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Abstract: 21 

Environmental enrichment (EE) has been shown to improve neural function via the regulation 22 

of cortical plasticity.  Its capacity to induce functional and/or anatomical repair of miswired 23 

circuits is unknown.  Ten-m3 knockout (KO) mice exhibit a highly-stereotyped and profound 24 

miswiring of ipsilateral retinogeniculate axons and associated deficits in binocularly-25 

mediated visual behaviour.  We determined whether, and when, EE can drive the repair of 26 

subcortical wiring deficits by analysing Ten-m3 KO and wildtype mice that were enriched for 27 

6 weeks from adulthood, weaning or birth in comparison to standard-housed controls.  Six 28 

weeks of EE initiated from birth, but not later, induced a significant reduction in the area 29 

occupied by ipsilateral retinogeniculate terminals in KOs enriched from birth.  No EE-30 

induced correction of mistargeted axons was observed at postnatal day 7, indicating that this 31 

intervention impacts pruning rather than initial targeting of axons. This reduction was most 32 

prominent in the ventrolateral region of the dorsal lateral geniculate nucleus, suggesting a 33 

preferential pruning of the most profoundly mistargeted axons.  EE can thus partially repair a 34 

specific, subcortical axonal wiring deficit, but only during an early, developmentally-35 

restricted time-window. 36 

 37 

Significance Statement 38 

The incorrect wiring of neural circuits can lead to profound disability.  Using a mouse model 39 

which exhibits a marked miswiring of neural projections to subcortical relay centres of the 40 

brain, we show that positive modulation (enrichment) of the environment during the first few 41 

postnatal weeks can induce the pruning of aberrant neural projections.  The capacity for 42 

environmental enrichment to correct miswired projections diminished prior to adolescence, 43 
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suggesting that the enrichment can only drive these changes during an early critical period.  44 

This expands our knowledge of the capacity for enrichment to induce repair of neural 45 

circuits.  The demonstration of dramatic effects on targeting of neural projections over a 46 

restricted period may have implications for the development of therapies for 47 

neurodevelopmental disorders.48 
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Introduction 49 

There is compelling evidence that the mature patterns of neural circuitry depend on 50 

interactions between an intrinsic genetic scaffold and patterns of experience-dependent 51 

activity which sculpt these connections (Sur and Leamey, 2001).  An ongoing issue is to 52 

determine how the interactions between these factors may be regulated in a manner which 53 

maximises functional ability.  This holds enormous promise for the development of non-54 

invasive therapies for a large range of neural disorders (Sale et al., 2014, Rogers et al., 2017). 55 

Classic studies performed using the model of the mammalian visual cortex in the mid-20th 56 

century illustrated the importance of activity in sculpting neural connectivity [e.g. (Wiesel 57 

and Hubel, 1963b, a, Hubel et al., 1977)].  These, and other works[reviewed in (Hensch and 58 

Quinlan, 2018)] established the notion that the balance of activity patterns arising from the 59 

eyes is crucial during an early postnatal critical period when the cortex is highly plastic, and 60 

that cortical plasticity subsequently declines.  More recent studies have shown, however, that 61 

positive modulation of the environment can render a powerful influence on cortical plasticity 62 

outside of this early window.  Notably, exposure of laboratory animals to more complex 63 

social and physical environments [termed environmental enrichment (EE)] can induce 64 

epigenetic mechanisms which are thought to extend the capacity for high levels of cortical 65 

plasticity typical of juveniles well into adulthood (Sale et al., 2007, Baroncelli et al., 2010, 66 

Scali et al., 2012, Baroncelli et al., 2016, Greifzu et al., 2016).   67 

The discovery that experience can induce changes which modulate the capacity of the cortex 68 

to adapt to the environment is exciting, but raises other questions, including how 69 

generalizable these principles are:  is EE able to induce plasticity sufficient to promote the 70 

recovery of circuits that are dysfunctional, not just due to the balance of excitatory and 71 

inhibitory weights of synaptic inputs, but via more dramatic changes in connectivity that 72 
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result from impaired axonal guidance?  Is the primary locus of repair limited to the cortex, or 73 

can EE induce the correction of miswired subcortical circuits?  If so, is this capacity 74 

maintained across the life-span of the animal, or is there a “critical period” for its influence? 75 

The visual pathway of Ten-m3 KO mice presents an ideal model to begin addressing these 76 

questions.  In wildtype (WT) mice this pathway is highly stereotyped, and accessible to 77 

detailed anatomical and functional assessment.  The Ten-m (Teneurin/Odz) family of highly-78 

conserved type II transmembrane proteins can regulate axonal guidance, dendritic 79 

morphology, as well as synaptic structure and function (Leamey et al., 2007, Young and 80 

Leamey, 2009, Dharmaratne et al., 2012, Hong et al., 2012, Mosca et al., 2012, Antinucci et 81 

al., 2013, Young et al., 2013, Antinucci et al., 2016, Glendining et al., 2017, Berns et al., 82 

