


Mutant Control

Enucleated

Figure 24 Retrogradely labeled cells in AC following injection of BDA in the inferior colliculus.
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Experiment and strain

Number of animals

Mean Age in days

c-Fos
Control
Enucleated
Mutant

Neuronal Tracing
Control
Enucleated
Mutant

10
10
10

I

102
103
103

105
98
113

Table 2 Animals details
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IC LGNd AC Vi V21 V2m
Mean no.of investigated
sections 9 10 7 9 8 8
M'ean no.o'finvestigated 142 143 194 143 112
microscopic fields -
Mean section thickness
after histologic 15 i 14 14 15 14
processing
Settings
e base area pm’ 10 000 - 10 000 10 000 10 000 10 000
e height um 11 - 10 10 11 10
e guard zones um 4 - 4 4 4 4
e distance  between 210 - 210 210 210 210
counting spaces ym
Mean no.of counted 833 57 608 191 173 105
cells
Coefficient of error Gundersen Gundersen Gundersen Gundersen Gundersen
m=1 m=1 m=1 m=1 m=]

Table 3 Methodological details describing design-based stereological study. The m=1 is
used in the newer Gundersen’s CE estimate formula (Gundersen, 1999).
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Annexel Author Guidelines

Preparation of the Manuscript

Research Reports

The major part of each Issue of EJN is devoted to Research Reports. These must
describe significant and original observations and provide sufficient detail for the
observations to be critically evaluated and, if necessary, repeated. Research Reports do
not normally exceed 12 printed pages in EJN, but the length of a paper will not, in itself,
preclude publication. In general, allow 1,350 words - including references and legends -

per printed page and subtract 600 words for each table and figure.

Formatting your manuscript

General

The format of your manuscript should be as follows: Title page, Abstract, Introduction,
Materials and Methods, Results, Discussion, Acknowledgements, Abbreviations,
References, Tables, Figure Legends and Figures. First (main) mentions of figures and
tables in the text should be in numerical order. Headings and sub-headings should not end
with a full stop. The manuscript should be formatted in double spacing and the lines
should not be numbered. The text of your paper should be saved as a .doc file.
Manuscripts are expected to document the origin and specificity of reagents used,
particularly antibodies, to document institutional authorization for conducting research in
humans and animals, to conduct adequate statistical analyses and comprehensively report

statistical results, and to be written in English.
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Title Page

The Title page must include:

e The proposed Journal section and the author's nomination for Associate Editor (at
the top right-hand side of the page
» A clear and concise title

e The authors name(s) and surnames

Note: Authors who normally write their names in non-Latin characters may include both
a transliterated version of their names, followed in parenthesis by their names in their
native writing system. Any non-Latin languages that can be represented in Unicode

characters will be accepted.

e The address(es) from which the work originated

e The name, address, fax number and e-mail address of the person who will deal
with correspondence, including proofs (which are sent electronically)

» A running title not in excess of 50 characters and spaces

o The total number of pages, figures, tables and equations

e The total number of words in: (i) the whole manuscript; (ii) the Abstract; and (iii)
the Introduction.

e A list of four or five keywords not appearing in the title, preceded by

"Keywords:"

[f the species used does not appear in the title, it should be included in the keywords and

be mentioned in the first few lines of the abstract
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Abstract

Research Reports and Review Articles should start with an Abstract, which appears
before the main body of the text for use in abstracting database services. The Abstract
should be written in complete sentences and should provide a summary not exceeding
250 words, in a form comprehensive to any neuroscientist and suitable for publication
without the full article text. Thus, if references are used in an abstract, they must include
the author(s), journal title, volume number, page span, and year. Abbreviations should be

avoided as far as possible in the Abstract.

Main text
Introduction
The main part of a Research Report should start with a brief Introduction, not exceeding

500 words, which outlines the historical or logical origins of the study and clearly states
the aim of the study and/or hypothesis to be tested, without repeating the Abstract or

summarizing the results.

Materials and methods The methods should be described in sufficient detail for the

observations to be critically evaluated and, if necessary, repeated by interested readers.

(i) Experimental subjectsWhen human subjects are used, manuscripts must be
accompanied by a statement that the experiments were undertaken with the understanding
and written consent of each subject, and that the study conforms with The Code of Ethics

of the World Medical Association (Declaration of Helsinki), printed in the British

Medical Journal (18 July 1964).
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When experimental animals are used, it is important to define species, strain, sex, age,
supplier, and numbers of animals used (as well as distribution of animals across groups).
If genetically modified mice are used, the genetic background has to be indicated,
including the generation since the founder and the number of backcrosses (if applicable)
to an inbred strain. The Materials and methods section must briefly but explicitly state
measures which were taken to minimize pain or discomfort, e.g. type and dose of
anaesthetic used. Experiments should be carried out in accordance with the European

Communities Council Directive of 24 November 1986 (86/609/EEC) or with the
Guidelines laid down by the NIH in the US regarding the care and use of animals for

experimental procedures.

All studies using human or animal subjects should include an explicit statement in the
Materials and Methods section identifying the Review and Approval Committee for each
study. Editors reserve the right to reject papers if there is doubt whether appropriate

procedures have been used.

(ii) SuppliersSuppliers of materials should be named and, with the exception of well-
known suppliers, such as Sigma, Kodak and Zeiss, their location (town, state/county,

country) included.

(iii) Reagents

The origin and specificity of reagents, notably antibodies, oligonucleotides, cDNA
constructs, need to be documented, including the nucleic acid sequence or peptide

sequence used. Nucleic acid probes should be fully sequenced when applicable. Control
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experiments that were conducted to ensure the specificity of the method
(immunohistochemistry, immunoprecipitation, in situ hybridization) should be described,
along with key references to previous work with this reagent. For antibodies, the
documentation includes, in addition, a precise description of the antigen, the nature of the
antibody (species, purification), the supplier, catalogue number, and specificity tests
performed (e.g., Western blot, immunoprecipitation, validation with knockout tissue, etc),
as recommended by Saper (Saper CB, An open letter to our readers on the use of

antibodies, Journal of Comparative Neurology 493:477-478).

(iv) Microscopy and digital photography

Information necessary to evaluate the resolution of images from microscopy (type of
microscope, numerical aperture of the lens) should be provided. It is necessary to identify
what forms of digital manipulation were employed in preparing images from digital
photography (e.g., adjusting brightness, contrast, sharpness, evenness of illumination,
etc.). If images were retouched, it is essential to identify these changes. For quantification
of digital parameters (signal intensity, size or number of objects), precise information

about the procedure, normalization, and calibration (if applicable) has to be provided.

Results and Statistical AnalysesThe observations should be presented with minimal
reference to earlier literature or to possible interpretations. The main statistical results
should be described in the result section. The description of statistical results in the figure
legends should be limited to important post hoc comparisons. The description of the
statistical results should include the proper statistical term (such as the F statistic) as well

as the degrees of freedom. In case of corrections, such as for the violation of the
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sphericity assumption, it is most informative if the original degrees of freedom are cited
together with the corrected p-value. We are also encouraging the referencing of exact p-
values, as recommended by Greenwald et al. (Greenwald A, Gonzalez R, Harris R,
Guthrie D Effects sizes and p-values: what should be reported and what should be

replicated. Psychophysiology 33: 157-183).

Discussion

The Discussion may usefully start with a brief summary of the major findings, but

repetition of parts of the Abstract or of the Results section should be avoided.

Acknowledgements
A short statement about grant and other financial support should be given, along with a
list of contributions from collaborators who are not co-authors (it is implicit that they

agree with this mention).

Abbreviations

Abbreviations should be kept to an absolute minimum. Their use saves relatively little
space and adds greatly to a reader's sense of confusion. In general, abbreviations should

not appear in the Abstract, and sentences that contain more than a single abbreviation
merit careful review. Abbreviations must be used more than four times in an article, and
consistently, before their use can be permitted except where an abbreviation is in wide
general use (e.g. ACh) or replaces a cumbersomely long term. The word must always be

written out in full when first used and the proposed abbreviation given in parentheses. A
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list of all abbreviations used in the text and their meanings must be provided (in

alphabetic order).

References

All references must be listed, and all listed references must be cited at least once in the
main text (particular care is needed to check this after any modification or revision of the
text). Citations in the text should be given in parenthesis, e.g. (Blanc & White, 1985;
Weiss et al.,, 1986) except when the author's name is part of a sentence, e.g. "White
(1985) reported that ... ". Where there are two authors, both should be named, but with
three or more, only the first author's name plus 'ef a/” should be given. Note that when
more than one paper refers to the same first authors in the same year, a, b, ¢ suffixes must
be used in the text and reference list to avoid ambiguities, written as (Weiss ef al., 1986a;

White, 19864, c¢).

Reference list

There should be a list of references in alphabetic order according to the name of the first
author and then chronologically where several papers by the same author are cited. No
characters (e.g. numbers or tabs) should appear before the first authors name. The titles of
journals should be abbreviated in accordance with the World List of Scientific

Periodicals, 4th edition. Single-word titles, e.g. Psychoneuroendocrinology, should not

be abbreviated.

All authors should be included in each reference appearing in the Reference List; these

should not be abbreviated to et al.
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Only published and 'In Press', i.e. accepted for publication in a specific journal or book

references should be included in the reference list.

Journal articles should be formatted as follows:

Lancaster, B. & Boxall, A. R. (1998) Tyrosine kinases and synaptic transmission. Eur. J.

Neurosci., 10, 2-7. Note the emboldening of the Volume number.

Books should be listed as follows:

Matthews, G.G. (1997) Neurobiology. Blackwell Science, Oxford.
Katz, D.I. (1997) Traumatic brain injury. In Mills, V.M., Cassidy, ].W. & Katz, D.I.
(eds), Newrologic Rehabilitation. A Guide to Diagnosis, Prognosis and Treatment

Planning. Blackwell Science, Oxford, pp. 105-143.

Symposia contributions should take a similar format to books, including the place and
date of the meeting, the name and location of the organiser/publisher, both overall and
contribution titles, all authors and Editors names, and page number(s):
Fuss, S.H., Celik, A. & Korsching, S.I. (2001) Levels of olfactory information processing
in the zebrafish olfactory bulb. In Elsner, N. & Kreuzberg, G.W. (eds), Gottingen
Neurobiology Report 2001. Proceedings of the 4th Meeting of the German Neuroscience
Society 2001, Vol. 11, 28th Géttingen Neurobiology Conference. Georg Thieme Verlag,

Stuttgart, p. 474.

Tables
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These must be supplied as editable text and not as embedded figures/objects.
They should have a bold title and appear in the text following the references

All columns should have a heading
Figures
All figures and tables should be uploaded separately and must be labelled with a

tigure or table number.

DO NOT use Windows picture & fax viewer to create your images; this is not an
appropriate graphic application and will not create high-resolution images. Photoshop or
IrfanView (free download on Web) may be used. The figures need to be of a high
resolution and saved as .tiff files (300 d.p.i. for colour/half tone and 800 d.p.i. for line

work (black line art, white background), or saved as .eps or .doc files.

The initial upload of lower resolution images is sufficient (.jpg files allowed; 2

MB maximally); upon acceptance high resolution TIFF images are requested

To ensure accurate conversion of characters, standard fonts such as Times, Times

New Roman, Ariel or Helvetica should be used for preparing the text and figures

Symbol font should be used to convert Greek characters and other non-standard

characters such as the degree symbol.

There is no limit to the number of figures per manuscript, but authors should use them

sparingly, making sure that each figure is relevant to the text and that the figures are

presented and numbered in the order in which they are mentioned in the text. When there
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are large numbers of figures, layout problems are less likely to occur if the figures are of

similar shapes and sizes.

Figure legends

These should explain each figure as fully as possible, referring the reader to the text only
on rare occasions in order to avoid repeating in the legends material that must be included
in the text. All abbreviations used in the figures should be explained in each legend when
there are less than five abbreviations used; for legends with large numbers of

abbreviations, the authors should include these in the abbreviations list (see above).

Colour figures

Colour reproduction costs are charged per page of colour. Colour figures that are
sequentially numbered can be placed on the same page to reduce costs. Avoiding a mix of
colour panels with black and white ones can reduce costs, improve reproduction and
allow more space for the colour. Authors will be asked to return a signed copy of the

completed Colourwork Agreement Form prior to publication:

http://www.blackwellpublishing.com/pdf/ejn/pdf

Cover illustrations

If you have any colour illustrations, either appearing in your paper or relating to it, that
would make good images for the front cover, please submit them by email with a short

legend to the Editorial Office, indicating to which paper the photograph belongs

Supplementary Material
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Supplementary material such as data sets or additional figures or tables may be submitted
for review purposes. However, these will not be published in the print edition of the

journal but may be included in the online edition, or a link to the information given.
Supplementary material should appear at the end of the manuscript, i.e. following the

figures.

Production quality artwork guidelines

All electronic artwork sent to the publishers should conform to these standards. Please

refer to  http://www.blackwellpublishing.com/authors/submit_illust.asp?site=1  for

detailed guidelines on electronic artwork. Files need to be of a high resolution and
preferably TIFF files (300 d.p.i. for colour/half tone and 800 d.p.i. for line work) or EPS
files. TIFF files can be saved with LZW compression to reduce file size (Photoshop).
Files can also be zipped with WinZip. Files with colour should be saved as CMYK ready

for production work (not RGB).

Figures should be numbered as a single series and each figure should be clearly labelled
with the name of the author(s), the title of the paper and the figure number. Wherever
possible figures should be submitted in their desired final size, to fit the width of a single
column of text, i.e. 88 mm wide, or where necessary they should be 184 mm in maximum
width. The final size of the printed figure cannot exceed 230 x 184 mm including
legends, and where a reduction is required this should be indicated on the figures. Any
lettering should be no less than 2 mm in height in the printed figure and should be in

proportion to the overall dimensions of the figure.



