Results DTI revealed decreases in fractional anisotropy and increases in
49 apparent diffusion coefficient in the amygdala (including the basolateral
50 nuclei), the anterior cingulate cortex, the orbitofrontal cortex and the
51 hippocampus. Radial diffusivity of the anterior cingulate cortex and
52  orbitofrontal cortex was significantly increased in Nrxn2a KO mice, as were

53 tracts between the amygdala and the orbitofrontal cortex. Using CLARITY, we
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54  find significantly altered axonal orientation in the amygdala, orbitofrontal
55 cortex and the anterior cingulate cortex, which was unrelated to cell density.
56 Conclusions

57 Our findings demonstrate that deleting a single neurexin gene (Nrxn2a)
58 induces atypical connectivity within socially-relevant brain regions. More
59 generally, our combined within-subject DTI and CLARITY approach presents
60 a new, more sensitive method of revealing hitherto undetectable differences in
61 the autistic brain.

62

63 Key Words

64 MRI, CLARITY, social, autism, axons, diffusion, structure, imaging

65

66 Background

67 Autism is a common neurodevelopmental disorder, which is highly heritable
68 (1). While heritability is high, it is also clear that autism is highly polygenic.
69 Around ~400-1000 genes are involved in autism susceptibility (2-5). Many of
70 these genes cluster upon proteins relating to synaptic signaling (6). A family of
71 presynaptic proteins garnering recent interest have been the neurexins
72  (NRXNs). NRXNs are encoded by three genes (NRXN1, NRXN2, NRXNS3;
73 note that CNTNAP1 and CNTNAP2 are sometimes referred to as NRXN4), of
74 which two major isoforms exist: the longer a proteins with six
75 laminin/neurexin/sex hormone (LNS) binding domains, and the shorter B
76  proteins with one LNS binding domain (7, 8).

77


https://doi.org/10.1101/300806
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/300806; this version posted October 15, 2018. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made available under
aCC-BY-NC-ND 4.0 International license.

Pervolaraki et al.

78 Mutations within all three NRXN genes have been linked to autism (6).
79 Heterozygous deletions within NRXN2 have been identified in a number of
80 individuals with autistic phenotypes. These include an autistic boy and his
81 father (who had severe language delay but not autism) who both had a
82 frameshift mutation within exon 12 of NRXN2 (9); a 570-kb de novo deletion
83 of 24 genes at chromosome 11q13.1, including NRXNZ2, in a 21-year old man
84 displaying a clinical phenotype including autistic traits (10); a 1.6Mb deletion
85 at chromosome region 11912.3-11g13.1, including NRXN2, in a 23-year old
86 ~man with intellectual disability and behavioral problems (11); a de novo
87 frameshift mutation identified in a Chinese man with autism spectrum disorder
88 (ASD) (12), a 921 kb microdeletion at 11913 in a 2 year old boy who had
89 language and developmental delay (although did not meet the autism
90 diagnosis criteria) (13) and a paternally inherited microRNA miR-873-5p
91 variant in an ASD individual which altered binding affinity for several risk-
92 genes including NRXN2 and CNTNAP2 (NRXN4) (14). Furthermore, recently,
93 two large-scale reports have identified NRXN2 with ASD risk. A study of 529
94 ASD patients and 1,923 controls in a Chinese population identified two
95 NRXNZ2 variants which significantly increase ASD risk (15). The second study
96 employed machine learning approaches across 5000 ASD families to rank the
97 importance of ASD candidate genes, and ranks NRXN2 in the top ~0.5% of
98 genes, i.e. 113" (16). For comparison, NRXN1, for which the evidence base
99 for its links to ASD is broader and stronger, ranks 45, and CNTNAP2 ranks
100 211™ (16). Consistent with these association studies, we and others have
101 previously found that homozygous or heterozygous deletion of Nrxn2«a

102 induces impairment in social approach and social recognition (17-19). In
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103  summary, although mutations within NRXN2 are rare, understanding how they
104 may drive social, ASD-relevant behavioural changes is important. One
105 important goal is to help elucidate how apparently convergent
106 pathophysiology in ASD emerges despite marked genetic heterogeneity
107  (Insert ref Geschwind & State, 2015 cited above); mapping brain alterations
108 driven by different single genes is thus a crucial task.

