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Abstract

We are interested in the role of neural activity mediated through regulated vesicular release in the
stopping and early branching of the thalamic projections in the cortex. Axon outgrowth, arrival to
cortical subplate, side branch formation during the waiting period and cortical plate innervation of
embryonic thalamocortical projections occurs without major abnormalities in the absence of
regulated release in Snap25~'~ mice (Washbourne et al., 2002; Molnar et al., 2002). The fact that
Snap25~~ mice die at birth limited our previous experiments to the prenatal period. We therefore
investigated the behaviour of thalamic projections in co-culture paradigms using heterochronic
thalamic (E16/18) and cortical (P0/3) explants where the stopping and branching behaviour has
been previously documented. Our current co-culture experiments established that thalamic
projections from E16-18 Snap25''* or Snap257'~ explants behaved in identical fashion in P0/3
Snap25t'* CTX explants after seven days in vitro. Thalamic projections from Snap25-'~ explants
developed similar fibre ingrowth pattern to the cortex, stopped and formed branches at similar
depth of the Snap25+'* cortical slice as in control cultures. These results imply that thalamic
projections can reach their ultimate target cells in layer 4, stop and start to develop branches in the
absence of regulated vesicular transmitter release from their own terminals.

Introduction

Development of neural connections relies on multiple mechanisms of pathfinding, target
selection, and activity-dependent plasticity (Shatz and Stryker, 1978; Katz and Shatz, 1996;
Ming et al., 2001; Sur and Rubenstein, 2005; Hanson and Landmesser, 2004; Nicol et al.,
2007). In particular, several studies have highlighted an instructive role for early neural
activity in area-specific targeting, invasion of the cortical plate and lamina-specific
termination of thalamocortical axons (Anderson and Price, 2002; Lee et al, 2005a,b; Uesaka
et al., 2006; 2007). However, the nature of this neuronal activity and its precise role in these
early events remains unclear.

Disruption of activity patterns with the sodium channel antagonist tetrodoxin (TTX), which
blocks the propagation of action potentials, has been demonstrated to result in the incorrect
targeting of visual thalamic fibres into the auditory cortex of embryonic cat brain, a region
that fibres usually bypass en route to the visual cortex (Catalano and Shatz, 1998). It has
been suggested, moreover, that during the initial targeting of layer 4 of cortex by TCAs,
activity-based interactions lead to the functional arrangement and refinement of these
thalamic inputs (Friauf et al., 1990; Krug et al., 1998; Arber, 2004).
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There is evidence to suggest that the requirement for neural activity in establishing
appropriate thalamocortical circuitry may stem from its role in regulating the lamina-specific
targeting of thalamic projections. For example, infusion of TTX into the developing
embryonic cat brain /n vivo during the period when TCAs reside in the intermediate zone
prior to their invasion of the cortex, resulted in the fibres growing through layer 4 to the pial
surface of the brain (Herrmann and Shatz, 1995). Similar results have been reported using ex
vivo explant co-culture systems, where addition of TTX during axonal outgrowth prevented
the proper termination of axons in layer 4 (Anderson and Price, 2002). Other studies have
shown, however, that over a longer time course, axons did terminate correctly in the
presence of TTX, although arborisation was more elaborate with a greater number of
branches (Wilkemeyer and Angelides, 1996). These results are consistent with the notion
that synaptic activity might regulate the expression of the various surface molecules that
provide permissive or stop signals necessary to adopt proper thalamocortical circuitry
(Takemoto et al., 2002; Yamamoto et al., 2000b).

Genetic alterations of proteins involved in synaptic transmission provide an alternative
means to dissect the role of neural activity patterns during brain development (Rizo and
Sudhof, 2002). In particular, induced mutations of the gene encoding SNAP-25
(Synaptosome associated protein of 25 kDa) have been useful in distinguishing between
action potential-dependent and —independent neurotransmitter release (Washbourne et al.,
2002), as well as changes in synaptic plasticity during postnatal maturation of the brain in
mice (Bark et al., 2004).