111

All symbols and letters must be produced clearly, and labels should be large enough for
the final reduction and should show clearly against the background. Where several
figures are mounted together they should be squared accurately and separated by about 5
mm. All of the figures in such a group should have approximately the same contrast
values. Where regions of particular importance can be identified it is useful to indicate
these on a transparent or semi-transparent overlay. Instructions to printers regarding

required contrast values or detail will help the printer to produce the best results.

Colour plates

The full cost of publishing colour figures must be met by the authors. The cost per
printed page with colour is £450 + VAT. These charges are waived for all Review

Articles, and on request for authors from former Eastern Bloc countries publishing

Research Articles. A signed copy of the completed Colour Agreement Form must be sent

to the publishers before colour work can be processed. The Journal allows authors to
publish figures in colour free of charge in the online edition if requested on submission.
Authors must then provide their figures in digital format (EPS or TIFF files at high
resolution) and indicate to the Editorial Office that they wish to publish in black and
white in the print edition and in colour in the online edition. In this case, (a) a single
version of the figure should be supplied in colour which will be converted by the
publishers to black and white for the print journal and (b) the figure legend should not

refer to colour as it will be used for both print and online editions.
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Contribution des auteurs

Nicole Chabot a effectué le tragage neuronal avec le dextran biotin, assisté de Marie-Eve
Laramée et de Robin Tremblay, de méme que I’analyse de tous les résultats. Valérie
Charbonneau a effectué le tragage neuronal avec le fluorogold. L’écriture de cet article
Chabot, N., Charbonneau, V., Laramée, M.E., Tremblay, R., Boire, D., Bronchti, G.
(2008). Subcortical auditory input to the primary visual cortex in anophthalmic mice.

Neuroscience Letters, 433, 129-134 a été faite par Nicole Chabot sous les conseils de

Denis Boire et la supervision de Gilles Bronchti.
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Résumé en francais

Nombre d’études anatomiques et fonctionnelles montrent qu’une stimulation
auditive peut activer le cortex visuel chez les aveugles précoces tant chez ’humain que
chez I’animal. Les études anatomiques faites chez les modéles animaux de cécité précoce
démontrent clairement la présence d’une connexion intermodale qui permet
I’acheminement de I’information auditive vers cortex visuel primaire. La présence d’une
connexion intermodale corticocorticale entre le cortex auditif et le cortex visuel a été
démontrée de méme qu’une nouvelle connexion entre le collicule inférieur et le thalamus
visuel. Une publication (L.K.Laemle, N.L.Strominger, D.O.Carpenter, Cross-modal
innervation of primary visual cortex by auditory fibers in congenitally anophthalmic
mice, Neurosci. Lett. 396 (2006) 108-112.) suggeére la présence d’une connexion directe
entre le collicule inférieur et le cortex visual primaire chez la souris mutante anophtalme
ZRDCT/An. Ceci impliquerait que la souris mutante anophtalme serait le seul vertébré
connu a ce jour possédant une connexion directe entre le tectum et un cortex sensoriel
primaire. J’ai étudié la possibilité de la présence de cette connexion particuliere chez la
souris mutante anophtalme ZRDCT/An a I’aide traceur neuronal treés sensible. Nous
avons observé les connexions normales décrites chez la ZRDCT/An entre : 1) le collicule
inférieur et la partie dorsale du corps géniculé latéral, ii) le cortex visuel primaire et le
collicule supérieur, iii) le noyau latéral postérieur et le cortex visuel primaire et entre iv)
le collicule inféreur et le corps géniculé médian. Nous démontrons aussi sans équivoque
que les structures auditives sous-corticales n’ont pas de projection vers le cortex visuel
primaire chez la souris mutante anophtalme. Plus particuliérement, nous n’observons

aucune projection directe du mésencéphale auditif dans ce modéle animal de cécité.
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Abstract
Anatomical and imaging studies show ample evidence for auditory activation of the

visual cortex following early onset of blindness in both humans and animal models.
Anatomical studies in animal models of early blindness clearly show intermodal
pathways through which auditory information can reach the primary visual cortex. There
1s clear evidence for intermodal corticocortical pathways linking auditory and visual
cortex and also novel connections between the inferior colliculus and the visual thalamus.
A recent publication (L.K.Laemle, N.L.Strominger, D.O.Carpenter, Cross-modal
innervation of primary visual cortex by auditory fibers in congenitally anophthalmic
mice, Neurosci. Lett. 396 (2006) 108-112.) suggested the presence of a direct reciprocal
connection between the inferior colliculus and the primary visual cortex (V1) in
congenitally anophthalmic ZRDCT/An mice. This implies that this mutant mouse would
be the only known vertebrate having a direct tectal connection with a primary sensory
cortex. The presence of this peculiar pathway was reinvestigated in the ZRDCT/An
mouse with highly sensitive neuronal tracers. We found the connections normally
described in the ZRDCT/An mouse between: 1) the inferior colliculus and the dorsal
lateral geniculate nucleus, 11) V1 and the superior colliculus, iii) the lateral posterior
nucleus and V1 and between 1v) the inferior colliculus and the medial geniculate nucleus.
We also show unambiguously that the auditory sub-cortical structures do not connect the
primary visual cortex in the anophthalmic mouse. In particular, we find no evidence of a
direct projection from the auditory mesencephalon to the cortex in this animal model of

blindness.
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Introduction
There is ample evidence that early loss of sight and congenital blindness lead to cross-

modal activation of the visual cortex by auditory and somatosensory stimuli [1-6]. In
addition these activations seem to be correlated with enhanced sensory discrimination
capabilities [7-12]. In three animal models of early blindness, the blind mole rat, the
neonatally enucleated hamster and the anophthalmic mutant ZRDCT/An mouse, auditory
information can be conveyed to the visual thalamus by a connection between the inferior
colliculus (IC) and the dorsal lateral geniculate nucleus (LGNd) [13-16]. In addition, in
bilaterally enucleated opossums, the primary visual cortex also receives input from
auditory and somatosensory thalamus and cortex [17]. Similar connections are also found
in ZRDCT/An mice [18]. Therefore, the visual system in these blind animals receives
auditory information at different levels of processing: cortical and subcortical. At the
cortical level, there is also recent evidence for intermodal connections in normal animals
[19;20]. In this respect, a recent contribution [21] describes an additional reciprocal
auditory-visual pathway providing auditory information from the inferior colliculus
transmitted monosynaptically to the primary visual cortex without a thalamic relay. This
study therefore suggests that in the ZRDCT anophthalmic mouse, auditory activation of
the visual cortex can originate from three pathways: i) cortico-cortical ii) thalamo-cortical
and 1i1) tecto-cortical providing auditory information at three levels of processing.

The presence of a direct connection between the [C and the visual cortex is
unprecedented. There is only one known example of a direct ascending connection from
the mesencephalic tectum to the telencephalon without a thalamic relay in vertebrates; the
ascending quinto-frontal pathways in birds, linking the principal sensory nucleus of the

trigeminal nerve and the the basorostral pallial nucleus [22]. The subcortical afferents of
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the visual cortex were investigated in ZRDCT anophtalmic mutant mice in order to verify
the presence of this unusual novel ascending sensory pathway to the cortex.

Materials and Methods

We used 18 anophthalmic ZRDCT/An mice in this study. The ZRDCT /An mice were
born and raised in our inbred colony. This mutant mouse was first described by Chase &
Chase [23] and it lacks eyes and optic nerves. No other effect of the mutation has been
described. In five cases biotinylated dextran-amine (BDA) of 3000 molecular weight
(MW), was injected in the primary visual cortex (V1, 3.5 mm caudal and 1.8 mm lateral
to bregma). In three other cases, fluorogold, a pure retrograde tracer, was injected in V1.
The high molecular weight tracer (BDA 10,000 MW) which yields better anterograde
labeling than the other 2 tracers [24;25], was injected in the inferior colliculus (5 mm
caudal and 1 mm lateral to bregma) in five cases, and in the auditory cortex (2,2. mm
caudal and 4.1 mm lateral to bregma) in five other cases. Tracers were pressure-injected
into the central nucleus of the IC and pushed by iontophoresis in the cortical areas. Deep
anesthesia was achieved with inhalation of isoflurane 1,5% and vital signs were
constantly wverified throughout the surgeries. Postoperative pain was managed with
buprenorphine (i.p.; Temgesic, Schering-Plough, Hertfordshire, UK; 0.009 mg/kg)
injected before the animals were placed in a stereotaxic apparatus. A longitudinal incision
was made along the midline and the posterior part of the skull was exposed. Using a
surgical microscope, a small craniotomy was performed over the area of interest. The
dura-mater over the area of penetration of the micropipette was carefully cut to avoid
compression of the underlying brain and ultimately necrosis. Then a glass micropipette

(30 um tip diameter) filled with a 5% solution of BDA in 0.01 M phosphate-buffered
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saline, was inserted to a depth of 1 mm below the surface of the IC or 0.450 mm below
the pial surface of the primary visual or auditory cortex. The pressure injections in IC
(microlnjector, Tritech Research, Los Angeles, CA, USA) were made over a period of 10
minutes and the micropipette was left in place for a further 10 min before being carefully
withdrawn. The iontophoretic injections were done over a period of 15 minutes (positive
current of 1.75 - 2.5 pA, 7 seconds on / 7 seconds off). The skin was sutured and the mice
were then kept warm until they recovered from anesthesia and returned to their cages.

Following a survival period of 10 to 14 days and under deep anesthesia obtained with a
lethal dose of sodium pentobarbital (i.p.; Eutanyl, 120 mg/kg, CDMV, Ste Hyacinthe, PQ
Canada), the mice were sacrificed and perfused transcardially with 0.01M PBS followed
by 4% paraformaldehyde in 0.1 M PB, pH 7.4. The brains were then dissected out and the
absence of subdermal eye was checked in every case. The brains were post-fixed for 2h
in the same fixative and cryoprotected in phosphate buffered 30% sucrose. Frozen serial
sections were cut (50 um) in the coronal plane. Free-floating sections were treated with
0.5% H,0, and 70% methanol to quench endogenous peroxidase, and thoroughly rinsed
in 50 mM Tris-HCl-buffered saline (pH 8.0) containing 0.5% Triton X-100 (TBS-Tx).
The sections were then incubated at room temperature employing an Avidin-Biotin
Complex kit (Elite Vectastain, Vector Laboratories, Burlington, Ontario) in TBS-Tx, pH
8.0. Labeled fibers were revealed using the nickel-intensified DAB protocol, in which the
sections were incubated in 0.02% H»O,. The sections were mounted in 2 sets, one
directly dehydrated in ethanol, cleared in xylenes, and cover-slipped with Permount
mounting media and the other, counterstained with Cresyl Violet for the cytoarchitectonic

delineation of relevant structures.
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The sections were viewed with a Leica DMRB microscope (Leica Microsystems, North
York, Ontario, Canada) and photographed with a CCD camera (Optronix,
MicroBrightField, Williston, Vermont) using Picture Frame software (MicroBrightField,
Williston, Vermont). Adequate measures were taken to minimize pain or discomfort to
animals. Experiments have been carried out in accordance with the National Institute of
Health Guide for the Care and Use of Laboratory Animals (NIH Publications No. 80-23).
Results

Each structure of interest has been screened along its full antero-posterior extent in search
for labeled somata and fibers. The sections presented in each panel of the figures are
representatives of the observations made on our experimental animals. The injections in
the primary visual cortex were limited to the known cytoarchitectonic boundaries of V1
[26] (Figures 25A and 26A — A’). Following these injections, we observed numerous
retrogradely labeled neurons in the LGNd, confirming the proper localization of the
tracer injection. Some labeled cells were also present in the lateral posterior thalamic
nucleus (LP) (Figures 25B, 26B — B’). The mesencephalic projection originating from V1
is confined to the superior colliculus and more precisely to the optical layers of the
superior colliculus. (Figure 25C — D). The inferior colliculus remained devoid of any
labeling following tracer injections in the primary visual cortex (Figures 25C — E, 26D”).
The injections in the inferior colliculus (Figure 27A) also fail to show a direct ascending
connection to the visual cortex in the anophthalmic mouse. Anterograde labeling is
observed in the primary auditory thalamic nucleus - the medial geniculate nucleus
(MGN) as expected (Figure 27B). Moreover, retrogradely labeled somata are clearly

present in the auditory cortex (Figure 27B). The delimitation of the cortical areas was
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possible with the Nissl counterstained adjacent sections (Figure 27C' - D' respectively).
There, we confirmed that the retrograde labeling is located in layer V pyramidal cells, as
it has been demonstrated previously [15] (Figure 27C - C"). No labeling of any kind coul
be observed in the primary visual cortex following the injection of the inferior colliculus

(Figure 27D - D").

Injections in the auditory cortex were performed to confirm the descending cortical
projections to the inferior colliculus and as a comparison with those made in V1. They
resulted in anterogradely labeled terminals in the MGN (Figure 28A), as expected, and in
the inferior (Figure 28B-C) and the superior colliculi (Figure 28B-D). The fibers found in
the superior colliculus are located in the intermediate layers, which are multimodal and

devoted to the somatosensory and auditory inputs.