109

110  Currently it is unknown whether deletion of Nrxn2« changes the brain’s
111  microstructure and connectivity. One previous study found coarse alterations
112  to cell layer thickness within the hippocampus of Nrxn2o. homozygous KOs
113  (20). However, cell density measurements are unlikely to reveal the true
114  extent of changes within the autistic brain. Within the current study, we have
115 addressed this by developing a dual imaging approach (DTl and CLARITY)
116 that quantifies the alignment and density of white matter, applied here to brain
117  regions known to support social behavior in a mouse model of autism.

118

119 Diffusion tensor MRI (or DTI) is based upon the movement of water
120 molecules, a measure that is termed fractional anisotropy (FA). Apparent
121  diffusion coefficient (ADC) is similar to FA, but quantifies diffusion restriction
122  as opposed to the spatial symmetry of diffusion. This approach has been used
123 to explore neuropathological markers in autistic patients; alterations in
124  myelination, axonal abundance, size and orientation all modify FA and ADC
125 values (21-23). Using the preferred direction of the diffusion of tensors
126 between brain regions can be used to explore their potential connection.

127  Quantification of those computed streamlines by FA and axial and/or radial
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128 diffusion can indicate impairments in regional connectivity. Since aberrant
129  brain connectivity is likely a core feature of autism (24), we reasoned that the
130 candidate method for probing the autistic brain should combine tractographic
131 techniques. Accordingly, here, we combined high resolution imaging of
132 labelled neuronal tracts in brains rendered transparent by CLARITY with DTI.
133

134 CLARITY is a recent development that renders tissue optically transparent
135 and macromolecule permeable (25). This permits antibody staining and
136 imaging of much larger tissue volumes than possible under traditional
137 immunofluorescence techniques. By examining fiber orientation without
138 sectioning-related artefacts and biases, axonal staining in cleared tissue
139 affords a deeper understanding of the microstructure and connectivity of a
140  brain region.

141

142  Given the social impairments found within Nrxn2o mice, we sought to
143  examine those brain regions most closely linked with social behavior (See
144  Supplemental Materials). Briefly, we identified four regions of interest (ROIS):
145 the amygdala, and three brain regions strongly and directly connected to the
146  amygdala; the hippocampus, orbitofrontal cortex (OFC), and anterior cingulate
147  cortex (ACC). As predicted, connectivity was abnormal in Nrxn2« mice.

148

149  Methods

150 Ethics

151 All procedures were approved by the University of Leeds and Durham

152  University Animal Ethical and Welfare Review Boards and were performed
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153 under UK Home Office Project and Personal Licenses in accordance with the
154  Animals (Scientific Procedures) Act 1986.

155

156  Animals

157  Full details of the animals, their background, genotyping and housing can be
158  found elsewhere @an). In brief, male B6;129-
159  Nrxn3tm1Sud/Nrxnltm1Sud/Nrxn2tm1Sud/J mice (JAX #006377) were
160 purchased from the Jackson Laboratory and outbred once to the
161 C57BL/6NCrl strain (Charles River, Margate, United Kingdom) to obtain mice
162 that were individually Nrxn2a KO heterozygotes. Subsequently, HET knockout
163 males were bred with HET females (cousin mating).

164

165 Experimental animals

166 6 adult wild-type males (Charles River, Margate, UK) and 6 age matched
167 littermate Nrxn2a KO homozygotes (71 days + 6 days old (SEM)) were
168 perfused-fixed with 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer
169 saline (PBS) and the brains extracted. The brains were immersed in 4%
170 PFA/0.1 M PBS for a minimum of 48 hours prior to imaging. During imaging,
171 the samples were placed in custom-built MR-compatible tubes containing
172  Fomblin Y (Sigma, Poole, Dorset, UK).

173

174 Due to the relatively low variance, and owing to the complexity and
175 methodological nature in our experimental approach, we achieved

176  significance by groups of 6 (power provided in Results). No data was
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177  excluded from the study. Sample randomisation was performed by JD, with
178 experimenters (EP and ALT) blinded to genotype.

179

180 Data Acquisition

181 Image acquisition has been described elsewhere (26). Each brain was 3D
182 imaged using the protocol TE: 35 ms, TR: 700 ms and 10 signal averages.
183 The field of view was set at 128 x 128 x 128, with a cubic resolution of 100
184 um/pixel and a b value of 1200 s/mm?. Further details can be found in
185 Supplemental Materials.