2018).  Crucially here, Ten-m3 KO mice display a dramatic and consistent miswiring of 83 

ipsilateral retinal projections within the dorsal lateral geniculate nucleus [dLGN; (Leamey et 84 

al., 2007)].  Unlike wildtype (WT) mice, whose ipsilateral projections are confined to 85 

dorsomedial dLGN, in Ten-m3 KOs ipsilateral axons terminate in an elongated strip that 86 

extends far into ventrolateral dLGN (Leamey et al., 2007).  The mapping deficits are 87 

transferred to the primary visual cortex (V1) (Merlin et al., 2013).  The resulting misaligned 88 

connectivity of ocular inputs leads to profound functional deficits (Leamey et al., 2007, 89 

Merlin et al., 2013). 90 

We sought to determine whether EE was able to induce changes that would enable the 91 

correction of profoundly miswired axonal projections.  Further, we wished to establish 92 

whether the sensitivity to EE in this circuit was maintained across the life-span or was age-93 

dependent.  The termination patterning of retinogeniculate axons of mice that had 94 

experienced six weeks of EE from birth, weaning or adulthood were compared to age-95 

matched standard-housed (SE) controls.  Anterograde tracing revealed that six weeks of EE 96 



 

6 

 

initiated from birth, but not later, induced a significant reduction of ipsilateral 97 

retinogeniculate terminals in Ten-m3 KOs; the most aberrant projections showed the greatest 98 

retraction.  No evidence of EE-induced changes in the targeting of ipsilateral retinal axons 99 

could be seen in KO mice analysed at one week of age.  Together these results indicate that 100 

the correction is due to enhanced pruning rather than improved axonal targeting during 101 

ingrowth. We conclude that EE is able to induce a substantial, if partial, correction of 102 

miswired retinal outputs to subcortical targets.  In contrast to what has been shown for the 103 

visual cortex, however, EE can only induce changes in this aberrant subcortical wiring during 104 

an early developmental time-window. 105 

106 
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Methods: 107 

The protocol was approved by Animal Ethics Committee (AEC) of the University of Sydney 108 

and conformed to guidelines of the Society for Neuroscience’s policy on animal use as well 109 

as those of the National Health and Medical Research Council of Australia.  All animals were 110 

housed in climate-controlled rooms (~ 23.50C, 40-70% humidity) at the Institutional Animal 111 

Housing Facility on a fixed 12/12 hour light/dark cycle. Standard mouse chow and water 112 

were provided ad libitum.  113 

Animals 114 

Ten-m3 KO and WT mice were obtained by breeding female heterozygotes with male 115 

heterozygotes in standard cages (see below).  Mice were genotyped using tissue biopsy 116 

followed by polymerase chain reaction (Leamey et al., 2007).  Mice of both genders were 117 

included in the study in approximately equal numbers. 118 

Standard and Enriched Housing 119 

Animals raised in standard conditions were housed in individually ventilated plastic cages 120 

(32.5cm 15cm 16.5cm). Each cage housed 2 to 5 mice and contained shredded paper for 121 

nesting, an igloo, food hopper, and water bottle.   122 

Animals exposed to in EE were housed in large, 2-storey cages (45cm 37.5cm 39cm). Each 123 

cage housed at least 3 to 10 mice and contained a mouse igloo with running wheel, one long 124 

and one short toilet paper roll, half a tissue box, 3-5 marbles, 1-2 ping pong balls, multi-125 

coloured paddle pop sticks tied together with multi-coloured pipe cleaners, two high contrast 126 

visual stimuli (a checkerboard and a diagonal grating), and 3 scented plush ball toys. These 127 

objects were chosen in order to stimulate as many senses as possible; the running wheel 128 
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provided access to voluntary exercise. The positions of enrichment objects in the EE cages 129 

were changed three times a week for added stimulation and replaced/re-scented as required.  130 

Dams were either transferred to individual standard housing cages (1 dam per cage), or in the 131 

case of EE from birth (EE-B) in pairs into enrichment cages (2 dams per cage), in the last 2-3 132 

days of pregnancy.  Pups were weaned into sex-specific cages at 3 weeks of age (postnatal 133 

day 21).  Pups allocated to commence EE from weaning (EE-W) were weaned from dams 134 

housed in standard conditions into EE cages.  Mice allocated to commence EE in adulthood 135 

(EE-A) were transferred into sex-specific enrichment cages at 3-6 months of age.  Mice from 136 

all three enrichment groups experienced EE conditions for 6 weeks (i.e., until they reached 6 137 

weeks for EE-B, 9 weeks for EE-W, and 5 to 8 months for the EE-A groups).   138 

For SE age-matched control animals, mice were bred in conventional cages.  They were 139 

weaned at 3weeks into sex-specific standard cages and raised until they reached the 140 

appropriate age for comparison with EE groups (6 weeks for standard birth (SE-B), 9 weeks 141 

for standard weaning (SE-W), and 5-8 months for standard adult (SE-A) groups). 142 

Anatomical Tracing 143 

For anterograde tracing from the retina of both WT and KO mice, intraocular injections of 144 

0.5-1 l of 1% cholera-toxin subunit B (CTB) conjugated to either Alexa Fluor 488 or Alexa 145 