Discussion
In search for the subcortical source of auditory input to the primary visual cortex in the

anophthalmic mouse, we confirmed, with highly sensitive neuronal retrograde and
anterograde tracers the well-documented ascending connection between LGNd - V1 and
LP - V1 in this animal [27-31]. The connection between LP and V1 is known to be
enhanced in the anophthalmic mouse as compared to normal sighted C57BL6 mice
[27;32]. Since LGNd and LP receive auditory input from the ipsilateral IC [15], this
pathway may well be a source of auditory input to V1. It is unlikely the sole source of
this activation. Corticocortical connections originating in the auditory cortical areas were

shown to activate V1 even in normal eyed animals[19;33]. The intermodal corticocortical
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connections seem to expand in the animal models of early blindness in comparison with
normal sighted controls [17]. Altogether, these source of auditory input to V1 can explain
the c-Fos immunoreactivity observed in V1 following auditory stimulation[15;34].
Laemle and collaborators reported auditory evoked potentials recorded within the depth
of the primary visual cortex at latency of about 8 ms, with a peak latency around 15 ms.
These values are close to those reported in the rodless mutant mouse [35], but somehow
shorter than those recorded in the mole-rat [13;36] or in the enucleated hamster [14]
(between 20 and 40). However, they are consistent with the sources of input described
here given that short latency AEP can be recorded in somatosensory or visual cortex of
normal sighted animals [37;38] without direct tecto-cortical input. As for the observed
efferent cortical connections, the descending projections from V1 to the optical layers of
the superior colliculus and from AC to the mesencephalic tectum - the superior and the
inferior colliculi - are normally present in the mutant anophthalmic ZRDCT/An mouse
[27]. No evidence was found of neither anterograde labeling in the visual cortex
following BDA injections in the inferior colliculus nor evidence of retrograde labeling in
the inferior colliculus following fluorogold injections in the visual cortex.

Therefore, our experiments do not support the presence of a direct and reciprocal
connection between IC and V1 in the mutant anophthalmic ZRDCT/An mouse as

reported by Laemle [21]. Dextran-Biotin neuronal tracers have been widely used to trace
pathways in central nervous system of adult individuals [16;19;24;25;39-47] in contrast
with the unusual use of the carbocyanine dye reported by Laemle and collaborators. The

bilateral connections between V1 and IC were observed in unfixed brains kept in

buffered saline for 72 hours, a period long enough to cause destruction of the brain tissue
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and labeling artefacts. Indeed, whereas Dil yields usually quite superb axonal and
somatodendritic labeling, none of these could be distinguished in this publication.
Considering the currently available data, there is no evidence for a direct tecto-cortical

connection in mammals.
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Figures captions
Figure 25. Tracer (DBA 3000MW) injection in the primary visual cortex in an

anophthalmic ZRDCT/An mouse.
(A) Photomicrograph of the injection site in V1. Note that the injection is well centered
within V1 and does not reach the white matter. In addition to the injection site, a
conspicuous cortical column, localized in the lateral secondary visual area (V2L) near the
border with the primary visual cortex, is labeled. (B) Photomicrograph through the visual
thalamic nuclei - LGNd and LP, respectively. The empty arrows point to retrogradely
labeled cells in both nuclei. Contours of the LGNd and the LP nuclei are delineated with
the dashed line. (C) Photomicrographs from six evenly spaced serial sections are
presented to cover the antero-posterior extent of the dorsal mesencephalon. Note that the
cortical projections are confined to the superior colliculus, the inferior colliculus being
devoid from any labeling. The square above the superior colliculus of the second section
indicates the area illustrated at higher magnification in D. (D) High magnification of the
superficial layers of the superior colliculus. The arrows point to the anterogradely labeled
cortical fibers into the superficial layers, which typically receive inputs from V1. (E) A
high magnification of the inferior colliculus shows no retrograde labeling originating
from the injection site.

Figure 26. Tracer (fluorogold) injection in the primary visual cortex in an
anophthalmic ZRDCT/An mouse
Upper row, photomicrographs of the Nissl counterstained sections through (A) the
injection site in V1, (B) the LGNd and the LP, and (C) the IC. Lower row (A’, B’ and C”)
displays photomicrographs of the same sections showing the retrogradely labeled cells. In

A and A’, the solid lines represent the borders between V1 and the secondary visual
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cortices. Note that the injection is well centered within V1 and does not reach the white
matter. In B and B’, contours of the LGNd and the LP. Some retrograde labeling is found
in LP but the main retrograde labeling is located in LGNd which is a typical outcome of a
V1 injection. In C and C’, note that the inferior colliculus is devoid of any retrograde
labeling originating from V1. Scale bars = 500 um in all photomicrographs

Figure 27. Tracer (DBA 10 000MW) injection in the inferior colliculus in an
anophthalmic ZRDCT/An mouse
(A) Photomicrograph of the injection site in the IC. Note that the injected tracer fills up
the IC. (B) Photomicrograph of a section through the medial geniculate nucleus
illustrating the thalamic arborization of the collicular fibers. Note the retrogradely labeled
cells in the adjacent temporal cortex. Squares delineate the enlarged areas presented on
the lower rows of the figure. (C, D) Enlargement of the auditory (C) and of the primary
visual (D) cortices. The cortical areas were delimited precisely using the corresponding,
adjacent, Nissl-stained sections (respectively C' and D'). In C and C', the line delineate
the border between AC and V2I. In D and D', the line indicates the limit between V1 and
V21. Note the retrogradely labeled cells in layer V in the auditory cortex. Note also that
the primary visual cortex is completely devoid of DBA label.

Figure 28 Tracer (DBA 10 000OMW) injection in the auditory cortex in an
anophthalmic ZRDCT/An mouse
(A) Photomicrograph of the injection site in the auditory cortex. The injection is well
localized within the temporal auditory cortex. Note that the descending projections
towards the primary auditory thalamic nucleus - the medial geniculate nucleus - are

visible in the same section. (B) Low magnification of the inferior and the superior
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colliculi. The squares delineate the high magnifications of the inferior and the superior
colliculi presented in C and D respectively. (C) High magnification of the IC. Note that
the auditory fibers originating from the auditory cortex are found in this mesencephalic
nucleus. (D) High magnification of the superior colliculus. Note that the labeling is found
in the intermediate layers of the superior colliculus. In C and D, the labeling is
exclusively anterograde. No retrogradely labeled cells ares found neither in the inferior

colliculus nor in the superior colliculus. Scale bars = 500 um for all photographs
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Figure 25 Tracer (DBA 3000MW) injection in the primary visual cortex in an anophthalmic
ZRDCT/An mouse
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Figure 26 Tracer (fluorogold) injection in the primary visual cortex in an anophthalmic ZRDCT/An
moilse
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Figure 27 Tracer (DBA 10 000MW) injection in the inferior colliculus in an anophthalmic
ZRDCT/An mouse
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Figure 28 Tracer (DBA 10 000MW) injection in the auditory cortex in an anophthalmic ZRDCT/An
mouse
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Chapitre 4 - Troisieme article : Selective effect of environmental enrichment on mutant
anophthalmic mice
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Résumé en frangais
Il est connu que I’environnement enrichi stimule le développement de I’écorce

corticale, facilite la récupération suite a un traumatisme et conduit a un plus grand
nombre de neurones. Ces effets de I’environnement ont été étudiés chez des animaux
controles. On ne connait pas I’effet que peut avoir I’environnement sur 1’étendue de la
plasticité transmodale chez des animaux ayant perdu un sens. Dans une étude antérieure,
nous avons démontré chez des modeéles aveugles de souris que le collicule inférieur (CI),
le corps géniculé latéro-dorsal (LGNd), les cortex auditif primaire (AC) visuel primaire
(V1) et secondaires (V2) étaient impliqués dans la plasticité transmodale. Est-ce que la
qualité¢ de I’environnement affecte I’activité auditive dans chacune de ces structures
d’intérét ou seulement dans quelques unes de celles-ci? Dans cette présente étude, nous
avions pour but de vérifier si 1) I’environnement influence seulement les structures
corticales ou si son effet est aussi présent dans les structures sous-corticales impliquées
dans la plasticité transmodale et ii) les effets de I’environnement affectent de fagon
similaire les souris anophtalmes, énucléées a la naissance et les contréles. Nos résultats
démontrent que I’enrichissement de I’environnement influence |’activité auditive chez les
souris anophtalmes dans le CI, AC et LGNd. La qualité de I’environnement n’affecte ni
le volume du néocortex ni le volume des structures d’intéréts. La différence observée
dans I’activité auditive évoquée dans CI, AC et LGNd ne peut étre expliquée par des
changements dans le volume du néocortex ou dans le volume des structures d’intéréts.
Nous concluons donc que ces écarts d’activation auditive dans les structures d’intéréts

sont dus a I’environnement dans lequel les souris mutantes ont été élevées.
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Abstract

Environmental enrichment can stimulate cortical development, improve recuperation
following trauma and increase the number of neurons in the primary visual cortex. The
effects of an enriched environment have been studied in normal animals, for the most part
on the hippocampus. Only a few studies have investigated the effect of environment on
sensory-deprived animals in which cross-modal plasticity occurs. It has been shown that
the brain structures involved in this cross modal plasticity in blind mice are: the inferior
colliculus (IC), the auditory cortex (AC), the visual thalamus - the dorsal part of the
lateral geniculate nucleus (LGNd) - and the primary (V1) and secondary (V2) visual
cortices. It is still unclear whether the quality of the environment affects the auditory
activity in all these structures or only in part of them. The present study, investigates 1) if
environment enrichment affects only the cortical structures or also the subcortical
structures involved in this auditory-to-visual cross- modal re-organization and ii) whether
enrichment affects (similarly) anophthalmic mutant as well as control mice with normal
vision. The study suggests that the environment has affects only the auditory evoked
activity in the mutant mice and only in IC, AC and LGNd. The quality of the
environment appears to affect neither the volume of the neocortex nor the volume of the
structures of interest and therefore, the differences observed in the auditory evoked c-Fos
activation of the IC, AC and LGNd in the experimental groups cannot be explained by
the anatomical parameters. We conclude that the observed differences of the auditory-
evoked activity in those auditory structures are due to the environment itself in which the

mice have been raised.
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Introduction
Environmental enrichment stimulates cortical development (Diamond et al., 1987,

Diamond et al., 1964) and influences the development of sensory systems (Blakemore &
Mitchell 1973; Blakemore & Van Sluyters 1975; Cancedda et al., 2004; Rosenzweig et
al., 1969). It also affects the size and the numerical density of neurons in cortical areas 17
and 18 (Beaulieu & Colonnier 1989) and promotes recovery following brain traumatic
injury (Kleim et al., 2003). Moreover, environmental enrichment seems to have an
optimal effect at the cortical level (Diamond 2001). Most studies on the effects of the
environment have been conducted on normal well-being animals (Andin et al., 2007,
Artola et al., 2006; Bredy et al., 2003; Cain et al., 2006; Chapillon et al., 1999; Connor &
Diamond 1982; Engineer et al., 2004; Ickes et al., 2000; Percaccio et al., 2005;
Torasdotter et al., 1996). Only a few studies document the effects of the environment on
sensory deprived animals (Piché et al., 2004; Ryugo et al.,, 1975). Piché and his
collaborators (2004) have shown that environmental enrichment enhances the expression
of cross-modal plasticity in the blind mutant anophthalmic ZRDCT/An mouse. Auditory
evoked activity in the occipital cortex was more robust in mutant mice mice raised in an
enriched environment than in mutant mice raised under standard housing conditions.
Ryugo (1975) suggested that blindness can be considered as an enrichment for audition
and somesthesia. Recently, we have shed new light on the structures involved in this
cross-modal reorganization, comparing the anophthalmic mutant with neonatally
enucleated mice in order to distinguish between the effect of later-onset blindness from
blindness at birth (Chabot et al., 2007). The structures involved in the cross-modal effects

are the inferior colliculus (IC) as a source of the auditory input to the visual thalamus, the
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lateral geniculate nucleus dorsal part (LGNd), the auditory cortex (AC), the primary
visual cortex (V1) and the secondary visual cortex both in the lateral (V2I) and medial
(V2m) parts. The main objectives of the present study are i) to clarify whether the
enrichment affects the auditory activity in the whole of these structures or only in part of
them and ii) to determine if the enrichment has an impact on auditory activated structures
in mice with normal vision well as in the blind mice. We used three types of mice raised
in an enriched environment or in impoverished housing: the mutant ZRDCT/An; the

neonatally enucleated C57BL/6 mice and the normal sighted C57BL/6.

Materials & methods
Mice

Table 4 gives details on all the animals used in our study. The ZRDCT/An anophthalmic
mutant mice (n=10) were born and raised in our own inbred colony. First described by
Chase and Chase this strain never develops eyes or optic nerves. The neonatally
enucleated CS7BL/6 (10) and the control C57BL/6 mice (n=10) are a close relative to the
ZRDCT/An mice and have also been used as a control by Chase and Chase (1945),
Kaiserman-Abramov (1983), Olavarria (1984) and in our laboratory (2007). All animals
were adults, 60 to 90 days old, and were kept in our laboratory facilities with a light/dark
cycle of 14/10 hours. All experimental procedures were approved by the University

Animal Care Committee and were carried out in accordance with the guidelines set forth

by the Canadian Council on Animal Care.

Standard environment (SE)

The mice were born and raised in standard mouse cages, with food and water ad libitum
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placed on the cage lid. The cages were 13x18x29 ¢cm with a floor of a fine layer of wood

chips and contained one plastic tube.

Enriched environment (EE)

The mice were born and raised in large rat cages 20x25x47 c¢m containing numerous
plastic tubes dispersed within a 12 cm thick layer of wooden chips which the mice used
to build galleries and nests. The tubes were moved around once a week. The mice had
free access to food and water but the food was scattered all over the cage requiring that
the animal explore and search for it.