186

187 Regions of Interest

188 Our DTI approach was to undertake an a posteriori analysis of neural
189 organization in regions of interest (ROIs) identified by previous literature as
190 socially-relevant (see Supplemental Materials). We identified a canonical
191 coronal slice (100 um) for a given ROI from the standard mouse brain atlas
192 (Figure 1A-D) (27). We analysed three coronal slices centred on the canonical
193 slice, totalling 300 ym in anterior/posterior extent.

194

195 CLARITY

196 Following MR imaging, the brains were washed in PBS to remove all Fomblin
197 Y and then incubated for 7 days in hydrogel solution at 4°C prior to
198 polymerisation at 37°C for 3.5 hours. The tissue was cut into 1.5 mm coronal
199 sections using a custom 3D-printed brain-slicing matrix based on MRI scans
200 of an adult C57BL/6 mouse brain (28) and incubated in clearing buffer for 24

201 days at 37°C with shaking. The cleared tissue was then washed in PBSTN3
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202  (0.1% TritonX-100 and 1.5mM sodium azide in PBS) for 24 hours at room
203 temperature and incubated in primary antibody solution (neurofilament (Aves
204 NF-H) 1:100 in PBSTN3) at 37°C with shaking for 13 days. Samples were
205 washed, and then incubated in secondary antibody (AlexaFluor 488 goat anti-
206 chicken IgY) as per the primary. Sections were washed again, and incubated
207 in 3.6 yM DAPI (4',6-diamidino-2-phenylindole) followed by 85% glycerol in
208 PBS for refractive index matching.

209

210 Cleared samples were imaged using a Zeiss 7MP multiphoton microscope at
211  770nm using a 20x objective lens (W Plan-Apochromat, NA 1.0, WD 1.7mm).
212 Images (512 x 512 x 512 voxels or 265 x 265 x 265 um with an isotropic
213 resolution of 520 nm) were acquired in ACC, basolateral (BLA) and
214 basomedial amygdala and OFC) in both hemispheres. DAPI and
215 neurofilament signal was segmented into cell nuclei and axons, and the
216 resulting binary images were used to generate values for cell density, axonal
217 density and axonal alignment.

218

219 Full CLARITY methodological details are available within Supplemental
220 Materials.

221

222  Data Availability

223 Codes to analyse CLARITY datasets are made available by author LCA by
224  email request to either JD or LCA, subject to reference to the current paper.
225 The datasets used and/or analysed during the current study are available

226  from the corresponding author on reasonable request.

10
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227

228 Data Analysis

229 All data are expressed as mean * standard error of the mean (SEM). To
230 assess the variance between genotypes within a single brain structure across
231 hemispheres (given the importance of hemispheric differences in ASD (29)),
232 data was analyzed by within subject repeated measures two-way ANOVAS,
233 with Sidak multiple corrections employed on post hoc testing, or unpaired T-
234  tests. To correct for multiple comparisons, we employed the Benjamini-
235 Hochberg Procedure (corrected P values stated). Non-significant statistical
236 results, particularly hemisphere comparisons, can be found in Supplemental
237 Materials. Statistical testing and graphs were made using GraphPad Prism
238 version 6 and SPSS v22.

239

240 Results

241 Nrxn2a deletion disrupts DTl measures of microstructure in social brain
242  regions

243  To assess whether Nrxn2a deletion alters gross morphology, we quantified
244 whole brain volume using DTI. We found total brain volume for wild-types and
245 Nrxn2o KOs was similar (456.0 + 14.76 vs. 466.2 + 11.0 mm? (respectively);
246  tuo) = 0.55, p = 0.59). Thus, Nrxn2a deletion does not change total brain size.
247

248 To quantitatively measure DTI, we examined FA and ADC. FA analyses
249 changes in the linear orientation (i.e. along an axonal tract), whereas ADC
250 (mean diffusivity) averages diffusion in all directions (i.e. the X, Y and Z axis),

251 which is sensitive to changes such as altered alignment. The amygdala is

11
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252  critically important for social behaviours. To assess whether amygdalar
253 alterations might account for social impairments in Nrxn2a KO mice, we
254  segmented the whole amygdala structure and the basolateral nuclei along the
255  anterior-posterior axis.

256

257 The posterior amygdala showed a significant reduction in FA in Nrxn2a KO
258 mice (Figure 2A-B) (anterior: genotype (F(, 10)= 5.81, p = 0.056); posterior:
259  genotype (F,10= 11.2, p = 0.025, power = 85.4%)). This FA reduction was
260 also observed specifically in the BLA, a region strongly associated with social
261  behaviours (Figure 2C; genotype (F(, 10)= 6.31, p = 0.049, power = 62.1%)).
262 ADC was not significantly altered in the anterior amygdala, posterior
263 amygdala or BLA (Figure 2D-F; all genotype: F, 109)<1).