594 were made into the vitreous chamber of each eye under isofluorane anesthesia at the 146 

appropriate age.  After a 24 – 72 hour transport period, mice were anesthetised with 2-4% 147 

isofluorane-oxygen mixture, euthanised (>100mg/kg of sodium pentobarbitone), and 148 

perfused with 0.9% saline followed by 4% paraformaldehyde in 0.1M phosphate buffer.  149 

Brains were postfixed at 4oC for at least 24 hours and cryoprotected in 30% sucrose in 0.1M 150 
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phosphate buffer (pH 7.4).  Coronal sections, 60 m thick, were prepared using a freezing 151 

microtome, mounted on microscope slides, coverslipped, and examined.  152 

Microscopy and Analysis 153 

Sections were viewed and imaged using a wide-field fluorescence Zeiss Apotome 2 154 

deconvolution microscope with Texas Red (excitation wavelength 596nm; emission 155 

wavelength 613nm) and Alexa Fluor 488 (excitation wavelength 490nm; emission 156 

wavelength 525nm) filters to visualize each tracer. 157 

Four sections from the rostral third of the dLGN were selected from each animal (n=5-8 158 

animals per group), as it is in this region that the ventrolateral expansion of the ipsilateral 159 

terminals is reported to be most apparent (Leamey et al., 2007).  The efficacy of the 160 

ipsilateral tracer injection was checked by examining the labelling distribution in the 161 

corresponding contralateral dLGN.  Poorly labelled cases were excluded from the analysis.  162 

Contrast and brightness were adjusted uniformly to optimise images and analysed using 163 

ImageJ (NIH).  For this, background was subtracted using the rolling ball radius function and 164 

images were thresholded.  The area occupied by thresholded ipsilateral label relative to the 165 

total area of the dLGN was measured for each section (mean and standard errors were 166 

calculated for all sections per housing (SE/EE) - age (Birth, Weaning, and Adulthood) - 167 

genotype (WT/KO) group (e.g., SE-B WT (see text)). In order to determine any region-168 

specific changes in ipsilateral retinogeniculate terminal labelling, the ‘long axis’ of the dLGN 169 

(defined as the maximal length along the dorsomedial to ventrolateral extent of the nucleus 170 

within the coronal section) was measured, and divided into three equidistant dorsal, middle, 171 

and ventral regions. The proportion of total ipsilateral label within each of these regions was 172 

then calculated (% ipsilateral distribution).  173 
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The percentage area of the dLGN occupied by ipsilateral terminals was compared across 174 

groups using a univariate ANOVA with genotype, age, and housing condition as fixed 175 

factors, and sections included as a random factor.  Differences between groups of interest 176 

were determined via pairwise testing, corrected for multiple comparisons (Bonferroni).  % 177 

ipsilateral distribution by region values were analysed using a univariate ANOVA with 178 

genotype, age, housing condition as fixed factors, and both section and region as random 179 

factors.  Bonferroni corrected pairwise comparisons were used to reveal specific differences.  180 

For P7 measurements, percentage area of dLGN occupied by ipsilateral terminals was 181 

compared using a univariate ANOVA with housing as fixed, and sections as random factors, 182 

as above.  For % ipsilateral distribution by region values, differences were assessed using a 183 

univariate ANOVA with housing as fixed, and region as random factors. [Sections were not 184 

able to be included as a random factor in this analysis as the small error prevented the error 185 

degrees of freedom for housing from being calculated accurately.  Housing effects were 186 

assessed either by considering housing and section as fixed and region as random factors, or 187 

by setting housing as fixed and region as random factors.  The outcomes of these different 188 

approaches were identical and so only the latter is reported.] A significance value of α=0.05 189 

was assumed for all statistical tests. 190 

191 
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Results: 192 

Enrichment from birth, but not from weaning or adulthood, drives a partial retraction of 193 

miswired ipsilateral retinogeniculate projections 194 

We first investigated the impact of exposure to 6 weeks of EE from birth on the distribution 195 

of ipsilateral terminals using anterograde tracing of retinogeniculate projections with 196 

fluorescent CTB.  The expected distribution of label in all standard-housed birth group (SE-197 

B) WTs was observed, with ipsilateral projections confined to the dorsomedial region of the 198 

dLGN (Fig 1A).  There was no obvious impact of EE from birth (EE-B) on the patterning of 199 

ipsilateral terminals in WTs (Fig. 1B).  All SE-B KOs exhibited a narrowed and elongated 200 

distribution of the ipsilateral label which expanded into the ventrolateral region of nucleus 201 

(Fig. 1C).  In Ten-m3 KOs enriched from birth, however, ipsilateral projections were 202 

noticeably less elongated along the dorsomedial-ventrolateral axis of the dLGN (Fig. 1D) 203 

compared to SE-B KOs suggesting an effect of EE, although the patterning still differed 204 

qualitatively from terminal distributions observed in WTs.  205 

We then asked whether the impact of EE retinogeniculate projections is maintained into 206 

adulthood.  In Ten-m3 KOs enriched during adulthood (EE-A; Fig. 2D), no change in the 207 

distribution of ipsilateral retinal terminals was observed compared to standard-housed adult 208 

controls (SE-A; Fig. 2C).  WTs also showed no changes with EE during adulthood (Fig. 209 