Neonatally enucleation

Enucleations were performed in the first 24 hours following birth. All pups but one were
left in their home cage. The mother and that pup were transferred to a new cage. This
procedure lowers the risk of cannibalism afterwards. Under anesthesia induced by
hypothermia, the palpebral fissure was opened with a scalpel, the eyeballs were exposed
and the optic nerve and artery sectioned. The orbits were filled with surgical foam
(Gelfoam, Upjohn, Kalamazoo, MI, USA). The pups were then dried, warmed and
returned to their home cage.

c-Fos experiment and Cytoarchitecture study

To ensure asymmetrical auditory stimulation a silicon plug was placed in the right
external ear canal, under light anesthesia by isoflurane inhalation (Aerrane; Janssen
Pharmaceutica, Beerse, Belgium),. This procedure permits the determination of the
auditory origin of the activation observed in visual structures (Bronchti et al., 1989; Heil

& Scheich 1986). In addition, mystacial whiskers were trimmed to skin level to limit
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somatosensory activation. Following these preparations, each animal (see Table 1) was
placed in a custom-made anechoic chamber overnight. The next morning, mice were
stimulated with white noise bursts randomly delivered through two loudspeakers, at an
intensity of 90 dB sound pressure level for 60 minutes, sacrificed with a lethal injection
of sodium pentobarbital (Somnotol, MTC Pharmaceuticals, Cambridge, Ontario; i.p.: 120
mg/kg) and perfused transcardialy with 0.01M PBS followed by 4% paraformaldehyde in
0.1 M phosphate buffer, pH 7,4. The brains were dissected out, postfixed for 2 hours in
the fixative and cryoprotected in 30% sucrose for about 24 hours. Frozen serial sections
were cut (50 pm) in the coronal plane and collected in two sets, one processed for c-Fos
immunohistochemistry and the other counterstained with Cresyl Violet for the
cytoarchitectonic identification of subcortical structures and cortical areas.

Immunohistochemical revelation of c-fos protein expression was performed on free-
floating sections using a rabbit polyclonal anti-c-Fos (Ab-5) antibody (Calbiochem, San
Diego, California, USA, 1:20,000 dilution), a biotinylated goat anti-rabbit secondary
antibody (Vector laboratory, Burlington, Ontario, Canada, 1/500 dilution), avidin-biotin
complex (Elite Vectastain, Vector Laboratories, Burlington, Ontario), and a nickel-
intensified DAB reaction. For the DAB-nickel protocol, the brain sections were incubated
with hydrogen peroxide for staining c-Fos-immunoreactive (-IR) nuclei. A few sections
were examined under the microscope before stopping the reaction. This was done to
ensure maximal staining of the labeled nuclei, thus limiting variation in staining density.
The sections were mounted on gelatinized slides, dehydrated and cover-slipped. Control
sections from each brain were processed according to the same immunohistochemical

procedure without either the primary or secondary antibodies. Under these circumstances,
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no labeled nuclei could be identified in all the structures examined.

Definition of the structures of interest (SOI)

The delineation of regions of interest was performed on Nissl counterstained coronal
sections. The SOI are the inferior colliculus (IC), the dorsal part of the lateral geniculate
nucleus (LGNd), the primary auditory cortex (AC), the primary visual cortex (V1), the
secondary visual cortex lateral part (V2I) and the secondary visual cortex medial part
(V2Zm).

c-Fos-IR quantification and cytoarchitecture study

In order to compare the auditory activity and the number of neurons within the SOI in the
six experimental groups (control mice SE; control mice EE; mutant mice SE; mutant
mice EE; neonatally enucleated SE; neonatally enucleated EE), an estimation of the total
number of c-Fos-IR nuclei and an estimation of the number of neurons was performed in
each SOI using the optical fractionator, an unbiased stereological procedure. The
analyses were performed using a Leica DMRB microscope (Leica Microsystems, North
York, Ontario, Canada) equipped with a three-axis computer-controlled stepping motor
system (0.1 pm resolution) coupled to a personal computer and to a color CCD camera
(Optronix, MicroBrightField, Williston, Vermont). Every fourth coronal section
processed for the c-Fos immunochemistry and cut through the IC, AC, VI, V2] and V2m
was used for the estimation of the total number of c-Fos-IR nuclei. Only structures
contra-lateral to the stimulated, unplugged ear were sampled. Every sixth Nissl
counterstained coronal sections and cut through the IC, LGNd, AC, V1, V2l and V2m

was used for obtaining estimates of the total neuronal population and volumes. The

Stereo-Investigator software version 7.0 (MicroBrightField, Williston, Vermont) was
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used to collect data from five animals in each of the experimental groups. For each
section, the contours of the SOI were first traced under a 2.5x objective (0.07 aperture).
Subsequently, stereological sampling with the optical fractionator was applied, under a
100x objective (1.3 aperture), to count the labeled nuclei. The same sampling probe with
the same parameters of the grid (210 x 210 um for c-Fos experimentation and 250 x 250
um for neuronal counting) and the counting frame (100 x 100 um for c-Fos
experimentation and 30 x 30 pum for neuronal counting) was applied to all animals
without the experimenter knowing to which group they belonged. The methodological
details describing the design-based stereological study are presented in Table 5. In the
experimental groups where homogenous and intense labeling is present, the Gundersen
coefficients of error (CE) which represent the precision in the estimation of the
population size were never higher than 9%. Since the same parameters were used during
the study, in cases or areas where the labeling was sparse the CE was as high as 16%.
c-Fos-IR quantification in the dorsal lateral geniculate nucleus

The whole of the 50pum-thick coronal sections processed for c-Fos immunochemistry and
cut through the LGNd contralateral to the stimulated ear were analyzed in all
experimental animals. All labeled nuclei were plotted and counted on every second
section since alternate sections were Nissl-counterstained for cytoarchitectonic
identification. Thus, the number values shown in Figure 4B represent approximately half
of the total number of LGNd cells activated by the auditory stimulus in each animal.
Because there is no guard zone, this procedure of quantifying cells may over-estimate the
total number of cells in LGNd. Nevertheless, because the section thickness was

considerable (50 pm) in comparison of the diameter of the IR-nuclei (8 um in average),
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the sampling error is small. In fact, very few IR-nuclei would have been cut in the lower
or higher focal plane of section and counted in error. Moreover, it should be noted that
this error is constant when comparing counts between different animals and any

correction factor would yield proportionnally lower numbers in all results presented in

Figure 33B.

c-Fos-IR nuclei plotting

To illustrate the distribution pattern of c-Fos-IR nuclei, the contours of LGNd, AC, V1,
V21 and V2m were traced in four consecutive sections using Neurolucida software
(MicroBrightField, Williston, Vermont) at 2.5x objective. In the same animal, all ot the
contours belonging to any one SOI were aligned with each other and at 40x objective all
c-Fos-IR nuclei found in each SOI were plotted. Then, the superposition of contours and
markers was processed with the Neuroexplorer software (MicroBrightField, Williston,
Vermont) to build a 3D reconstruction of the distribution pattern of c-Fos-IR nuclei

within each SOI.

Statistical analysis

The significant differences in the mean values recorded within the SOI of the different
experimental groups was tested with an ANOVA followed by post hoc tests; the Fisher
Least Significant Difference (LSD), a multiple comparison test. All statistical analyses
were carried out with SPSS 12.0 for Windows (SPSS inc. Chicago, Illinois, USA) with a

significance level of p < 0.05.
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Results
Cytoarchitectonic study

We did look for some parameters in the cytoarchitectonic study such as the volume of
neocortex, the volume of structures of interest and the number of neurons in order to
analyze in greater detail the effect of enrichment. For most parameters the estimated sizes
were greater in the controls than in the mutants. This is expected given that the CS7BL6
have a larger body size than the ZRDCT/An mice. The controls have a greater total
neocortical (p < 0.001; Fig. 29A)., AC, VI and V2I (p < 0.001; Fig. 29B-29C-29D
respectively) volumes than the mutant mice. Similar results about the volume of the AC,
V1 and V21 (p < 0.001; Fig. 29B-29C-29D respectively) are found. No significant
difference was observed between the volume of V2m in the controls and mutant mice
(Fig. 29E). Also, the controls have a greater number of neurons in the LGNd, AC, V1 and
in V21 (p < 0.001; Fig. 30A-30B-30C-30D respectively) but in V2m and in the IC the
number of neurons are equivalent (p > 0.05; Fig. 30E-30F). We did not observe a
significant effect of environment either in the controls or in the mutant mice for all

measured parametersl.

c-Fos experiments

Inferior colliculus

Auditory stimuli induced c-Fos expression in the contralateral IC in all mice(Fig. 31A).
The Fisher LSD post hoc test revealed that the effect of environment is present only
within the mutant mice groups. Indeed, the auditory evoked c-Fos activity in the 1C was

significantly stronger in the mutant EE group than in the mutant SE and control EE

' The data about the neocortical volume and the number of neurons will be collected later
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groups (p < 0.001 and p < 0.05). The mutant SE group displayed less auditory-evoked c-
Fos activity in the IC than all the other groups (p < 0.05 and p < 0.01; Fig. 31B).
Auditory evoked c-fos expression was similar in the neonatally enucleated mice and in
the control animals (Figure 31B).

Dorsal lateral geniculate nucleus

There was no significant auditory c-fos expression in controls and in neonatally
enucleated mice and no significant effects of environmental enrichment (Fig. 32A).
Auditory stimulation induced c-fos expression in the LGNd in the mutant mouse and
showed strong influence of environmental enrichment. The mutant EE group exhibited
greater auditory evoked c-Fos activity in LGNd than all the other groups (p < 0.001).
Although lower than what is observed in the mutant EE group, the level of c-Fos activity
in LGNd of the mutant SE group was, as expected, well above that of the two control and
the two neonatally enucleated groups (p < 0.001; Fig. 32B).

Medial lateral geniculate nucleus

No significant auditory evoked c-Fos expression was found in the primary auditory
thalamic nucleus.

Auditory cortex

The labeling patterns illustrated by the photomicrographs and the plots (Figure 33A) were
similar to those obtained in the earlier study in our laboratory (Chabot et al., 2007).
Although environmental enrichment had no significant effect on auditory evoked c-fos
expression in the auditory cortex of control and enucleated mice ,the mutant EE group
displayed more intense auditory-evoked c-Fos activity in AC than the mutant SE and the

control EE groups (P < 0.001; Fig. 33B).
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Primary visual cortex

The labeling patterns illustrated by the photomicrographs and the plots (Figure 34A) are
similar to those obtained in the earlier study in our laboratory (Chabot et al., 2007). The
ANOVA, performed on the means of experimental groups, revealed that no difference
can be related to the environment in controls, in mutant or in neonatally enucleated mice
even though the mutant mice have a greater auditory evoked activity in V1 than the
control and neonatally enucleated mice (P < 0.001 and P < 0,01; Fig. 34B).

Lateral secondary visual cortex

The labeling patterns illustrated by the photomicrographs and the plots (Figure 35A) are
similar to those obtained in the earlier study in our laboratory (Chabot et al., 2007). The
significant auditory activity in V2I revealed by the ANOVA (P < 0.01).is found in the
neonatally enucleated mice the level of which was not affected by the environment.
Medial secondary visual cortex

The labelling patterns illustrated by the photomicrographs and the plots (Figure 36A)
are similar to those obtained in the earlier study (Chabot et al., 2007). Auditory evoked
c-fos expression in V2m was not significantly affected by environmental enrichment in
any experimental group(P < 0.05; Fig. 36B).

Discussion

The data presented here show that the environment did not affect the volume of the
neocortex or that of the structures of interest in both mouse strains. Nevertheless, the
enriched environment we used influences the auditory evoked c-Fos-IR in the mutant
mice but not in the controls or in the neonatally enucleated mice. An enriched

environment significantly enhances auditory activity in the mutant IC, LGNd and AC
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compared to standard housed mice.

Anatomical effect of environment on experimental animals

Differences in brain size and volume of neocortical areas of interest between the two
strains were commensurate with those previously reported for ZRDCT mice (Chase
1945; Kaiserman-Abramof et al., 1980). Environmental enrichment did not alter the size
and neuronal numbers in the studied brain structures in all our experimental groups . This
contrasts with previously reported increases of the number and density of neurons and of
the volume of some brain structures in animals raised in enriched environments. Most of
the recent literature on the subject concerns the hippocampus, one of the most plastic
telencephalic structures which is known to be particularly involved in spatial exploration
and in memory (Bindu et al., 2007; Catlow et al., 2009; Darmopil et al., 2008;
Dhanushkodi et al., 2007; Fan et al., 2007; Galani et al., 2007; Li et al., 2007; Llorens-
Martin et al., 2007; McNair et al., 2007; Mirochnic et al., 2009; Pereira et al., 2009; Xu et
al., 2009). Environmental enrichment has been shown to increase neocortical thickness
(Bennett et al., 1964; Diamond et al., 1964), neuronal (Diamond 1988), and dendritic size
(Greenough & Volkmar 1973; Holloway 1966), and number and the size of dendritic
spines (Black et al., 1990; Mollgaard et al., 1971). It coud be expected that these effects
would translate into an increased cortical volume but such an effect was not observed in
our enriched animals. This discrepancy could be explained by a different methodology
for the data acquisition. i.e., optical micrometer in Diamond (1964) and in Bennett (1964)
studies versus stereology in the present work. The differences in the type of housing and
nature of the environmental enrichment could also contribute to this discrepancy. For

instance, Diamond (1964) and Bennett (1964) studies animals in an environment enriched
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by more intense social interactions, by housing twelve rats in a large cage in the presence
of toy objects. Since there is no standard in the quality of environment used with rodents
in experimental paradigms, comparison demands caution (Dinse 2004; Nithianantharajah

& Hannan 2006).