264

265 We conducted the same analysis for the two prefrontal regions implicated in
266 social behaviour and autism: the OFC and ACC. The pattern of results was
267  similar for both regions: FA was not altered, while ADC was increased in the
268 OFC (Figure 3A-B) and the ACC (Figure 3C-D). FA for the OFC was not
269 significantly altered (genotype: (Fqu, 100 = 3.04, p = 0.079)) but ADC was
270  significantly increased (genotype: (F(, 100= 8.20, p = 0.043, power = 73.3%)).
271 The ACC was unaltered in FA (ta0) = 1.70, p = 0.08) but had significantly
272  increased ADC (t0) = 7.52, p = 0.002, power = 99.9%).

273

274 We sought to examine whether changes in the amygdala (Supp. Figure 3),
275 OFC or ACC FA and ADC were driven by diffusion in the primary axis (A1) or

276 the radial orientations (A2 and As) by characterisation of AD (primary) and RD

12
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277  (radial). Within the OFC (Figure 3E-F), AD was significantly increased
278  (genotype: (F, 10)= 10.74, p = 0.029, power = 83.9%)), as was RD (genotype:
279  (F@, 10 = 18.26, p = 0.009, power = 97.0%)), suggesting that both along-tract
280 diffusion and tract branching were affected. However, in the ACC (Figure 3G-
281 H), only RD was significantly increased (tao) = 5.65, p = 0.007, power =
282  99.9%), with no alteration in AD (tqo) = 1.69, p = 0.09). Increased RD is
283 thought to reflect demyelination or changes in axonal density or orientation
284 (30).

285

286 DTl reveals altered hippocampal microstructure in Nrxn2a KO mice

287 The hippocampus has recently been associated with social motivation and
288 social recognition. Since the specific contributions of the dorsal and ventral
289  hippocampal poles remain unclear, we segmented the whole hippocampus
290 into anterior (Bregma -1.94 mm), middle (Bregma -2.46 mm) (both dorsal) and
291  posterior (Bregma -3.28 mm) (incorporating ventral regions) levels.

292

293 FA values in the anterior, mid and posterior hippocampus were not
294  significantly altered (see Supp. Table 1 for statistics and Supp. Figure 4A-C).
295 Similarly, ADC was unaltered for the anterior and mid hippocampus (Supp.
296 Table 1 for statistics and Supp. Figure 4D-E), but was significantly increased
297 in Nrxn2a KO mice in the posterior hippocampus (genotype: (Fq, 10)= 8.80, p
208 = 0.036, power = 76.6%); Supp. Figure 4F). There were no significant
299 genotype differences in AD in any of the hippocampal regions (Supp. Figure
300 5A-C). However, RD was significantly increased in the posterior hippocampus

301 in Nrxn2a KO mice (genotype: (F, 10 = 10.83, p = 0.027, power = 84.2%;

13
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302  Supp. Figure 5F) but not in anterior and mid regions (see Supp. Table 1;
303  Supp. Figure 5D-E). In summary, the microstructural measures most altered
304 by Nrxn2a deletion were increases in ADC and RD, and both these
305 alterations occurred in the posterior hippocampus, in line with recent work
306 suggesting a role for ventral hippocampus in social memory (31).

307

308 DTI tractography reveals Nrxn2e« deletion affects connectivity between
309 the amygdala and orbitofrontal cortex

310 The amygdala is strongly and bidirectionally connected to both the
311 hippocampus (32) and the OFC (33). As all three regions are themselves
312 important for social behaviour, and autism is thought to be related to abnormal
313 connectivity (24), we performed tractography analysis between the amygdala
314 (and specifically the BLA) and the hippocampus, and between the amygdala
315 and the OFC.