Because Snap25null mutant mice do not survive birth (Washbourne et al., 2002), our
previous studies were limited to fetal brain and could only establish that the initial
topographical placement of thalamocortical and corticofugal fibres proceeds correctly in the
absence of SNAP-25, and hence action potential evoked synaptic activity (Molnar et al.,
2002). This investigation, therefore could not address the further development of
thalamocortical circuitry that occurs during early neonatal periods (P2—P4), which includes
migration of layer 4 neurons to their final laminar positions (Agmon et al., 1993; Rebsam et
al., 2002), followed by the growth of TCAs to these layer 4 cells where they stop to
elaborate complex axonal arbours. To extend our examination of the role of synaptic activity
to these later steps of thalamic fibre stopping and initial layer detection we have exploited
the use of an ex vivo heterochronic explant system (Yamamoto et al., 1989; Molnéar and
Blakemore, 1991, 1999; Bolz et al., 1992; Yamamoto et al., 1992). The specific termination
and branching of TCAs invading layer 4 are preserved, although the area specificity of these
connections appears to be lost in the ex vivo system (Molnar and Blakemore, 1999; Yamada
etal., 1999, 2000; Yamamoto et al., 2000a,b; Yamamoto, 2002; Poskanzer et al., 2003).
Using this explant co-culture system, we demonstrate here that the ex vivo development of
thalamocortical connections, extending from SNAP-25 deficient thalamus into wild type
cortex, proceeds normally in the absence of Ca2*-triggered, action potential-dependent
neuroexocytosis, suggesting that the innervation of thalamic projections and their initial
recognition of appropriate cortical landmarks does not require regulated synaptic
transmission.

All animal experiments were approved by a local ethical review committee and conducted in
accordance with personal and project licenses under the U.K. Animals (Scientific
Procedures) Act (1986).
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PCR genotyping of SNAP-25 deficient and control fetuses

Snap25~~ mutant fetuses, removed by caesarean section at E16—18, were initially
distinguished from control heterozygote and homozygote wild type littermates by their lack
of spontaneous movement and response to a pinch to a limb. To confirm the genotype of
“non-moving” fetuses and to determine the genotype of the control fetuses, PCR genotyping
was performed on genomic DNA prepared from ear or post-mortem tail biopsies. For
technical details please see Washbourne et al., (2002).

Preparation, maintenance and analysis of thalamus/cortex heterochronic co-cultures

Co-cultures were prepared as described as generally described in previously published
protocols (Yamamoto et al., 1989, 1992; Molnar and Blakemore, 1991, 1999; Rennie et al.,
1994). As depicted in Fig.1, the heterochronic co-cultures consisted of thalamic explants
taken from fetuses (E16—E17) resulting from time mated pregnancies of Snap25'~ x
Snap25*~ mice (backcrossed for 7 generations to C57BL/6; Washbourne et al., 2002) and
cortical explants were obtained from P3-P4 wild type C57BL/6 mice.

Fetal dorsal thalamic explants—Time mated pregnant mice were killed by cervical
dislocation and the embryos removed by caesarean section. To identify homozygous Snap25
null mutant (Snap25~"") fetuses, the mice were tested for reaction to tactile stimuli and those
unable to move in reaction to a mild forceps pinch were assumed to be Snap25null. All the
genotypes were subsequently confirmed by PCR analysis using genomic DNA obtained post
mortem from tails (see Washbourne et al., 2001). The number of mice with genotypes
Snap5*"*, Snap25*!=, Snap257'~ used for this study were: E16 (8,10,16; E17 (12, 14, 24);
E18 (2,8,6); P2—4 (35,0,0) for genotypes respectively. The embryos were placed in ice cold
oxygenated artificial cerebro-spinal fluid (ACSF) and all subsequent manipulations were
performed in this solution. The brains were dissected from the heads and dorsal thalamic
explants were obtained by manually dissecting the brain.

Cortices were pushed anterior-laterally to reveal the dorsal thalamus and the pia was
removed to expose the dorsal thalamus. Thalamic regions containing the VB and LGN (but
aiming not to include putative PO, see Molnar and Blakemore, 1999) were dissected using a
micro-surgical scalpel into pieces typically 800 um? that were further cut into at least two
pieces. All tissue from prepared by either manual dissection or microtome sectioning were
collected in ice cold, oxygenated ACSF.