Auditory evoked c-Fos activity in C57BL/6 mice is not affected by environment

Control and neonatally enucleated C57BL/6 animals have equivalent auditory evoked c-
Fos activity in the inferior colliculus and in the primary auditory cortex regardless of the
environmental conditions.. Strain-dependant effects of enrichment have been previously
reported For instance, control rats raised in modestly enriched conditions performed no
better than standard-raised animals in a spatial orientation test while rats with memory
deficit demonstrated a significantly improved performance when raised in the same
enriched environment (Brillaud et al. 2005). Another study suggested that environmental
enrichment largely rescued behavioral and neuronal abnormalities in fragile X syndrome
mouse model but did not affect the C57BL/6 control mice (Restivo et al., 2005). Also,
MacPherson and collaborators (2008) have shown that continuous environmental
enrichment significantly increased object recognition in a mouse model of corpus
callosum agenesis, but not in control C57BL/6 mice. It has been proposed that the
influence of enrichment could be strain specific (Abramov et al., 2008; Tsai et al., 2002)
and that the emotional state of the C57BL/6 mouse strain is not affected by the
environment but is in other. strains used in their experiments (Augustsson et al., 2003;
Chapillon et al., 1999; Navailles et al., 2008).

That the auditory system of C57BL/6 mice appears impervious to environmental
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enrichment in the present study could also be explained by the absence of specific
auditory enrichment. Neurons in rats’ auditory cortex submitted to auditory enrichment
paradigms has better response strength, threshold, selectivity and latency and an
improved auditory spatial representation (Cai et al., 2009; Engineer et al., 2004).

We cannot exclude the possibility that the enriched environment we used in our study
affected the characteristics or the activation of the hippocampus or of the somatosensory

cortex in the C57BL/6 animals.

Effect of environment on auditory evoked c-Fos activity in mutant mice

While, the observed pattern of auditory evoked c-Fos activity in the inferior colliculus is
typical of a response to noise bursts in mice (Brown & Liu 1995), in the enriched mutant
we observed a much higher c-Fos auditory evoked activity in this nucleus than in mice
raised in standard housing. This result is consistent with that observed by Piché (2004)
(this result is unpublished) with similar experimental groups of mice.

The auditory evoked expression of c-Fos in the inferior colliculus and AC in mutant mice
raised in the standard conditions 1s the lowest of all four groups. This pattern replicates

itself upsteam into AC. The auditory activation of the visual structures - which is
obviously found only in mutant mice - is also significantly affected by the environment.

The enriched mutant showed an increased activity in LGNd compared to that found in
their littermates raised in standard environment. At the cortical level, in V1 and V2, we
observed a relatively high inter-individual variability, illustrating the differential

individual responses to the same environment (Darmopil et al., 2008). Such variability

could mask the influence of the environment on the c-Fos auditory evoked
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immunoreactivity in the visual cortices that was previously reported as significant (Piché,
2004).

The poor auditory c-Fos evoked activity of the standard mice could be explained by the
fact that the standard housing we provided is considered as an impoverished
environment. Environment influences the anxiety-like behaviour (Chapillon et al., 1999;
Chourbaji et al., 2008; Moncek et al., 2004) and impoverished environment could lead to
stress and depression (Chourbaji et al., 2008; Chourbaji et al., 2005). It exacerbates the
stress while enrichment seems to rescue this emotional state (Chourbaji et al., 2008). The
neurotrophin hypothesis postulates that stress causes a reduction of BDNF (Chourbaji et
al., 2008) the level of which is decreased in animals raised in standard environment (Zhu
et al., 2006). BDNF seems to be involved in the characteristic phenotypes of emotion and
depression (Ridder et al., 2005).

In conclusion, the data presented here suggest two possibilities that could explain the
differences in the auditory evoked activity between the mutant anophtalmic mice and the
CS57BL/6 enucleated. First, the discrepancies could be due to 1) the different strains of
mice or ii) the difference in the onset of blindness since early-onset and late-onset of
blindness do not influence in the same manner the crossmodal compensation (Chabot et
al., 2007, Bavelier et al., 2002, Pascual-Leone et al., 2005). More studies would be
needed to investigate this point. Also with these data, we confirm partially the
proposition of Ryugo (1975) that a visual differentation is an enrichment to audition
because our enriched anophthalmic mice but not our enriched enucleated mice have

enhanced auditory activity than control mice.



Abbreviations:

V1: primary visual cortex

V2I: secondary visual cortex lateral part
V2m: secondary visual cortex medial part
AC: auditory cortex

IC: inferior colliculus

LGNd: lateral geniculate nucleus dorsal part
2DG@G: 2-deoxyglucose

SE: Standard Environment

EE: Enriched Environment

PBS: Phosphate Buffer Saline

DAB: 3,3-Diaminobenzidine

-IR-: -ImmunoReactive-

SOI: Structure of Interest

L.SD: Least Significant Difference

BDA: dextran-biotin

TBS-Tx: Tris-HCl-Buffered Saline-Triton X-100
CE: Gundersen Coefficient of Error

BIC: Brachium of the inferior Colliculus
MGN(v): Medial Geniculate Nucleus (ventral division)
LP: Latero-Posterior nucleus

NMDA: N-methyl-D-Aspartate

E number: Embrionic age

P number: Postnatalday
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Figure and tables captions:
Figure 29. Volume of cortical structures in experimental animals

Box plots describing the distribution of the volume of the neocortex (A), the auditory
cortex (B), the primary visual cortex (C), the lateral part of the secondary visual cortex
(D) and the medial part of the secondary visual cortex (E). Parameters are as in figure 1B.
P values obtained with the ANOV A are indicated on box plots. Note that the control mice
have a greater volume of neocortex, AC, V1 and V2| in comparison to the mutant mice (p

<0.001). Also note that enrichment has no effect.

Figure 30. Estimated number of neurons in the primary visual thalamus nucleus and in
cortical structures in experimental animals

Box plots describing the distribution of the estimated numbers of neurons of each group
in the dorsal part of the lateral geniculate nucleus (A), the primary auditory cortex (B),
the primary visual cortex (C), the lateral part of the secondary visual cortex (D), the
medial part of the secondary visual cortex (E) and the inferior colliculus (F). Parameters
are as in figure 1B. P values obtained with the ANOVA are indicated on box plots. Note
that the controls have a greater number of neurons in LGNd, AC, V1, and V21 than the
mutant mice (p < 0.001). The number of neurons in V2m and in IC is similar in controls
and in mutant mice. Also note that the enrichment has no effect on the number of

neurons.

Figure 31. c-Fos immunoreactivity in the inferior colliculus evoked by an auditory

stimulus
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(A) Photomicrographs of sections demonstrating the c-Fos activity in the IC contralateral
to the stimulated ear of control (upper row) and mutant (lower row) mice raised in
standard (left column) or in enriched (right column) environment. Scale bars = 500 pm.
(B) Box plot describing the distribution of the estimated numbers of c-Fos-IR nuclei in
each group. The horizontal black lines indicate the minimum, the 25th percentile, the
median, the 75th percentile and the maximum points of the data set. The dashed line
indicates the mean. Mean and standard deviation of each group are indicated under the
plot. The hooks and asterisks on top and bottom of boxes indicate significant differences
between groups at P < (.05 (*), P <0.01 (**) and P <0.001 (***) obtained with post-hoc
test Least Significant Difference (LSD). Note that the environment has no effect on the
controls animals. In the mutant mice however, the enriched environment raises the
auditory evoked activity in IC above that found in controls and in contrast, mice raised in

standard environment have a reduced auditory evoked activity.

Figure 32. c-Fos immunoreactivity in the dorsal lateral geniculate nucleus evoked by an
auditory stimulus

(A) Photomicrographs of sections demonstrating the c-Fos activity in the LGNd
contralateral to the stimulated ear of experimental animals. On the right side of each
photograph is displayed the corresponding plot of all c-Fos-IR nuclei found in four
consecutive sections through the thalamus. Arrangement of photomicrographs is as in
figure 32A. Scale bars = 500 pum (identical for photomicrographs and plots). (B) Box plot
describing the distribution of the total number of c-Fos-IR nuclei in each group.

Parameters are as in figure 32B. P values obtained with the post hoc test LSD are
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indicated on box plot. Note that only in the mutant mice auditory activity can be found in

LGNd and that it is enhanced in animals raised in enriched environment.

Figure 33. c-Fos immunoreactivity in the primary auditory cortex evoked by an auditory
stimulus

(A) Photomicrographs of sections demonstrating the c-Fos activity in the AC
contralateral to the stimulated ear in experimental animals. Arrangement of
photomicrographs and plots is as in figure 33A. The plots depict all the c-Fos-IR nuclei
found in four consecutive sections through the auditory cortex. The cortical layers as
identified in the corresponding Nissl stained sections, are indicated above the plot. Scale
bars = 500 pum (identical for photomicrographs and plots). (B) Box plot describing the
distribution of the estimated numbers of c-Fos-IR nuclei in each group. Parameters are as
in figure 1B. P values obtained with the post-hoc LSD test are indicated on box plots.
Note that the enrichment has an effect only on mutant mice. Indeed, the enriched mutant

group stands over the standard mutant and the enriched control groups.

Figure 34. c-Fos immunoreactivity in the primary visual cortex evoked by an auditory
stimulus

(A) Photomicrographs of sections demonstrating the c-Fos activity in V1 contralateral to
the stimulated ear in experimental animals. Arrangement of photomicrographs and plots
1s as in figure 33A. The plots depict all the c-Fos-IR nuclei found in four consecutive
sections through V1. The cortical layers are indicated above the plot. Scale bars = 500

um (identical for photomicrographs and plots). (B) Box plots describing the distribution
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of the estimated numbers of c-Fos-IR nuclei in each group. Parameters are as in figure

32B. P values obtained with the ANOVA are indicated on box plots. Note that the

enrichment has no effect either on mutant or on control mice.

Figure 35. c-Fos immunoreactivity in the secondary lateral visual cortex evoked by an
auditory stimulus

(A) Photomicrographs of sections demonstrating the c-Fos activity in the V2I
contralateral to the stimulated ear in experimental animals. Arrangement of
photomicrographs and plots is as in figure 33A. The plots depict all the c-Fos-IR nuclei
found in four consecutive sections through V21. The cortical layers are indicated above
the plot. Scale bars = 500 um (identical for photomicrographs and plots). (B) Box plots
describing the distribution of the estimated numbers of c-Fos-IR nuclei in each group.

Parameters are as in figure 32B.

Figure 36. c-Fos immunoreactivity in the secondary medial visual cortex evoked by an
auditory stimulus

(A) Photomicrographs of sections demonstrating the c-Fos activity in the V2m
contralateral to the stimulated ear in experimental animals.  Arrangement of
photomicrographs and plots is as in figure 33A. The plots depict all the c-Fos-IR nuclei
found in four consecutive sections through the occipital cortex. The cortical layers are
indicated above the plot. Scale bars = 500 pm (identical for photomicrographs and plots).
(B) Box plots describing the distribution of the estimated numbers of ¢-Fos-IR nuclei in

each group. Parameters are as in figure 32B. P values obtained with the ANOVA are
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indicated on box plots. Note that the enrichment has no effect on the auditory evoked
activity among the strains even though the mutant have a higher auditory activity in V2m

than the control mice.

Table 4. Animals details

This table summarizes all experimental animals used in the experimentation

Table 5. Methodological details describing design-based stereological study

Methodological details of the design-based stereological study. Note that there are two
sets of settings, one for the estimation of the number of c-Fos-IR nucleus and one for the
estimation of the number of neurons. The set of settings is similar for all animals in each

structure, except in LGNd for the c-Fos experiment.
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Figure 31 c-Fos immunoreactivity in the inferior colliculus evoked by an auditory stimulus
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Experiment and strain

Environment

Number of animals

c-Fos and neuronal countin

Control standard 5
Control enriched 5
Mutant standard 5
Mutant enriched 5
Total 20

Table 4 Animals details
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c-Fos experiment IC LGNd AC \%! V2] V2m
Mean number of | 9 10 7 9 8 8
investigated sections
Mean number of disectors | 142 143 194 143 112
Mean section thickness | 15 - 14 14 15 14
after histologic processing
Settings
e base area um’ 10 000 - 10 000 10 000 10 000 10 000
e height um 12.5 - 12.5 12.5 12.5 12.5
e guard zones pm 2 - 2 2 2 2
e distance between
counting spaces um 210 - 210 210 210 210
Mean number of counted | 833 57 608 191 173 105
cells
Coefficient of error 0.04 - 0.04 0.09 0.10 0.14
Cytoarchitectonic study
Mean number of | 9 10 7 9 8 8
investigated sections
Mean number of disectors | 109 49 93 102 72 59
Mean section thickness | 15 14 13 13 13 13
after histologic processing
Settings
e base area um? 900 900 900 900 900 900
e height um 11 11 11 11 11 11
e guard zones pm 2 2 2 2 2 2
e distance between
counting  spaces 250 250 250 250 250 250
pm
Mean number of counted | 492 248 349 469 278 347
cells B
Coefficient of error 0.05 0.06 0.05 0.05 0.06 0.05

Table 5 Methodological details describing design-based stereological study.
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Les résultats de cette étude complémentaire ne sont pas encore publiés sous forme
d’article. Néanmoins, ils sont présentés dans cette these sous forme d’article scientifique
simplifié.