316

317 From the anterior amygdala, we examined the diffusivity (AD and RD) of
318 connections to the anterior and posterior hippocampus (Supp. Figure 6). We
319 did not observe differences in RD in the tracts connecting the amygdala with
320 the hippocampus (see Supp. Table 2 for non-significant statistics). Although
321 AD between the anterior amygdala and anterior hippocampus did not differ by
322 genotype, there was a significant interaction between genotype and
323 hemisphere (genotype x hemisphere (F, 100 = 12.12, p = 0.023, power =
324  88.0%; Figure 4A); post hoc analysis shows this was driven by larger right-vs-
325 left hemisphere AD values within the Nrxn2a KOs only (p = 0.012). This

326 difference could be driven by the BLA; there was increased AD in both the

14
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327  BLA/anterior hippocampus tracts (genotype x hemisphere (F(1,10= 10.53, p =
328 0.032, power = 83.2%) and the BLA/posterior hippocampus tracts (genotype x
329 hemisphere (Fu, 100 = 12.97, p = 0.020, power = 90%), which again was
330 related to larger right-vs-left hemisphere values in the Nrxn2a KOs
331 (BLA/anterior Hippocampus: p = 0.004 and BLA/posterior Hippocampus: p =
332 0.001, (Figure 4C-D)) but not the wild-type (anterior: p = 0.87; posterior:p =
333 1.00). These results indicate that there are differences for the connectivity of
334 the amygdala with the hippocampus within the left and right hemisphere in
335 Nrxn2a KO mice, with increased axial diffusivity in the right hemisphere. This
336 finding is particularly interesting, as hemispheric differences in functional
337 connectivity, particularly affecting connections from the right amygdala, have
338 been found children with ASD (34, 35).

339

340 Finally, we tested connections between the amygdala and the orbitofrontal
341 cortex. For AD, wild-type and Nrxn2o. KO mice did not differ by genotype
342  (Figure 4E: genotype: (F, 10)= 2.85, p = 0.09), hemisphere: (F(, 10= 6.38, p =
343 0.052). RD was strikingly higher in Nrxn2ae KO mice (Figure 4F: genotype:
344  (Fa, 100 = 26.06, p = 0.023, power = 99.5%)), indicative of a change in
345 demyelination, axonal density or orientation (30).

346

347 CLARITY reveals fibre disruption in Nrxn2a KO mice in the amygdala,
348 orbitofrontal cortex, and anterior cingulate cortex

349  To further explore the differences as revealed by DTI, we performed CLARITY
350 on the same brain tissue used in DTI, and stained with neurofilament and

351 DAPI to label axons and cell bodies, respectively. We were then able to derive

15
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352 both the axonal alignment (as in, the geometric alignment of axons (from
353 linear alignment to random) within 3D space (see Supp. Figure 2)) and
354 density of the stained fibers, in addition to the cell density.

355

356 The pattern of results was broadly similar for both the prefrontal cortical ROIs.
357 That is, first, axonal alignment was increased in Nrxn2a KO mice in the ACC
358  (Figure 5D: genotype: (F, 100= 16.06, p = 0.011, power = 94.9%) but not the
359 OFC (Figure 5G: genotype: (F, 10)= 5.56, p = 0.059). Second, this could not
360 Dbe explained by a difference in cell density, since that was similar between the
361 KO and wild-type mice in both the ACC (Figure 5F: genotype: (Fq, 10) <1),
362 hemisphere: (F,10= 1.73, p = 0.11) and the OFC (Figure 5H: genotype: (Fgq,
363 109 = 3.09, p = 0.08). An increase in axonal density in Nrxn2a KO mice was
364 reliable in the ACC (Figure 5E: genotype: (Fqu, 10)= 14.64, p = 0.014, power =
365 93.0%), but not in the OFC (Figure 5H: genotype: (F, 10)= 3.09, p = 0.083).
366

367 We further examined two regions of the anterior amygdala, the BLA and
368 basomedial (BMA) nuclei, where altered social cellular responses have been
369 reported in human autism (36). We did not observe any significant differences
370 for axonal alignment or fibre density in the BLA (see Supp. Figure 7A-C), but
371 whereas axonal alignment (Figure 5J, genotype: Fq, 100 = 7.70, p = 0.045,
372 power = 70.6%) but not axonal density (Figure 5K: genotype: (F, 10 = 6.10, p
373 = 0.054) was increased in Nrxn2a KO mice in the basomedial nuclei, while
374 cell density was unaffected (Figure 5L: genotype: (Fq, 10) <1). Alterations in

375 axonal alignment and density as directly revealed by CLARITY could explain
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376 the increases in diffusivity and RD in the prefrontal regions, as measured by
377 DTIL.