2A,B).  This suggests that there may be a critical period for the impact of EE on miswired 210 

axonal projections.   211 

In order to narrow down the timing of sensitivity to EE we exposed mice to 6 weeks of EE 212 

from weaning (postnatal day (P)21; EE-W).  This did not result in any obvious changes 213 
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compared to standard-housed age-matched controls (SE-W) in either WTs (Fig. 3A,C) or 214 

KOs (Fig. 3 B, D). 215 

In order to quantitatively assess these effects, the total area of ipsilateral terminal labelling 216 

was measured and expressed as a percentage of the total cross-sectional area of the dLGN 217 

(see Methods; Fig. 4A).  Four sections from 6-8 animals per group were quantified.  These 218 

values were similar in SE-B WTs (17.52  0.63%) and SE-B KOs (17.12  0.58%).  219 

Interestingly, EE from birth appeared to decrease the proportion of the dLGN occupied by the 220 

ipsilateral terminals in both genotypes, with a change of larger magnitude observed in KOs 221 

(EE-B WTs: 14.35  0.58%; EE-B KOs: 12.74  0.63; Fig. 4A left).  Neither genotype or EE 222 

impacted the percentage of the dLGN occupied by ipsilateral terminals in the weaning (SE-W 223 

WT: 15.96  0.63; SE-W KO: 15.51  0.63; EE-W WT: 15.23  0.63; EE-W KO: 15.14  224 

0.63; Fig. 4A middle) or adult (SE-A WT: 14.78  0.54; SE-A KO: 15.2  0.58; EE-A WT: 225 

14.59  0.54; EE-A KO: 15.03  0.58; Fig. 4A right) groups.   226 

Omnibus tests showed a significant effect of housing (F(1,3) = 16.971, p = 0.026) with a 227 

detectable interaction between housing and age (Housing * Age: F(2, 6) = 7.633, p = 0.022).  228 

Pairwise comparisons revealed that the decrease in the percentage of the dLGN occupied by 229 

ipsilateral terminals in EE-B KOs compared to SE-B KOs was significant (p < 0.001; Fig. 230 

4A) as was the change in EE-B WTs compared to SE-B WTs (p < 0.001).  SE-B WTs also 231 

had significantly more area of the dLGN occupied by ipsilateral terminals than SE-A WTs, 232 

suggesting a slight but significant age-dependent reduction in standard-housed mice (p = 233 

0.003).  A similar trend was seen when comparing SE-B KOs to SE-A KOs although this did 234 

not reach significance (p = 0.059).  Importantly, the reduction in total ipsilateral terminal area 235 

seen in EE-B KOs was significant when compared to both EE-W KOs (p = 0.021) and EE-A 236 
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KOs (p = 0.023) supporting a strong age-dependent effect of EE in KOs.  EE-B WT values 237 

were no different from that of EE-W WTs (p = 0.901) or EE-A WTs (p = 1.000). 238 

Thus, it appears that EE during the first 6 postnatal weeks may enhance (in KOs) or 239 

accelerate (in WTs) pruning of ipsilateral projections.  In order to determine whether this EE 240 

induced decrease in retinogeniculate terminal area was associated predominantly with a 241 

specific part of the dLGN, we divided the coronal cross-sections of the visual relay nucleus 242 

into thirds along its long (dorsomedial to ventrolateral; DM-VL) axis, and determined the 243 

relative distribution of ipsilateral terminals across these regions (Fig. 4B-D).   244 

Quantitative analysis revealed a significant interaction between genotype, housing, age and 245 

region (F(4, 12)  = 5.064, p = 0.013). No changes were seen in the relative distribution of 246 

ipsilateral terminals along the dorsomedial to ventrolateral axis of the dLGN as a result of age 247 

or housing for WTs (Fig. 4B-D).  For KOs, a significant decrease was seen in the proportion 248 

of ipsilateral terminals which occupied the ventral-most third of the dLGN in EE-B KOs 249 

compared to SE-B KOs (Fig. 4B; p < 0.001).  This was offset by a significant increase in the 250 

proportion of the ipsilateral terminals which populate the dorsal third of the dLGN in EE-B 251 

KOs compared to SE-B KOs (Fig. 4B, p < 0.001).   252 

There was a generalized and consistent effect of KO mice having a significantly greater 253 

percentage of ipsilateral terminals present in the ventral-most region of the dLGN for 254 

weaning and adult age groups regardless of housing conditions (KO > WT: p < 0.001; Fig. 255 

4C and D), although this pattern did not hold for EE-B KOs (see below). When considering 256 

specific comparisons, the proportion of terminals in the dorsal and ventral thirds of the dLGN 257 

for SE-B KOs was significantly different to SE-B WTs (Fig. 4B and D, p < 0.001).  In 258 

contrast, for EE-B KOs versus EE-B WTs, there was no significant difference observed for 259 

dorsal dLGN (p = 0.158). An emergent difference (less in KOs) in the middle region, 260 
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however, was detected (p = 0.003). Importantly, no difference between EE-B KOs and WTs 261 

was detected for ventral dLGN (p = 0.112) as well, suggesting an enrichment-induced 262 

reduction in ipsilateral terminals targeting this portion of the visual thalamus in EE-B KOs 263 

compared to SE-B KOs.  Further, these EE-induced changes in the mapping of ipsilateral 264 

retinal axons were not seen in the weaning or adult KO groups for any area of the dLGN (Fig. 265 