Contexte théorique

Chez la souris anophtalme, il y a activation auditive de V1 et il y a présence de la
connexion ectopique IC-LGNd. Chez la souris €énucléée a la naissance, il y a absence
d’activation auditive dans V1 et il y a absence de la connexion ectopique IC-LGNd. Par
contre, V2 est activé auditivement. Les travaux de maitrise de Le Houillier en 2007 ont
montré que des fibres auditives provenant du collicule inférieur entrent dans le thalamus
visuel lors de la premiére semaine post-natale, chez la souris anophtalme mais aussi chez
la souris contréle CS7BL/6. La connexion ectopique IC-LGNd se stabilise vers la fin de
la premi€re semaine post-natale seulement chez la souris anophtalme. L’énucléation
néonatale, bien qu’effectuée une semaine avant [arrivée des premicres fibres
exploratrices provenant du CI n’entraine pas leur stabilisation chez la souris C57Bl1/6. La
période critique semble donc étre close a PO. En effet, une étude plus ancienne a
démontré que si I’énucléation est performée avant la naissance, in-utero |’organisation
cytologique du thalamus visuel de la souris C57Bl/6 est identique a celle retrouvée chez
les souris anophtalmes (Cullen & Kaiserman-Abramof, 1976; Kaiserman-Abramof,

1983). Le modéle souris ne permet donc pas 1’étude de la cloture de la période critique
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pour la formation de connexions transmodales sous-corticales. Des travaux ont démontré
que chez le rat énucléé a la naissance, le cortex visuel primaire peut étre activé par une
stimulation auditive ou somesthésique (Piché et al., 2007; Toldi et al., 1988). L’activation
somesthésique du cortex visuel a été observée chez des rats énucléés aussi tard qu’a P8
(Toldi et al., 1988). 1l est donc fort probable que chez le rat la période critique est plus
tardive que chez la souris. Nous avons donc voulu : 1) préciser I’étendue de la période
critique lors de laquelle I’énucléation méne a une activation auditive de V1 et ii) vérifier
si cette activation auditive est corrélée a la présence d’une connexion IC-LGNd. Dans un
premier temps, nous pourrions, chez le rat valider que la connexion IC-LGNd est
nécessaire a [’activation auditive de V1.
Matériels et méthodes

Un total de 54 rats Long Evans ont été utilisés dans cette étude : 26 dans 1’étude
fonctionnelle et 28 dans I’étude anatomique. L’énucléation a été performée sur 48 rats
agés de P4 a P15 (voir le tableau 6 pour la distribution des ages), 6 rats ont €té utilisé€s
comme contréles. L’énucléation s’est faite sous anesthésie a 1'isoflurane. Le reste du
protocole d’énucléation est identique & celui décrit dans la premiére étude (voir Materials
and Methods, chapitre 2). A I’age adulte, les rats ont été soumis a une stimulation
auditive bilatérale, un bruit blanc. La veille de la stimulation, les vibrisses mystaciales ont
été coupées et les animaux ont été placés dans une chambre anéchoique afin de limiter les
sources de stimulations. La perfusion, I’immunohistochimie de la protéine c-Fos et la
coloration Nissl ont été effectuées selon les mémes procédures que celles de la premiere
¢tude (voir Materials and Methods, chapitre 2). L’analyse qualitative du patron de

marquage auditif cortical a été faite a ’aide d’un microscope Olympus BXS1WI. Une
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cartographie de tous les noyaux immunopositivement marqués a été faite avec le logiciel
Neurolucida (MicroBrightfield, Vermont, USA) sur les coupes représentatives. Ces
coupes sont utilisées dans les figures afin d’illustrer le patron de marquage auditifs dans
les aires corticales. Le traceur DBA 10000 a été injecté¢ dans le centre du collicule
inférieur des rats énucléés adultes. Le protocole d’injection du traceur est identique a
celui décrit dans la premiére étude (voir Materials and Methods, chapitre 2), a I’exception
des coordonnées stéréotaxiques du collicule inférieur qui sont de 9mm caudal, de 4mm

ventral et de 1,7 mm latéral a bregma chez le rat.

c-Fos Tracage Total

Enucléation n

=

contréle 3
P4 3
P7
P8
P9
P10
P11l

P13
P15
Total

Table 6 Animaux expérimentaux.
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Reésultats

Une forte immunoréactivité a la protéine c-Fos a été observée au niveau du cortex
auditif de tous les animaux suite a la stimulation auditive (figures 37, 38, 39). Chez le rat
contréle, c’est la seule structure corticale qui est activée auditivement (Figure 37). Par
contre, le cortex visuel primaire est activé aussi chez les rats énucléés antérieurement a
P10 (Figure 38). A P10, cette activation de V1 est présente seulement chez certains rats

(voir tableau 7).
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Sighted Control

Figure 37 Activité auditive évoquée au niveau cortical. A gauche, photographie du cortex qui montre les

noyaux immunopositivement marqués a la protéine c-Fos suite & la stimulation auditive. A droite,
cartographie virtuelle représentant les noyaux immunopositivement marqués a la protéine c-Fos de la photo
a gauche. On peut voir que chez le rat contrdle, seul son cortex auditif est activé par la stimulation auditive

L’€nucléation faite a P10 et plus tard conduit a une immunoréaction de la prot€ine c-Fos
dans les aires visuelles secondaires tandis que l'aire visuelle primaire est dénuée de

marquage auditif (Figure 39).
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Enucleated at P8

Figure 38 Activité auditive évoquée dans I'aire visuelle primaire. A gauche, photographie du cortex qui
montre les noyaux immunopositivement marqués a la protéine c-Fos suite & la stimulation auditive. A
droite, cartographie virtuelle représentant les noyaux immunopositivement marqueés a la protéine c-Fos de
la photo a gauche. On peut voir que V1 est activé auditivement chez les rats énucléés a PS. A P10, un seul
rat, celui illustré, voit son cortex visuel primaire activé par la stimulation auditive
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Enucleated at P_1 3

arr

Figure 39 Activité auditive évoqué dans I'aire visuelle secondaire A gauche, photographie du cortex qui
montre les noyaux immunopositivement marqués a la protéine c-Fos suite & la stimulation auditive. A
droite, cartographie virtuelle représentant les noyaux immunopositivement marqués a la protéine c-Fos de
la photo a gauche. On peut voir que chez les rats €nuclé€s apres P10, c’est le cortex visuel secondaire qui

est activé auditivement



Enucléation
contréle

P4

P7

P8

P9

P10

Pl

P13

P15

W W N

NS RERVS - e NV

2

Activation auditive
V2I

\4!

OO = n o=

0

N W AN W

195

V2m

D W AN W

2

Table 7 Nombre de rats qui présentent une activité auditive évoquée dans les aires visuelles

L’injection du traceur neuronal antérograde dextran biotine 10 000MW dans le

collicule inférieur entraine chez tous les rats un marquage intensif du noyau auditif dans

le thalamus, le corps geniculé médial.

Des fibres auditives ramifiées, arborant de

nombreux boutons synaptiques en sont aussi présentes dans le LGNd des rats énucléés a

P13 ou avant (Figure 40).

Malgré quelques fibres auditives de type en passant, présentes chez un rat

contréle sur trois et chez deux rats sur cinq énucléés a P15, il n’y a pas de fibre auditive

ramifiée dans le thalamus visuel des rats énucléés a P15 et des rats controles (Figure 41).

Le tableau 8 résume le nombre de cas de rats énucléés aux différents ages qui présentent

des fibres auditives dans le LGNd.
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Enucléation a P8
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Figure 40 Afférences auditives dans le LGNd. Chez les rats €nucléés jusqu’a I’dge de P13, il y a présence
de fibres auditives dans le thalamus visuel primaire. Ces fibres sont ramifi€es et comportent beaucoup de
boutons synaptiques. Echelle= 500 microns
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Enucléation a P15

B . & ¥ C . & ¥

Figure 41 Afférences auditives dans le thalamus visuel primaire. La présence de fibres auditives, petites
et non ramifiées, dans le thalamus visuel primaire est visible chez les rats énucléés a P15 de méme que chez
le rat contréle.

Enucléation n Connexion IC-LGNd
contrdle 3 1
P4 33
P7 2 2
P8 5 5
P9 2 1
P10 3 3
Pl 2 2
Pi3 3 3
P15 5 2

Table 8 Nombre de rats qui présentent la connexion IC-LGNd.
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Discussion
Les résultats obtenus chez le rat énucléé de P4 a P15 démontrent que I’activation

auditive de I'aire visuelle primaire est corrélée avec la présence de la connexion IC-
LGNd. Ces résultats sont en accord avec ceux observés dans d’autre modeéle animaux de
cécité précoce soit la souris anophtalme, le hamster énuclé€ a la naissance et le rat taupe
(Chabot et al., 2007; Doron & Wollberg, 1994; Izraeli et al., 2002; Piché et al., 2004) qui
présentent aussi une activation auditive de V1 corrélée avec la présence de la connexion
IC-LGNd. Dans d’autres modéles de cécité précoce, comme l’opossum énucléé a la
naissance, l’activation auditive de V1 n’a pas été corrélée avec la présence d’une
connexion transmodale sous-corticale de IC vers LGNd (Kahn & Krubitzer, 2002; Karlen
et al., 2006). La connexion IC-LGNd n’a simplement pas été étudiée dans ces autres
modéles de cécité précoce mais les résultats observés chez la souris anophtalme, le
hamster énucléé et le rat taupe peuvent nous faire suspecter qu’elle est présente.
L’activation auditive de I’aire visuelle primaire chez I’aveugle précoce humain corrélée
avec la présence d’une connexion IC-LGNd n’a jamais pu étre étudiée mais, une étude
récente suggere la présence de cette connexion chez les anophtalmes humains (Bridge,
Cowey, Ragge, & Watkins, 2009).

Néanmoins, cette corrélation n’est pas toujours observée car la présence des fibres
auditives de P11 a P13 ne transmettent visiblement pas I’information auditive a V1. Cela
pourrait étre di a la maturation du systéme GABAergique car avant d’étre inhibiteurs, les
neurones GABAergiques sont d’abord excitateurs (Boller & Schmidt, 2001) et ce,

Jusqu’aux alentours de P12-P13 chez le rat (Nomura, 1980). 1l est probable que lorsque
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les neurones GABAergiques du LGNd deviennent matures, le poids relatif de 1’inhibition
soit trop grand en comparaison a celui de |’excitation et I’information sensorielle n’est
pas transmise a V1 mais est tenue silencieuse. Or, avant P11, les neurones
GABAergiques étant excitateurs, ils contribuent a 1’acheminement des informations
sensorielles du LGNd vers V1. La maturation du systtme GABAergique peut aussi
expliquer que les fibres résiduelles auditives observées chez des rats €nucléés a P15 et
chez un contréle ne sont pas suffisantes pour activer V1. Le changement dans la
morphologie des fibres auditives chez les rats énucléés a P15 et chez le contrdle pourrait
s’expliquer par un processus Hebbien. Nous ne pouvons pas écarter non plus que si ces
fibres sont rendues silencieuses, elles pourraient étre activées lors de conditions propices
(Théoret, Merabet, & Pascual-Leone, 2004). D’autres études seraient nécessaires pour

éclaircir le role des fibres auditives dans le LGNd chez les rats énucléées tardivement.
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L’objectif général de cette thése était d’étudier, chez la méme espece animale,
I’effet de la cécité, précoce et tardive, et de I’environnement sur la réorganisation
sensorielle chez des aveugles. L’impact de ces facteurs a été étudié sur trois modeles de
rongeurs aveugles soit des souris aveugles : mutante anophtalme ZRDCT/An et la souris
C57BL/6 énucléée a la naissance et des rats énucléés. Les objectifs spécifiques de la
présente these étaient de 1) comparer les effets fonctionnels et anatomiques de la cécité
survenant a deux Aages différents dans la méme espece animale et de ii) décrire
I’influence de I’environnement — appauvri ou enrichi - dans lequel les souris ont grandi
sur la réorganisation sensorielle.

Chez la souris mutante, 1’activité auditive évoquée par le c-Fos a été observée
dans le LGNd de méme que principalement dans le cortex visuel primaire et
moindrement dans le cortex visuel secondaire. Ces mémes aires corticales sont activées
chez les aveugles humains précoces (Cohen et al., 1999; Sadato et al., 1996; Sadato et al.,
2002). Le tracage neuronal a confirmé les travaux de Piché et al., (2004), c’est-a-dire la
présence de la nouvelle connexion chez la souris mutante du collicule inférieur vers le
thalamus visuel primaire et le noyau latéral postérieur (Chabot et al., 2007). Aucune
connexion directe et réciproque entre le collicule inférieur et 1’aire visuelle primaire n’a
pu étre observée (Chabot et al., 2008). Par contre, chez la souris énucléée a la naissance,

I’activité auditive est observée principalement dans [’aire visuelle secondaire latérale



202

(Chabot et al., 2007). Cette activation auditive ressemble a celle retrouvée chez les
aveugles humains tardifs (Sadato et al., 2002). Aucune activité auditive n’est
significativement observée dans le LGNd ni dans le cortex visuel primaire et la nouvelle
connexion transmodale [C-LGNd n’est pas présente chez la souris énucléée a la naissance
(Chabot et al., 2007). Ces résultats suggerent que la période critique pour I’élaboration
d’une connexion transmodale audition-vision soit déja dépassée a la naissance pour la
souris. Chez le rat énucléé, le cortex visuel primaire peut €tre auditivement activé jusqu’a
P9 alors que la connexion IC-LGNd est présente, ce qui correspond a ce que nous avons
défini comme un modele de cécité précoce. Lorsque la connexion ectopique [C-LGNd
n’est plus élaborée, c’est 1’aire visuelle secondaire qui est activée par 1’audition, ce qui
ressemble a ce qui est observé chez les aveugles humains tardifs. Il semble donc que
I’activation auditive de V1 soit en lien avec la présence de la connexion IC-LGNd qui
caractérise nos modeles de cécité précoce.
Réorganisation sous-corticale

Les résultats de cette thése obtenus avec des modéles animaux de cécité, soit la
souris anophtalme et les souris et rats énucléés, nous permettent de conclure lorsque V1
est activé auditivement, il y a présence de la connexion IC-LGNd. Nos résultats sont en
accord avec ceux observés dans les rares €tudes sur la cécité précoce qui ont recherché
cette connexion chez la souris anophtalme, le hamster énucléé a la naissance et le rat
taupe (Doron & Wollberg, 1994; lzraeli et al., 2002; Piché et al., 2004) qui présentent
aussi une activation auditive de V1 corrélée avec la présence de la connexion IC-LGNd.
Dans les autres modéles de cécité précoce, comme I’opossum énucléé, le cortex visuel

primaire est activé par des stimuli auditifs (Kahn & Krubitzer, 2002; Karlen et al., 2006)
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mais la recherche de la connexion IC-LGNd n’a pas été effectuée. De méme, chez
I’aveugle précoce humain, V1 est activé par I’audition (De Volder et al., 1997; Kujala et
al., 1995; Roder et al., 1999; Roder et al., 1996; Roder et al., 2002; Veraart et al., 1990;
Weeks et al., 2000) mais cette activation n’a jamais été corrélée avec la présence de la
connexion IC-LGNd car cette connexion ne peut pas étre recherchée chez I’humain. Dans
les études sur la surdité précoce, aucune recherche d’une présence de connexion
ectopique sous-corticale - des fibres du tract optique qui projetteraient vers MGM - n’a
été effectuée pour expliquer I’activation visuelle de A1 observée chez le chat (Rebillard,
Carlier, Rebillard, & Pujol, 1977) et chez I’humain (Finney, Clementz, Hickok, &
Dobkins, 2003; Finney, Fine, & Dobkins, 2001).