Neonatal cortical explants—Postnatal mice, P2—P4, were anaesthetised on ice and
decapitated. The brains were dissected in ice cold ACSF and cortical slice explants were
prepared from somatosensory cortex approximately 400 wm apart (see Molnér and
Blakemore, 1999 for technical details).

Preparation of the culture plates, positioning the explants, and incubation

6 well tissue culture plates were prepared using either 30 mm Millicell Organotypic PTFE
0.4 um pore size inserts (Millipore, Billerica, MA USA) or 24mm Transwell-COL
Collagen-Coated 0.4 um pore PTFE Membrane Insert (Corning, Acton, MA USA). The
inserts were pre-incubated for at least 1 hour at 37°C (5% CO») with tissue culture medium:
DMEMY/F-12 Ham (Sigma, Poole, UK) supplemented with 2.4 mg/ml D-glucose, 50 mg/ml
penicillin, 50 mg/ml streptomycin, 5% fetal calf serum, 1% N2 supplement, Gibco/
Invitrogen, Paisley, UK). Sufficient media was added to the well to maintain a thin film over
the surface of the insert membrane during pre-equilibration. Four cortical and four thalamic
explants were placed on each membrane. We did not observe any noticeable differences in
cultures using E16,17 or 18 thalamic explants (similarly as described in Molnar and
Blakemore, 1999). The co-cultures were grown for between 5 and 14 days with the medium
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being changed every 4872 h. After this period the cultures were fixed with 4% PFA at
room temperature for at least 2 h. Prior to carbocyanine dye tracing they were stored at 4°C
in 4% PFA or PBSA.

Labelling and visualisation of the co-cultures

Following the fixation of the co-cultures in 4% PFA, fibres emanating from the thalamic
into the cortical explant were visualised by Dil labelling (Molnar et al., 2006). Small crystals
of Dil (1,1-dioctadecyl-3,3,3",3" -tetramethyl-indocarbocyanine perchlorate, Invitrogen)
were inserted into the thalamic explant and the co-culture was incubated for 7 days at 37°C
in 2% PFA or PBSA to allow tracer diffusion. The cultures were then counterstained with
bis-benzimide (2.5 pg/ml in PB for 10 min), mounted on gelatine subbed slides,
coverslipped under PB and sealed to prevent evaporation. The cultures were visualised with
a Leica DM upright fluorescent microscope. Where TCAs were visible images were
acquired using a 20X objective with a Leica DC500 digital camera with IM50 software in a
z-series to allow the path of axons to be followed throughout the thickness of the culture.
We used this image acquisition rather than confocal microscopy because of the considerable
thickness of the cultures, that would have required large number of focal planes for the
analysis).

Quantitative assessment of axonal architecture and statistical analysis

Results

Using Adobe Photoshop, and referring to 5x and 10x power images, 20x objective lens z-
series stacks from individual co-cultures were arranged to form composite pseudo three-
dimensional micrographs, which were superimposed onto an outline of the entire co-culture
(Fig. 1). In order to compare the complexity of axon arborisation, the fibres were first
categorised into four groups: “unbranched”, “simple” (3 or fewer branches), “complex” (4
or more branches), and “marginal” that corresponded to TCAs which progressed around the
margin of the cortical slice explant regardless of the number of branch points; examples are

shown in Fig. 2.

To score the position of axon bifurcation and termination, each point was marked on the
outline view (Fig. 1) and measured with respect to the distance from edge of the thalamic
block. The position was then expressed as a percentage of the total distance between the
thalamic block and pial margin of the cortical explant. Concurrently to marking these
features of axonal architecture, thalamocortical fibres were reconstructed in 2-dimensions
using drawing features of Adobe Photoshop and Adobe Illustrator. Comparison of the
different groups was performed using the Students t-test for statistical significance. This was
done in three ways: averaged per culture, per axon, or, per branch or termination point. An
example of this analysis is shown in Fig. 1 for the quantification of 10 axons identified in a
cortical slice of a representative co-culture with a Snagp25-'~ thalamic explant (depicted in
Fig. 1, panels A-C). To visualise the distribution of the axon branch or termination points
through the cortical thickness, data were pooled between groups (i.e. genotype for
Snap25'~ or control cultures) and then placed into 5 bins, each representing 20% of the
cortical thickness. The distribution of total points was then represented graphically. To
provide a further analysis of axon morphology, axons were traced and the number of branch
points per fibre was counted. The mean numbers of branch points were calculated and the
control and Snap25~'~ groups were compared using the Mann-Whitney non-parametric test.