378

379 To test the specificity of these alterations, we examined three further brain
380 regions; the primary motor cortex (M1; Supp. Figure 7D-F), the primary
381 somatosensory cortex (S1; Supp. Figure 7H-J) and the barrel field (BF; Supp.
382 Figure 7K-M). Interestingly, although there were differences between the
383 hemispheres, there were no statistical differences between the genotypes or
384 genotype x hemisphere interactions for any measure (Supp. Table 3),
385 suggesting some specificity of the alterations in social-relevant brain regions
386 in Nrxn2a KO mice.

387

388 In summary, in both the prefrontal ROIs, namely the OFC, and the ACC, DTI
389 showed that ADC and RD were increased in Nrxn2a KO mice, likely related to
390 complementary analysis from CLARITY showing that axonal alignment was
391 altered in Nrxn2a KO mice in both prefrontal ROIs.

392

393 Discussion

394 Interestingly, the single-gene deletion of Nrxn2a captures several key aspects
395 of human ASD. In terms of behaviour, three studies have now found social
396 deficits associated with Nrxn2a KO (17-19); in terms of brain structure, as
397 reported here (summarised below), the Nrxn2a KO mouse model shows
398 altered microstructure and connectivity patterns in socially-relevant brain
399 regions reminiscent of changes in ASD.

400
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401 A DTI approach has been used for some time to explore neuropathological
402  markers in autistic patients; alterations in myelination, axonal abundance, size
403 and orientation all modify FA and ADC values (21, 37), specifically by
404 reducing amygdala FA (23, 37), and have been used as a quantitative
405 measure of changes to brain white matter integrity (23, 24). Increased cortical
406 ADC typically indexes reduced functionality: e.g. increased hippocampal ADC
407 is associated with mild cognitive impairment (38, 39) and predicts verbal and
408 visuospatial memory in old healthy controls (40). Furthermore, both increased
409 RD of various white matter tracts (41, 42) and increased whole-brain AD (42)
410 have been observed in ASD. The Nrxn2a KO mouse reproduces many of
411 these specific changes, including reduced FA and increases in ADC, AD and
412 RD. Whole brain increases in ADC, AD and RD (but not FA) have been
413 reported in ASD children, as have increases in ADC and RD in frontal cortex
414 tracts (42). This is in agreement with other studies noting increased ADC in
415 frontal cortex in ASD (37), as we observed here in both the prefrontal regions
416 examined, the OFC and ACC. Likewise, FA was reduced in the amygdala in
417  ASD children and adolescents (43), and right-sided lateralisation of abnormal
418 amygdala/hippocampus-related connections, as seen in our Nrxn2a KO
419 mouse, has been noted in high-functioning adolescents/adults with autism
420  (44).

421

422  Our findings corroborate these quantifications of clinical autism, but highlights
423 the question of what do the different measures of ADC, FA, AD and RD
424 represent? Importantly, we observed these microstructural changes in various

425 socially-relevant brain regions against a background of unchanged cell
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426  density in all our study’s ROIs. Unexpectedly, this highlights the power of our
427 new approach. Dudanova et al. (2007) concluded from measures of cell
428 counting and cortical cell layer thickness that NRXN2 played little role in
429 normal brain development (20). Indeed, in earlier studies, it was suggested
430 that deletion of all Nrxns was unlikely to affect synaptic development but
431 instead disrupts synaptic function (45). We propose that measures such as
432 two-dimensional cell counting may be underestimating the impact of genetic
433 mutations upon normal development. By staining cleared brain tissue with a
434  nuclear marker and performing automated three-dimensional cell counting, we
435 found no effect of Nrxn2a deletion on cell density in any region of interest
436 examined. But this belies the clear effects upon microstructure integrity across
437 multiple regions as measured by both DTl and CLARITY, and its specificity;
438 only the socially-relevant brain regions we tested were disrupted, and not
439 primary sensory or motor regions. Future studies will benefit from employing
440 more sensitive measures of brain structure and connectivity to determine the
441  relevance of genetic mutations in development.