Nous démontrons dans cette thése la corrélation entre 1’activation auditive de V1
et la présence de la connexion IC-LGNd chez la souris anophtalme et chez le rat énucléé.
La connexion intermodale au niveau thalamique est-elle vraiment responsable de
I’activité corticale observée dans V1?7 Nous ne montrons qu’une corrélation entre les
deux qui, bien qu’elle soit forte, n’implique pas une causalité. Un autre mode¢le
expérimental vient pourtant soutenir ce lien. Vers la fin des années 80 et au début des
années 90, la technique du recablage sensoriel (rewiring) a été développée chez le
hamster (Frost, 1981) et le furet (Sur & Garraghty, 1987; Sur, Garraghty, & Roe, 1988).
En détruisant d’une part, les cible normales des fibres rétinothalamiques et en
déafférentant d’autre part, les noyaux thalamiques spécifiques auditif ou somesthésique,
les chercheurs ont permis I’établissement de nouvelles connexions entre I’ceil et le noyau
thalamique auditif (Frost, Boire, Gingras, & Ptito, 2000; Sur et al., 1988) ou

somesthésique (Bhide & Frost, 1992; Frost, 1981). Dans tous ces cas, une activité
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visuelle complexe a pu étre observée dans les cortex correspondants. Par exemple, le

cortex auditif qui se développe sur la base de stimuli visuelles présente une carte
rétinotopique du champ visuel de méme que des cellules sensibles a I’orientation (Roe,
Pallas, Hahm & Sur, 1990; Sharma, Angelucci & Sur, 2000; Sur, 2004). Les résultats
obtenus par les études de rewiring indiquent que la modalité d’un noyau sensoriel
thalamique ou d’un cortex sensoriel primaire peut étre spécifiée par les projections qu’il
regoit pendant son développement. La déafférentation d’une cible a donc un impact
majeur sur sa potentielle colonisation par une autre modalité (Sur et al., 1988). A noter
que dans les modéles de recablage, c’est toujours le systeme visuel qui colonise les autres
systemes, jamais I’inverse. Dans cette these, nous avons montré que le systeme visuel,
lorsque déafférenté, fait un appel de connexion ectopique auditive.

Dans le cadre de son mémoire de maitrise en 2007, Le Houillier a démontré que
’arrivée des fibres auditives dans le thalamus visuel s’effectue a la fin de la premiére
semaine postnatale chez les souris contrdles et chez les souris anophtalmes. Les fibres
auditives ectopiques é€tablissent une connexion chez les souris anophtalmes. Chez les
souris voyantes, les fibres auditives ont quitté le LGNd a P10. Nos résultats démontrent
que chez les souris énucléées a la naissance, ces fibres auditives n’établissent pas établi
de contacts dans le LGNd. Dans notre étude chez le rat, quelques fibres auditives
semblent avoir résisté a 1’élimination dans le LGNd de certains rats énucléés a P15 et
chez un rat contréle. Des fibres transitoires font partie du développement normal (Bhide
& Frost, 1992), certaines ont pu se maintenir, toutefois en nombre insuffisant pour activer

le cortex visuel.
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L’absence de la connexion [C-LGNd chez les souris énucléées a la naissance nous
indique que la période critique pour I’établissement de cette connexion est déja finie ou
terminée. Cela pourrait s’expliquer par le fait qu’il y avait jusqu’a la naissance, une
arrivée de fibres rétiniennes dans le LGNd, ayant fait en sorte de conditionner le LGNd
en une structure visuelle. La modalité d’un noyau sensoriel thalamique est spécifiée par
les projections qu’il regoit pendant son développement (Sur et al., 1988), ce qui empéche
I’établissement de fibres d’une autre modalité. Une autre explication possible serait que
la déprivation visuelle chez la souris n’ait pas engendré une déstabilisation de la barriére
d’éphrine. Une étude montre que 1’énucléation embryonnaire ne perturbe pas la
concentration d’éphrines déja présentent dans le tectum de poulet embryonnaire (Cheng,
Nakamoto, Bergemann & Flanagan, 1995).

Comme les périodes critiques différent selon les systemes sensoriels et selon
’espéce (Hensch, 2004), la présence de la connexion IC-LGNd chez le rat énuclée
jusqu’a P13 pourrait s’expliquer par une modification du gradient de molécules
d’éphrines (EphA) qui guident la croissance axonale par principe d’attraction et de
répulsion. Jusqu’a environ P13, I’environnement cellulaire pourrait étre favorable a la
croissance axonale. La voie rétino-géniculée contient habituellement un gradient d’EphA,
résultant en une attirance pour les gradients d’éphrines complémentaires A2 et AS au
niveau du LGNd. L’absence potentielle de ce gradient d’EphA pourrait affecter le
gradient d’éphrine A2 et A5 en changeant la signalisation axonale dans son
environnement proche. Le MGN, pour sa part, est riche en éphrine B3. L’interaction
entre les éphrines A2/AS et B3 crée normalement une répulsion entre le MGN et LGNd

(Lyckman et al., 2001). Dans le cas du rat énucléé jusqu’a I’dge de P13, comme cela
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pourrait aussi €tre le cas chez la souris anophtalme, il est fort probable que la ségrégation
entre les voies auditives et visuelles soit perturbée en raison de I’absence d’une barriére
d’éphrines fonctionnelles. Cette instabilité pourrait étre une des causes de la colonisation
des fibres auditives vers le thalamus visuel chez la souris mutante et le rat énucléé.
Lorsque la barriere d’éphrine disparait, il pourrait y avoir a ce moment une possibilité de
passage de fibres auditives qui vont explorer le LGNd pour ensuite, se rétracter ou
s’établir sur place comme c’est le cas chez la souris mutante vers P7 et chez le rat énucléé
jusqu’a P13. Cette explication reste spéculative compte tenu des lacunes dans les
connaissances sur la barriére d’éphrines. En effet, les résultats des recherches effectuées
sur des souris embryonnaire (Cheng & Flanagan, 1994) ou sur des souris adultes (Knoll,
Isenmann, Kilic, Walkenhorst, Engel, Wehinger & al., 2001) démontrent que la barriere
d’éphrines est déja en place au jour embryonnaire et que la concentration d’éphrine
diminue chez I’adulte. A ce jour, aucune étude cinétique n’a été faite concernant la
barriére d’éphrines. 1l est donc difficile de conclure sur une déstabilisation de celle-ci,
méme ci ce phénomene reste plausible. Les études sur les éphrines et le systéme visuel
montrent leur réle dans la direction des fibres rétinofuges. L’implication des €phrines
dans [’établissement de la connexion IC-LGNd est donc théorique chez la souris
anophtalme et chez le rat énucléé. Par contre, il a été démontré que les éphrines sont aussi
responsables de la croissance axonale dans le systeme olfactif en développement (Knoll,
Zarbalis, Wurst & Drescher, 2001). Des études seraient nécessaires pour investiguer le
role des éphrines dans nos modeles de cécité précoce.

La présence de la connexion sous-corticale transmodale IC-LGNd n’exclut pas la

présence d’autres connexions ectopiques sous-corticales qui n’ont pas été vérifiées dans
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notre étude. La seule autre source sous-corticale étudiée dans cette étude est une
connexlion directe et réciproque entre IC-V1 qui ne s’est pas avérée. Par contre, une autre
connexion pourrait étre possible entre le thalamus auditif et le thalamus visuel chez la
souris mutante ZRDCT/An. Dans un autre modele animal, le rat-taupe, la
cytoarchitecture typique des structures visuelles ne serait plus apparente et la présence de
la connexion MGM-LGNd a ¢t¢ avancée (Necker et al., 1992; Rehkdamper, Necker, &
Nevo, 1994). D’autres ¢études ont réfuté ces résultats en démontrant que le LGNd est bel
et bien présent chez le rat taupe et qu’il est utilisé pour ’audition (Bronchti et al., 1989;
Doron & Wollberg, 1994). Chez notre souris anophtalme, le LGNd est présent et comme
dans le cas du rat taupe, il sert a véhiculer les informations auditives vers I’aire visuelle
primaire. Dans nos mode¢les de rongeurs aveugles, la cytoarchitecture observée dans les
aires visuelles suite a une coloration Nissl, respecte les critéres décrits par Caviness
(1975). 1l ne semble donc pas que ce soit une expansion du cortex auditif dans les aires
visuelles. De plus, les études de tragage faites sur nos animaux ont clairement démontré,
et en particulier chez nos souris, que le cortex auditif a une connectivité distincte du
cortex visuel secondaire (Chabot et al., 2007; 2008).

Une boucle d’activation auditive transthalamique ne peut pas étre exclue chez la
souris mutante. Comme chez la gerboise (Budinger, Heil, & Scheich, 2000), suite a une
injection dans AC, des fibres ont €té retrouvées au niveau du thalamus visuel primaire
(figure 43). Cette voie, pour la premiére fois décrite par Charbonneau (Charbonneau,
Laramee, Bronchti, & Boire, 2008) chez la souris anophtalme, pourrait aussi expliquer en

partie I’activation auditive du cortex visuel primaire en relayant I’information auditive du
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cortex auditif vers le thalamus visuel primaire et de 13, ’information auditive est

acheminée par la connexion normale LGNd-V1.

Réorganisation corticale

Il a été proposé que le néocortex soit une structure plus plastique, donc plus
facilement malléable, plus adaptive que les structures sous-corticales (Kaas, 1999). Les
structures sous-corticales se développent in-utéro. Leur développement se fait dans un
environnement contr6lé, dans un environnement homogene, a moins d’une anomalie
comme une anophtalmie, ce qui laisse peu de place a la plasticité. Le cortex quant a lui, a
besoin de stimulation provenant de I’environnement de I’individu pour arriver a maturité.
L’individu sera exposé a ces stimulations apreés la naissance. C’est ce qui explique
pourquoi, chez les vertébrés, le cortex est soumis a I'influence post-natale (Wallace &
Stein, 2007).

L’activation auditive des cortex visuels pourrait étre basée sur I’intégration
multisensorielle corticale. Il n’est pas exclu qu’une partie de 1’activité auditive observée
avec I’'immunohistochimie de la protéine c-Fos provienne d’une connexion directe entre
le cortex auditif primaire et le cortex visuel primaire, tel que montré chez 1’opposum
énucléé bilatéralement (Karlen et al., 2006). Des connexions entre les aires primaires
chez les animaux normaux ont été aussi démontrées (Budinger, Heil, Hess, & Scheich,
2006; Campi, Bales, Grunewald, & Krubitzer, 2010; Cappe & Barone, 2005; Cappe,
Rouiller, & Barone, 2009; Falchier, Clavagnier, Barone, & Kennedy, 2002; Schroeder &
Foxe, 2005). Une connexion AC-V1 est présente chez nos souris anophtalmes et
énucléées a la naissance de méme que chez nos controles (Charbonneau et al., 2008;

Laramee, Chabot, Charbonneau, Bronchti, & Boire, 2008). Les analyses statistiques faites
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dans cette these démontrent qu'il y a de I'activité auditive dans I’aire visuelle primaire des
souris anophtalmes mais pas dans celle des souris énucléées a la naissance ni celle des
souris controles (Chabot et al., 2007). En observant les photos des aires visuelles
primaires des souris énucléées et des souris contrdles (figure 19,) quelques somas
immunopositivement marqués sont retrouvés dans les couches supra- et infra-granulaires.
Ce patron d’activation correspond au patron de projection AC-V1, c’est-a-dire que les
terminaisons nerveuses des projections de AC se trouvent dans les couches supra- et
infra-granulaires de V1 (Laramee et al., 2008). La connexion AC-V1 chez nos trois
groupes de souris pourrait expliquer ce patron d’activation dans 1’aire visuelle primaire
(figure 43).