4B-D, p > 0.1).   266 

The partial correction of mapping seen in the EE-B Ten-m3 KO mice following 6 weeks of 267 

EE could conceivably arise either due to an effect of enrichment on axonal targeting and 268 

ingrowth, a selective enhancement of synaptic pruning, or some combination of both.  In 269 

order to gain more insight into the timing and potential processes activated by EE, we asked 270 

whether this manipulation impacted axon distribution at P7 in Ten-m3 KO mice.  At this 271 

developmental stage, retinogeniculate axons of both standard-housed Ten-m3 KO and WTs 272 

have already invaded the dLGN, and are undergoing active synaptic refinement (Godement et 273 

al., 1984, Glendining et al., 2017; Hammer et al., 2014, Hong et al., 2014, Monavarfeshani et 274 

al., 2018; Schafer et al., 2012).  Anterograde tracing revealed that ipsilateral axons extend 275 

into far ventrolateral dLGN in both SE and EE P7 KOs at this time point (Fig. 5).  No 276 

difference was apparent between these groups though they both clearly differed from the 277 

terminal patterning observed in SE and EE WTs at this age.  Quantification confirmed that 278 

there was no EE-induced change in the area of the dLGN occupied by ipsilateral terminals at 279 

this stage [SE P7 KOs (n = 5) versus EE P7 KOs (n = 5), housing as fixed and sections as 280 

random factors: F1,3 = 1.387; p=0.324; housing * section interaction: F3,32 = 0.264, p = 281 

0.780].  Similarly, there was no significant difference in the proportion of the ipsilateral 282 

terminals which targeted any region of the dLGN in EE versus SE P7 KOs at this stage of 283 
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development (housing as fixed,and region as random factors: F1,2 = 0.000, p = 1.000; housing 284 

* region interaction: F2,114 = 0.475, p = 0.623). 285 

Together, these results suggested that EE can induce a partial correction of axonal miswiring.  286 

Exposure to EE must commence in the first three postnatal weeks to have this effect.  287 

Although sensitivity to EE is high at this early stage, EE does not appear to impact axonal 288 

guidance or sprouting in the first postnatal week, but rather induces a selective pruning of 289 

mismapped ipsilateral retinal axons from the ventral region of the dLGN in Ten-m3 KOs.  290 

This enhanced pruning is not apparent by P7, but requires exposure to EE prior to P21 in 291 

order to induce the effect.   292 

293 
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Discussion 294 

This study has revealed that EE from birth, but not from weaning or during adulthood, is able 295 

to induce a partial correction of mismapped axonal projections.  This appeared to be due to an 296 

enhanced pruning of ipsilateral retinal axons and predominantly affected the most aberrantly 297 

targeted projections.  To our knowledge, this is the first study to demonstrate that EE can 298 

partially rescue genetically-determined axonal wiring deficits.  These data suggest that EE 299 

has the capacity to exert a profound corrective influence on miswired subcortical circuits, but 300 

that there is an early “critical period” of sensitivity to this intervention. 301 

A critical period for the correction of miswired axonal projections 302 

In contrast to EE commenced at birth which was able to induce a corrective influence on 303 

miswired axonal projections, EE commenced just three weeks later, at weaning, had no 304 

detectable impact.  The dearth of an effect in the weaning group was particularly surprising, 305 

as the timing of EE exposure overlapped with the period when the retinogeniculate pathway 306 

is undergoing synaptic elimination and refinement.  These findings suggest that the first 3 307 

weeks of life may be a “critical period” in which the impact of EE on the retinogeniculate 308 

pathway is maximal.  This contrasts with the impact of EE on the visual cortex where 309 

sensitivity to EE lasts throughout life (Sale et al., 2007, Baroncelli et al., 2010, Scali et al., 310 

2012, Greifzu et al., 2016).   311 

The first three postnatal weeks encompass the period during which retinal axons arrive in and 312 

form synaptic connections with their targets, ipsilateral and contralateral axons segregate 313 

from each other, the eyes open, and retinogeniculate synapses are pruned and mature 314 

(Godement et al., 1984, Hammer et al., 2014, Hong et al., 2014, Monavarfeshani et al., 2018).  315 
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It is possible that EE is able to harness mechanisms associated with normal development to 316 

facilitate an enhanced elimination of mismapped projections.   317 

The molecular mechanisms that underlie the impact of EE on the retinogeniculate pathway 318 

are not yet known.  In the cortex, brain-derived neurotropic factor (BDNF) and IGF-1 have 319 

been shown to be upregulated by EE (Cancedda et al., 2004, Spires et al., 2004, Begenisic et 320 

al., 2015, Baroncelli et al., 2016).  While BDNF is likely a key player, since it is also 321 

upregulated by EE in older mice (Sale et al., 2007, Baroncelli et al., 2010) it does not easily 322 

explain the results observed here, although it may be working in concert with other age-323 