442

443 FA and ADC can be influenced by changes in axonal density and alignment
444  (e.g. by myelination, demyelination, axonal damage, loss of white matter
445  coherence (46)). It is likely that the axonal alignment metric used to quantify
446  CLARITY more closely reflects the ADC measure of DTI, given that ADC (or
447  mean diffusivity) equally weights diffusion across all eigenvectors and does
448 not bias the primary eigenvector as FA does. Thus, it is likely that alterations
449 in the properties of axons in Nrxn2a KO mice are driving these changes in FA

450 and ADC. Given we mostly see differences in RD, thought to reflect tract
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451 branching and myelination (as it measures A, and Ag), it is possible that the
452  orientation in the perpendicular not parallel orientation of fibres is mostly
453 affected. Given the differences in the amygdala, OFC and ACC, it is possible
454  that even though neuronal densities are similar in the Nrxn2a KO brain, it is
455  the connections between neurones and brain regions that are perturbed. This
456  would be consistent with the idea that connectivity disruption may represent a
457 core feature of autism (47). A broader question is how does the loss of
458  Nrxn2a account for changes in axonal organisation? Ultimately, this question
459 requires further studies. Others have shown that in Nrxn2a KO mice,
460 excitatory transmitter release is reduced, as is short-term plasticity (18).
461 Reduced glutamatergic release, even at a relatively long range to the
462 synapse, can change the complexity of dendritic arbors (48). As this is a gene
463 deletion model, it is conceivable that altered glutamatergic signalling during
464 early development impairs appropriate synapse maturation, leading to the
465 structural changes we see herein. Further, how or whether these structural
466 changes fully explain the social impairments of Nrxn2a KO mice would require
467 new studies. Conceivably, inducible knock-down of Nrxn2 (by inducible
468 knockout, siRNA, optogenetics etc.) within a specific brain region would
469 provide evidence that social abnormalities are being driven by Nrxn2 loss.
470 However, developmentally-dependent altered connectivity would be harder to
471  definitively manipulate to explain changes in social behaviours.

472

473 Here we have developed a new application of CLARITY to quantitatively
474  investigate disease models by combining DTI with high resolution 3D imaging

475 and automated analysis of axonal fibres in a within subject study. Inevitably,
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476 there are some technical limitations that will require future refinement as this
477  technology matures.

478

479  First, while we used CLARITY and immunolabeling to identify axons, we
480 cannot know whether axon-related changes alone reflect all the changes we
481 observed for our DTI measures. Second, whilst we can segment entire brain
482  regions for DTI analysis, it was not practical to image larger brain areas at the
483 necessary resolution for CLARITY. While it is theoretically possible that we
4834 may bias sampling of each brain region by picking ROIs for multiphoton
485 imaging, this was done using atlas-defined coordinates and by an
486  experimenter blind to the DTI results, so minimising any bias. However, within
487 the current study, we were only able to apply the CLARITY approach to the
488 amygdala, OFC and ACC. It was not practical to apply this methodology to the
489 hippocampus, due to its extremely heterogeneous structure. The small cubic
490 ROiIs could not be reproducibly positioned, and larger ROIs to average across
491 larger areas of the hippocampus were not possible. Although imaging of fibre
492 tracts in large volumes of cleared tissue is possible (49), fluorescent labelling
493 limitations make it impractical for a study of this nature. Despite this, as the
494  adoption of the CLARITY technique increases, we hope that the use of DTI
495 and CLARITY to study connectivity across spatial scales will become
496 commonplace.

497

498 As yet, no one DTI protocol has emerged as the standard for in vivo or ex vivo
499 imaging. Indeed, there has been debate regarding the best number of

500 diffusion gradients to use, among other parameters (50). Whilst some claim a
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501 minimum of 30 directions are required to estimate anisotropy (50), others
502 claim that the benefits of using more than six are limited (51-54). A limitation
503 of these studies is that these competing claims have not been complemented
504 with standard neuroanatomical techniques. Our study provides further
505 evidence that six directions are sufficient to detect genotypic differences.
506 Where we found DTI differences, these were corroborated by the
507 quantification of CLARITY (OFC, ACC, with BLA differences not reaching
508 statistical significance after multiple-comparison correction). A further potential
509 limitation of the current study is that groups of six animals may be
510 underpowered. We argue for our approach here as follows. First, low variance
511 in the datasets permits smaller group sizes. Second, for 18 of our 22
512 significant results, the observed power was more than 80%. Third, given the
513 technical complexity of this approach, particularly in its early adoption and
514 refinement stages, large sample throughput of multiple brain regions is
515 challenging.

516

517 In summary, our combined use of DTI and CLARITY has revealed changes in
518 microstructure and connectivity of socially-relevant brain regions in Nrxn2a
519 KO mice that may underlie their deficits in social behaviour. It is hard to
520 conceive how these changes could have been observed using classical
521 experimental approaches. We envisage this approach will deliver a new level
522  of detall in the connectivity approaches to understanding autism.