Une étude montre que des neurones visuels sont présents dans le cortex auditif
primaire chez le singe (Cappe & Barone, 2005; Cappe et al., 2009). Ceci suggére que les
cortex sensoriels primaires ne sont pas uniquement unimodaux (Budinger et al., 20006;
Schroeder & Foxe, 2005). Chez I’humain adulte, 1’électroencéphalographie - qui mesure
des ondes électriques- a montré qu’un stimulus auditif induit des potentiels évoqués
(Event-Related Potentiel) dans le cortex temporal alors qu’ils sont absents du cortex
occipital (Neville et al., 1997). Par contraste, chez le bébé de 6 mois, le méme stimulus
auditif engendre des ERPs autant dans le cortex temporal que occipital, ce qui suggere
une faible spécificité et une redondance des connexions a cet age (Neville & Bavelier,
2002). Entre 6 et 36 mois, ’amplitude des ERPs auditifs dans le cortex occipital diminue
alors que celle dans le cortex temporal reste inchangée. Donc chez ["’humain, ces résultats
suggerent aussi la présence de connexions entre les aires primaires sensorielles (Neville

& Bavelier, 2002).
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L’activation auditive de I’aire visuelle secondaire peut provenir de projections du
cortex auditif vers I’aire visuelle secondaire latérale (figure 42) qui ont été mises en
évidence chez les souris C57/BL6 contrdle et énucléée a la naissance (Laramee,
Charbonneau, Bronchti, & Boire, 2008a; Laramee, Charbonneau, Bronchti, & Boire,

2008b). On peut suspecter que cette connexion AC-V2I soit aussi présente chez la souris

anophtalmique.
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Figure 42 Schéma des connexions hétéromodales pour expliquer D’activation auditive des aires
visuelles. En plus de la connexion normale visuelle entre le LGNd et V1, une connexion directe entre AC
et V1 a été observée chez les souris contrdles, anophtalmes et énucléées a la naissance (Charbonneau et al.,
2008; Laramée et al., 2008). Une connexion entre AC et V21 a aussi été mise en évidence chez les souris
contrdles et énucléées (Laramée et al., 2008a, Laramée et al., 2008b). Bien que pas encore vérifiée, cette
connexion AC-V2| est potentiellement présente chez les souris anophtalmes. La souris anophtalmes
possede aussi une connexion ectopique entre Ic et le LGNd et entre AC et le LGNd. Cette connexion peut
étre aussi une source d’activation auditive de VI car les informations auditives sont envoyées au LGNd
pour ensuite étre acheminées vers V1.

Effets sous-corticaux et corticaux de [’environnement

La majorit¢é des études faites sur D’effet de [I’enrichissement avance que
’enrichissement a un effet préférentiel au niveau du cortex cérébral (Diamond, 2001;
Diamond, Ingham, Johnson, Bennett, & Rosenzweig, 1976; Diamond, Rosenzweig,
Bennett, Lindner, & Lyon, 1972; Mohammed et al., 2002; Rosenzweig et al., 1969;

Rosenzweig, Bennett, & Diamond, 1967). Ceci pourrait s’expliquer par le fait que le

cortex cérébral est trés plastique (Kaas, 1991). Néanmoins, les résultats obtenus dans le
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cadre de cette thése indiquent que I’enrichissement a un effet tant sur le cortex auditif que
sur le collicule inférieur et le LGNd chez les souris anophtalmes. La qualité de
I’environnement n’influence pas le volume du néocortex ni celui des structures d’intéréts
étudiées soit le collicule inférieur, le corps genouillé latéro-dorsal, le cortex auditif
primaire, le cortex visuel primaire et les cortex visuels secondaires latéral et médial chez
nos souris aveugles et les contdles.

Certaines €tudes proposent que 1’enrichissement de I’environnement conduise : a
des somas plus gros, a une augmentation du nombre de neurones au niveau du cortex
(Beaulieu & Colonnier, 1989a, 1989b; Diamond, 1988) et de I’hippocampe
(Kempermann, Gast, & Gage, 2002), a une augmentation du nombre d’épines
dendritiques et a une amélioration des fonctions cognitives (Kobayashi, Ohashi, & Ando,
2002; Rosenzweig & Bennett, 1996). Par contre, d’autres auteurs soutiennent que
I’enrichissement de I’environnement n’influence pas les structures cérébrales. Bhide et
ses collaborateurs (1985) ne trouvent aucun effet de ’environnement sur la densité
neuronale ni sur le diameétre des synapses dans le cortex visuel primaire de rats. Les effets
de D’enrichissement ne sont pas observés de fagon constante dans la documentation
scientifique. Cela peut étre d a une méthodologie différente pour la collecte de données
(Bedi & Bhide, 1988). Par exemple, les équipes de Diamond et de Beaulieu ont utilisé
une technique non-stéréologique qui conduit a des erreurs systématiques. Diamond et ses
collaborateurs ont compté le nombre de neurones qu’ils observaient au travers des
oculaires du microscope. Cette fagon de quantifier ne prend pas en compte 1’épaisseur de
la coupe, ce qui conduit forcément a un biais d’estimation. De plus, I’échantillonnage

aléatoire n’a pas été utilisé. L’équipe de Beaulieu a pris en compte I’épaisseur du cortex
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mais pas celui de la coupe dans leur calcul, ce qui conduit aussi a un biais d’estimation.
Les équipes qui ont étudié I’effet de I’environnement en estimant le nombre de neurones
a l’aide d’une technique non-biaisée, la stéréologie, arrivent, comme nous, a la
conclusion que I’environnement n’a pas d’effet sur le nombre de neurones (Bedi &
Bhide, 1988; Bhide & Bedi, 1985). Ces différences méthodologiques devraient étre prises
en considération avant de tirer des conclusions sur I’effet de I’environnement (Bedi &
Bhide, 1988).

L’environnement n’a pas d’effet sur I’activité auditive des souris énucléées a la
naissance. Pourtant, il a été démontré que I’environnement allonge la fermeture de la
période critique lors de 1’élaboration des cartes auditives dans le collicule supérieur
(Brainard & Knudsen, 1998). Nous avons montré que I’environnement n’affecte pas les
souris que nous avons utilisées comme contréle ou comme perte de vue tardive mais
seulement les souris mutantes. Il est possible que la différence de sensibilité¢ a
I’environnement de nos différents modeles soit le reflet de différence entre les souches
utilisées (Brillaud, Morillion, & de Seze 2005; Tsai, Pachowsky, Stelzer & Hackbarth
2002). Pour préciser I’effet de ’environnement, le modéle du rat énucléé a diftérents
stade de développement et élevé dans différents milieux pourrait étre intéressant.

D’autres expériences seraient nécessaires.

Un enrichissement sonore de [’environnement conduit a une facilitation
fonctionnelle et donc a une réponse auditive plus forte et a un abaissement du seuil de

détection. Ces changements induits par I’enrichissement auditif sont visibles en moins de
deux semaines (Engineer et al., 2004). Si I’animal est placé dans un environnement

standard, ces gains sont perdus en moins d’une semaine (Dinse, 2004). Ceci signifie que
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pour que les gains perdurent, I’entrainement auditif doit étre renouvelé de fagon continue.
Cela signifie-t-il que ’enrichissement n’entraine pas de consolidations structurales au
niveau cortical ? Si tel est le cas, est-ce que des consolidations structurales sous-corticales
sont possibles ? Caleo en 2009 a démontré que le bourgeonnement des fibres des cellules
ganglionnaires est augmenté suite a une lésion rétinienne chez le rat vivant dans un
milieu enrichi. Il est donc possible que dans le cas de nos anophtalmes, I’environnement
enrichi conduit a un renforcement de la connexion IC-LGNd et I’ environnement appauvri

conduit a une diminution de la connexion IC-LGNd. Ceci expliquerait nos résultats

obtenus chez la souris mutante.

Application des résultats
Le succes fonctionnel des prothéses de substitution repose sur les mécanismes de

la plasticité neuronale. Les résultats de cette thése mettent en lumiére deux cas de figures
différents de plasticité cérébrale selon le moment d’apparition de la cécité. Le premier cas
de figure a lieu lors d’une cécité précoce. Il décrit une réorganisation massive du
traitement de ’activité auditive qui a lieu, en plus du systéme auditif, dans une structure
visuelle sous-corticale, le LGNd, et le cortex visuel primaire. Le LGNd et le cortex visuel
primaire deviennent donc auditifs. Le deuxiéme cas de figure survient lors d’une cécité
un peu plus tardive. En plus du systéme auditif, le traitement de I’information auditive est
effectué par le cortex visuel secondaire. Dans ce cas-ci, a quoi sert le cortex visuel
primaire ? On ne peut pas exclure qu’il soit recruté par la somesthésie.

Est-ce que, dans ces deux cas, I’implantation d’une prothése sensorielle aura le
méme effet ? Deux types de dispositifs sont étudiés 1) le branchement d’une micropuce

ou d’une caméra sur le nerf optique ou ii) I’implantation d’une micropuce directement sur
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le cortex visuel primaire, cette micropuce étant reliée a une caméra (Merabet, Rizzo,
Amedi, Somers, & Pascual-Leone, 2005). Si une caméra est branchée sur le nerf optique
d’un aveugle précoce, les stimuli en provenance de ’appareil vont stimuler le LGNd qui
lui, est déja recruté par une autre modalité. Est-ce que le LGNd saura intégrer des
informations visuelles aprés avoir traité des stimuli d’une autre modalité ? Rien n’est
moins sur. Chez les aveugles tardifs, représentés par notre modele de souris énucléée a la
naissance, il est possible que le LGNd et le cortex visuel primaire soient encore capable
de traiter des stimuli visuels en provenance d’une caméra installée sur le nerf optique.
Lors d’implantation de puce sur le cortex, I|’information visuelle arrive
directement au cortex visuel primaire. Mais, si le LGN et V1 traitent déja des stimuli
d’une autre modalité, comme chez ’aveugle précoce, la stimulation électrique de V1
sera-t-elle pergue comme une stimulation visuelle ou plutot auditive ? Alors que chez
I’aveugle tardif, son cortex visuel primaire a déja procédé a un traitement d’informations
visuelles, il serait alors possible de recruter a nouveau ce cortex par des stimuli visuels
(Cowey & Walsh, 2000). L aveugle tardif est peut étre celui a prioriser pour ’installation
d’un tel dispositif alors que I’aveugle précoce aura avantage a utiliser une prothése de
substitution sensorielle (Ward & Meijer, 2009). Bien sur la technologie n’est pas encore
optimale mais pour €tre garant de succes, il est important de comprendre les subtilités des

mécanismes adaptatifs de la plasticité.
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Les résultats obtenus dans le cadre de cette thése de doctorat permettent de
conclure que les objectifs généraux et spécifiques ont été atteints. Il a ét€¢ montré que
I’environnement a des effets tres ciblés sur la réorganisation fonctionnelle.
L’environnement enrichi favorise [’activation auditive des structures auditives
uniquement chez la souris anophtalme. De plus, il a été possible de comparer a I’intérieur
de la méme espéce animale, les effets fonctionnels et anatomiques d’une cécité précoce et
d’une cécité tardive. Les différences d’activation auditives corticales observées entre les
souris mutantes/rats énucléés jusqu’a P9 et les souris énucléées a la naissance/rats
énucléés apres P10 correspondent aux différences d’activation observées chez les
humains aveugles précoces et tardifs. Chez les humains aveugles précoces, les aires
visuelles primaire et secondaire sont activées auditivement alors que ce ne sont que les
aires visuelles secondaires qui sont activées auditivement chez les aveugles tardifs. Le rat
énucléé a P9 et, méme si cela puisse sembler paradoxal, la souris énucléée a la naissance
sont de bons modéles de cécité tardive. Les travaux de cette thése démontrent pour la
premicre fois qu’il y a une corrélation entre l’activation auditive de I’aire visuelle
primaire lors de la cécité précoce et la présence d’une connexion ectopique IC-LGNd.
Son corollaire est aussi vérifié : lorsqu’il y a absence d’activation auditive dans [aire
visuelle primaire (dans le cas de cécité tardive) la connexion IC-LGNd est absente. Un

schéma récapitulatif de la contribution de cette these est présenté a la figure 43. Ces
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résultats corroborent le role prépondérant de la période critique dans la réorganisation

sensorielle et mettent en avant le réle des connexions sous-corticales.

Humain Animal
Précoce Tardif Précoce Tardif
Activation V1-V2 V2 V1-V2 V2
Connexion Bridge etal,en  D'autres résultats LGNd LGNd
sous-corticale 2009, citent des de cette these
résultats de cette thése suggérent que NON
pour proposer qu'il la connexion ic ic
y a présence d'une IC-LGNd est
connexion absente chez
IC-LGNd chez les les humains

humains anophtalmes aveugles tardifs

Figure 43 Contribution des travaux de recherche de la présente these au domaine de la plasticité
transmodale. En rouge, I’apport de cette these au domaine de la plasticité transmodale. En noir, les
connaissances apportées par les travaux de d’autres équipes de recherche. Il est connu qu’une stimulation
non-visuelle active les aires visuelles primaire et secondaire chez 1’aveugle humain précoce et |’aire
visuelle secondaire chez ’aveugle humain tardif. Dans les modeles animaux qui retlétent une cécité
précoce, ce sont aussi les aires visuelles primaire et secondaire qui sont activées par une stimulation non-
visuelle. En plus, il y a présence d"une connexion [C-LGNd. Aux connaissances d€ja acquises, les travaux
de cette these ajoutent les données d’un modele animal - la souris énucléée a la naissance - qui refléte une
cécité tardive. L’activation non-visuelle s’observe dans ’aire visuelle secondaire et il y a absence de la
connexion IC-LGNd. De plus, des résultats de recherche de cette thése sont cités par des chercheurs d’un
autre laboratoire pour suggérer la présence de la connexion IC-LGNd chez des humains anophtalmes.

D’ autres résultats de cette thése suggérent I’absence de la connexion IC-LGNd chez I’aveugle humain
tardit.
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