dependent factors.  In line with this, while EE-induced cortical changes in both adults and 324 

juveniles involve upregulation of BDNF, downstream effects of the trophic factor appear to 325 

differ across the life-span, and even have opposing effects on inhibitory circuits (Cancedda et 326 

al., 2004, Ciucci et al., 2007, Sale et al., 2007). Further work will be required to determine 327 

whether the temporally constrained influence of EE on the retinogeniculate pathway is due to 328 

the type of defect examined (i.e., impact of miswiring versus monocular deprivation) or if it 329 

reflects a genuine mechanistic difference in the response of cortical versus subcortical 330 

structures to EE. 331 

EE for 6 weeks from birth resulted in an over 25% decrease in the size of the ipsilateral 332 

terminal zone in Ten-m3 KOs, predominantly from the most ventrolateral region of the 333 

dLGN.  In contrast, exposure to EE from birth to P7 had no apparent impact on retinal axon 334 

targeting.  This suggests that EE acts not to correct initial axonal guidance or sprouting, but 335 

rather to enhance the subsequent pruning of ectopic projections.  In standard-housed WTs, 336 

ipsilateral and contralateral retinal axons predominantly refine their territories via activity-337 

dependent processes during the first and second postnatal weeks, prior to eye-opening 338 

(Godement et al., 1984, Rossi et al., 2001, Jaubert-Miazza et al., 2005, Pfeiffenberger et al., 339 
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2005).  The time-course of ocular segregation in the dLGN of standard Ten-m3 KOs is 340 

identical to WTs despite their mismapped projections, suggesting that this refinement process 341 

is not disrupted (Glendining et al., 2017).  An important role for microglia and the 342 

complement pathway in mediating ocular-refinement has been shown (Schafer et al., 2012, 343 

Bialas and Stevens, 2013).  It is possible that mechanisms induced via EE from birth may 344 

interact with this process, potentially by enhancing the activation of microglia in the ventral 345 

part of the dLGN in KO mice.  Interestingly, the absence of a change in the area occupied by 346 

ipsilateral terminals in EE versus SE KOs at P7 suggests that ipsilateral-contralateral 347 

segregation was not accelerated by EE at this stage.  It is possible that a longer exposure to 348 

EE may be required to induce an effect.  Alternatively, a higher resolution analysis of overlap 349 

between ipsilaterally and contralaterally labelled pixels may be required to detect a change at 350 

this early stage, rather than percent ipsilateral area as was used here. 351 

Subtle refinement of the retinogeniculate pathway continues into adulthood in 352 

standard-housed mice, but is accelerated by EE 353 

A slight but significant decline in the relative area occupied by ipsilateral terminals in the 354 

dLGN was found between the SE-B WT group which was analysed at 6 weeks of age and the 355 

SE-A WT group (5-8 months old at analysis), with a similar but non-significant trend 356 

observed in standard-housed KOs.  This change was surprising, as it is well-after the period 357 

during which this pathway is thought to mature (Jaubert-Miazza et al., 2005).  This suggests 358 

that the period of pruning of retinogeniculate projections may continue beyond 6 weeks of 359 

age in standard-housed mice, albeit at fairly low levels.  No differences were detected in EE-360 

B WTs, compared to those enriched at later stages.  Inspection of the values suggests that the 361 

ipsilateral refinement reaches adult levels earlier in EE versus SE WTs.  Thus, it appears that 362 

EE accelerates this process such that age-related pruning is completed by 6 weeks of age, 363 
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rather than extending beyond this time in SE WTs.  No change was observed between the SE-364 

A and EE-A groups, consistent with the suggestion that, in WTs, EE accelerates rather than 365 

enhances the degree of refinement per se. 366 

Comparison with other EE protocols 367 

The critical period of exposure to EE for correction of mismapped inputs was found to 368 

include the pre-weaning period.  Much of the impact of EE during these first postnatal weeks 369 

is thought to be derived from effects on maternal care [(Cancedda et al., 2004, Begenisic et 370 

al., 2015) reviewed in (Sale et al., 2014)] and this is likely to be important for the effects we 371 

observed here.  Many EE protocols initiate enrichment post-weaning and multiple beneficial 372 

effects have been reported [e.g.,(Rosenzweig et al., 1964, Bernstein, 1973, van Dellen et al., 373 

2000); reviewed in (Sale et al., 2014)].  It is likely that EE commenced at later stages did 374 

affect Ten-m3 KO mice, although no impact on the parameters measured was observed.   375 

Our EE protocol provided increased opportunities for visual, auditory and olfactory 376 

stimulation as well as enhanced motor and social experience.  Other studies have indicated 377 

that the benefits of these components of EE may be partially separable [reviewed in (Sale et 378 

al., 2014, Rogers et al., 2017)].  It is unclear which of these factors are critical for the 379 

enhanced pruning of ectopic retinogeniculate projections observed in Ten-m3 KO mice.  In 380 

particular, it would be of interest to determine whether visual experience is necessary, or 381 

whether the benefits of EE on the retinogeniculate pathway in Ten-m3 KOs can occur 382 

independently of vision (e.g., under dark rearing conditions) as revealed previously 383 