523

524  Abbreviations

525 ACC: anterior cingulate cortex
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526  AD: axial diffusivity

527 ADC: apparent diffusion coefficient

528 ASD: autism spectrum disorder

529 BLA: basolateral amygdala

530 CLARITY: optically cleared brain tissue

531 DTI: diffusion tensor imaging

532 FA: fractional anisotropy

533 OFC: orbitofrontal cortex

534  Nrxn2: neurexin Il

535 RD: radial diffusivity

536  ROI: region of interest
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749  Figure Legends

750 Figurel

751  Quantification of CLARITY imaging. A Sections of DTI-scanned brain were
752 segmented at different Bregma levels for (i) the orbitofrontal cortex, (ii) the
753 anterior hippocampus and amygdala, (iii) the mid hippocampus and posterior
754 amygdala and (iv) the posterior hippocampus. B-D DTI-scanned brains were
755  computed for tracts. Tissue from wild-type and Nrxn2a KO mice were cleared
756 and stained for neurofilament and DAPI (E). F Automated MATLAB scripts
757 were used to segment the DAPI (blue) and neurofilament (purple) channels
758 such that cell density and axonal density and orientation could be calculated.
759 G is representative of a CLARITY-derived 3D stacked image of a DAPI and
760 neurofilament of a region of interest, with H being the corresponding
761 segmented image. Scale bar: 100 um.

762

763  Figure 2

764  Deletion of Nrxn2o reduces amygdala fractional anisotropy (FA) but not
765 apparent diffusion coefficient (ADC). DTI images of the amygdala was
766 segmented at two regions; anterior (Bregma -1.94 mm) and posterior (Bregma
767 -2.46 mm). FA of the whole amygdala structure was significantly reduced in
768 the posterior (B) but not (A) region. FA was also significantly reduced in the
769 anterior basolateral amygdala (BLA) (C). However, ADC was similar between
770 the genotypes in the anterior (D), posterior (E) and BLA (F). **=P<0.01,
771 *=P<0.05. Error bars represent s.e.m. Wild-type n=6, Nrxn2a KO n=6.

772

773  Figure 3
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774  Nrxn2a KO mice have increased apparent diffusion coefficient (ADC) and
775 axial (AD) and radial diffusivity (RD) in the orbitofrontal cortex (OFC) and the
776 anterior cingulate cortex (ACC). Although reduced, there was no significant
777  difference between wild-types and Nrxn2a KO mice for FA in the OFC (A) and
778 ACC (C), but ADC was significantly increased in Nrxn2a KO mice in both
779  prefrontal regions (B and D). The OFC has significantly increased AD and RD
780 (E-F), whereas only RD was increased in the ACC (G-H). **=P=0.0005,
781 ***=P<(0.001, *=P<0.01, *=P<0.05. Error bars represent s.e.m. Wild-type n=6,
782  Nrxn2a KO n=6.

783

784 Figure 4

785  Tractographic analysis of amygdala-hippocampus and amygdala-orbitofrontal
786 cortex (OFC) connectivity. Amygdala-hippocampal connections are
787 characterised by greater right hemisphere axial diffusivity (AD) Nrxn2«a KO
788 mice (A) but not radial diffusivity (RD) (B). Specific to the BLA, connections to
789  the anterior hippocampus (C) and posterior hippocampus (D) have greater
790 right hemisphere AD. Although the amygdala-OFC connection was similar
791 between the genotypes for AD (E), Nrxn2a KO mice had significantly
792 increased RD (F). *=P<0.05, ***=P<0.001. Error bars represent s.e.m. Wild-
793  type n=6, Nrxn2o. KO n=6.

794

795 Figure 5

796 CLARITY reveals differences in axonal alignment and fibre density in Nrxn2a
797 KO mice. (A-C) Representative images of the CLARITY-treated brain, with

798 ROI defined for the anterior cingulate cortex (ACC), orbitofrontal cortex
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799 (OFC), basomedial amygdala (BMA) and basolateral amygdala (BLA). For the
800 ACC, the axonal alignment (D) and axon density (E) were significantly altered
801 in KO mice, but cell density was unaltered (F). Within the medial OFC, only
802 axonal alignment was significantly altered in KOs (G), with axon density (H)
803 and cell density (I) being similar. For the BMA, both the axonal alignment (J)
804 and axon density (K) were significantly increased, whilst cell density was
805 unaltered (L). *=P<0.05, **=P<0.01. Error bars represent s.e.m. Wild-type
806 n=6, Nrxn2a KO n=6.

807
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