(Bartoletti et al., 2004, Landi et al., 2007). 384 

Behavioural significance 385 
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Standard-housed Ten-m3 KO mice have been reported to exhibit marked visual deficits 386 

associated with a suppression of binocularly-driven activity in V1.  Since acute monocular 387 

inactivation lifts V1 suppression and rescues visual function, it has been suggested that the 388 

deficits arise due to the visuotopic mismatch of inputs from the two eyes (Leamey et al., 389 

2007, Merlin et al., 2013).  It would be of interest to determine whether the observed partial 390 

correction of the anatomical miswiring following EE from birth is also able to drive the 391 

recovery of binocularly driven vision.  Although only a partial correction was detected here, 392 

given the large size of visual receptive fields of RGCs in mice (Stone and Pinto, 1992), 393 

combined with thalamocortical and intracortical plasticity (Antonini et al., 1999, Sale et al., 394 

2014), this may be sufficient to restore binocular visual drive to V1. 395 

Implications of findings 396 

Our work has implications for the development of non-invasive therapies in humans.  397 

Enrichment paradigms that provide enhanced sensory experiences in autistic children have 398 

been shown to provide a significant decrease in the severity of symptoms (Woo and Leon, 399 

2013, Woo et al., 2015, Aronoff et al., 2016), although no clear age-dependent effects were 400 

reported in these studies.  Interestingly, other work has shown that behavioural interventions 401 

for autism have a much greater effect if they are initiated prior to the age of 2 years compared 402 

to slightly later ages (MacDonald et al., 2014).  Our study provides clear, strong, anatomical 403 

evidence of distinct benefits for earlier versus later exposure to EE.   404 

Conclusion 405 

This study has demonstrated that EE is able to drive the partial correction of aberrantly wired 406 

axonal projections.  Importantly, this effect was only seen if EE was commenced in the 407 

perinatal period.  This suggests that in addition to its previously-reported ability to modulate 408 
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cortical plasticity across the life-span, during an early critical period, EE can also drive 409 

anatomical repair of profoundly miswired subcortical circuits. 410 

411 
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Figures and Legends 412 

 413 

Figure 1.  Mapping of ipsilateral retinogeniculate projections is partially corrected in 414 

Ten-m3 KOs enriched for 6 weeks from birth.  Coronal sections through the rostral half of 415 

the dLGN (outlined) of mice following injections of anterograde fluorescent tracers into both 416 

eyes (dorsal is to the top and lateral to the right in all sections).  Top row (A-B) shows 417 

examples from standard-housed and enriched WTs from the birth group (SE-B WT and EE-B 418 

WT respectively).  Ipsilateral retinal projections are confined to a patch in the dorsomedial 419 

dLGN (magenta), while the contralateral projections (green) fill the rest of the nucleus.  420 

There are no obvious housing-related changes in WTs.  An example from an SE-B KO is 421 
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shown in C.  Ipsilateral projections are elongated along the dorsomedial-ventral axis of the 422 

dLGN.  An arrow highlights the ipsilateral terminal expansion into the visuotopically 423 

inappropriate far ventrolateral region of the dLGN.  The dotted yellow line in C illustrates the 424 

dorsomedial-ventrolateral axis of the dLGN, as well as the orthogonal divisions that divided 425 

the dLGN into thirds along this axis.  These divisions were used in the quantitative analysis 426 

shown in figure 4.  Panel D provides an example from an EE-B KO.  Ipsilateral terminals are 427 

markedly less elongated along the dorsomedial to ventrolateral axis of the dLGN compared to 428 

SE-B KOs.  Notably, there is very little label in the ventral region of the dLGN (D; arrow).  429 

E:  Schematic diagram indicating the timecourse of the experimental paradigm.  The grey 430 

region indicates the period of exposure to EE versus SE.  The arrow indicates the point of 431 

analysis.  Scalebar in B indicates 200 m, applies to all images. 432 

433 
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 434 

Figure 2.  EE during adulthood does not impact targeting of ipsilateral retinogeniculate 435 

projections.  Conventions as for figure 1, showing examples from mice enriched during 436 

adulthood (EE-A) compared to standard-housed controls (SE-A).  Coronal sections through 437 

the rostral half of the dLGN (outlined) of mice following injections of anterograde 438 

fluorescent tracers into both eyes (dorsal is to the top and lateral to the right in all sections).  439 

No effect of EE on the targeting of ipsilateral retinal projections was apparent in WTs (A, B) 440 

or Ten-m3 KOs (C, D).  Note ipsilateral label extends into far ventrolateral dLGN in both 441 

EE-A-KOs and SE-A KOs (arrows in C and D).  E: Schematic diagram indicating the 442 

timecourse of the experimental paradigm.  The grey region indicates the period of exposure 443 
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to EE versus SE.  The arrow indicates the point of analysis.  Scalebar in B indicates 200 m, 444 

applies to all images. 445 

446 
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 447 

Figure 3.  EE from weaning does not impact targeting of ipsilateral retinogeniculate 448 

projections.  Conventions are as for figure 1, but showing examples from mice enriched 449 

from weaning (EE-W) compared to standard-housed controls (SE-W).  Coronal sections 450 

through the rostral half of the dLGN (outlined) of mice following injections of anterograde 451 

fluorescent tracers into both eyes (dorsal is to the top and lateral to the right in all sections).  452 

No effect of EE on the targeting of ipsilateral retinal projections was apparent in WTs (A, B) 453 

or Ten-m3 KOs (C, D).  Note ipsilateral label extends into far ventrolateral dLGN in EE-W 454 

KOs and SE-W KOs (arrows in C and D), similar to what was observed in adult enriched 455 

samples.  E: Schematic diagram indicating the timecourse of the experimental paradigm.  The 456 
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grey region indicates the period of exposure to EE versus SE.  The arrow indicates the point 457 

of analysis.  Scalebar in B indicates 200 m, applies to all images. 458 

459 
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 460 

Figure 4 Enrichment from birth leads to a loss of ipsilateral retinal inputs to ventral 461 

dLGN in Ten-m3 KOs.  Graphs show quantification of total ipsilateral inputs and their 462 

relative distribution in the dLGN.  Data derived from individual animals in each group is 463 

shown.  Thick black lines show group means, boxes indicate SEM.  Housing groups are 464 

separated by age with the birth cohort shown on the left, weaning groups in the middle, and 465 

adults on the right.  The same shading and colour coding for housing (lighter shade for 466 

standard-housing groups (SE); darker for all environmental enrichment groups (EE) and 467 

genotype (blue for WT; red for KO) is used across age groups for ease of comparison.  All 468 

SE WTs are shown in light blue and all EE WTs are shown in darker blue.  All SE KOs are 469 

shown in orange and all EE KOs are shown in red.  A: Percentage of total dLGN occupied by 470 

ipsilateral terminals.  A slight but significant decrease was seen between the SE-B WTs 471 



 

29 

 

versus the EE-B WTs (p < 0.001; grey ***). A decrease of greater magnitude was detected 472 

between SE-B KOs and EE-B KOs (p < 0.001; black ***), consistent with the decreased 473 

expanse of ipsilateral terminals observed qualitatively in the enriched from birth cohort.  A 474 

small but significant decrease was also observed between the SE-B WTs and SE-A WTs (p = 475 

0.003; grey **), suggesting that pruning of retinogeniculate terminals continues well after 476 

adolescence ion standard-housed WTs.  EE-B KO values were significantly smaller than EE-477 

W KOs (p = 0.021; *) and EE-A KOs (p = 0.023; *), indicating that the timing of enrichment 478 

had a major impact on pruning of ipsilateral projections.  No effects of housing or genotype 479 

on total ipsilateral area were seen within the weaning or adult groups.  (B-D) Relative 480 

distributions of ipsilateral terminals across the dorsal (D), middle (M) and ventral (V) thirds 481 

of the dLGN for birth (B), weaning (C), and adult (D) SE and EE cohorts (see Methods).  482 

Stacked bars show mean values (large single colour boxes) plus standard errors (smaller 483 

flanking boxes of the same colour, present on both top and bottom of each mean box) for 484 

proportion of ipsilateral terminals present in D, M, and V regions.  Within WTs there was no 485 

detectable change in distribution across regions of ipsilateral terminals between ages or 486 

housing conditions.  No terminals were found in the ventral third of the dLGN in WTs.  SE-B 487 

KOs had significantly less label in dorsal dLGN (p < 0.001; ) and significantly more 488 

label in ventral dLGN (p < 0.001; ) than SE-B WTs.  In EE-B KOs, there was a 489 

significant increase in the percentage of terminals in the dorsal region (p < 0.001; ) 490 

along with a significant decrease in the ventral region (p < 0.001; ), compared to SE-B 491 

KOs.  No difference in the proportion of ipsilateral terminals in dorsal (p = 0.158) as well as 492 

ventral (p=0.112) dLGN was observed between EE-B KOs and EE-B WTs.  A detectable 493 

decrease in EE-B KOs relative to EE-B WTs was also present for the middle region (p = 494 

0.003; ).  Weaning and Adult groups showed differences in the ventral region with 495 

respect to genotype but not housing (KOs > WTs: p < 0.001;  in Fig. 4C, and D).   496 
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 497 

Figure 5.  EE from birth does not impact axonal targeting in Ten-m3 KOs at P7.  498 

Conventions are as for figure 1, but showing examples from mice enriched from birth until 499 

postnatal day (P)7, compared to standard-housed age-matched controls.  Coronal sections 500 

through the rostral half of the dLGN (outlined) of mice following injections of anterograde 501 

fluorescent tracers into both eyes (dorsal is to the top and lateral to the right in all sections).  502 

No effect of EE on the targeting of ipsilateral retinal projections was apparent in WTs (A, B) 503 

or Ten-m3 KOs (C, D).  Note ipsilateral label (magenta) extends into far ventrolateral dLGN 504 

in both EE KOs and SE KOs (arrows in C and D).  E: Schematic diagram indicating the 505 

timecourse of the experimental paradigm.  The grey region indicates the period of exposure 506 
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to EE versus SE.  The arrow indicates the point of analysis.  Scalebar in B indicates 100 m, 507 

applies to all images. 508 

509 
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