Development and general characteristics of the thalamocortical co-cultures

Thalamocortical heterochronic co-cultures were set up to provide an ex vivo model of the
thalamic axon termination and initial branching that occurs during the first week of postnatal
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development. In these cultures, explants from either Snap25 null mutant or control
(heterozygous or wild type) fetuses were placed adjacent to cortical sections isolated from
wild type P2—4 wild type neonates. In order to analyze in detail only those co-cultures that
successfully reflected normal development over this period, we established several criteria.
First, co-cultures had to appear healthy, free of contamination and therefore remained
attached to the filter substrate throughout processing. Secondly, we eliminated all co-
cultures that showed exuberant cortico-thalamic axon ingrowth evidenced by backlabelled
cortical cells that obscured any TCAs, (supplementary figure S1, panels A and B). Based on
these criteria, we selected and performed detailed quantitative analysis on 15 control and 13
knockout co-cultures.

At 7 DIV, the co-cultures were collected, fixed with paraformaldehyde, and labelled with
thalamic explant Dil crystal placements, before counterstaining with bis-benzimide (see
Methods). Our initial examination showed that both control and knockout thalamus co-
cultures exhibited a large range of axonal morphology that extended from deeply penetrating
fibres with extensive terminal arbours to short, unbranched axons. Based on these
observations we developed four categories that were used to describe individual axonal
processes. Representative examples of projections that were distinguished and classified in
this manner from both control and Snap25~/~ thalamus co-cultures are shown in Figure 1 left
and right panels, respectively. Tracings of individual axons showed that thalamic projections
typically entered into the cortical slice and then grew radially towards the pial margin (Fig.
2, panels C, F and L). In a few cases, however, fibres were observed to have grown around
the lateral periphery of the cortical slice and were consequently termed marginal (Fig. 21).
The number and the relative proportion of reconstructed fibres assigned to each of these
groups in both control and SNAP-25 deficient projections were very similar. The number of
reconstructed axons were: extensive branching (11,11); sparse branching (21, 19);
unbranched (75,50); marginal (6,2) for control and for Snap25~/~ respectively. What was
clear from this initial characterization is the largest proportion of fibers that were traced,
both innervating from mutant and wild type, were unbranched projections, followed by
those categorized by sparse branching, and that projections exhibiting extensive branching
was only reflected by a minority of projections from either geneotype.

Dil labels neural fibres bidirectionally by virtue of lateral diffusion through the cell
membrane, independent from the direction of normal cell trafficking (Godement et al., 1987;
Molnar et al., 2006). This property often led to backfilling of cortical neurons and labelling
of axons that projected into the thalamic region of the co-culture. The number of neurons
stained in this manner varied greatly between co-cultures. In some co-cultures, the labelled
cells were so numerous that they obscured TCAs and prevented their analysis, thereby
eliminating that co-culture from this study. Interestingly, in these cases the distribution of
the labelled neurons appeared broad, in both the ventricular to pial and medial to lateral
direction across the cortical thickness (supplementary Fig. S1). However, in the upper apical
region of the cortical explant, corresponding to layers 1-4, these neurons were relatively
sparse. We examined several of these neurons in more detail and found that they were
typically pyramidal, with varying dendritic morphology, but could be differentiated by
lateral branching of tufts at the distal end of their apical dendrite. Nevertheless we saw no
noticeable difference in the number or distribution of backfilled cortical neurons, or their
projections, in cultures made with either Snap25~~mutant or control thalamic explants
(suppl. Fig. S1 panels B, D, F).

Quantitative analysis of co-cultures

In contrast to development /n vivo, the characteristic lamination pattern of the P2—4 cortex
was not readily seen in all of the cortical slices of co-cultures after 7 DIV similarly as
reported previously (Molnar and Blakemore, 1999). Although careful observation did reveal

Eur J Neurosci. Author manuscript; available in PMC 2013 May 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Blakey et al.

Page 6

evidence for residual cortical layering in most cultures, cellular density and cytoarchitecture
from the ventricular to the pial margin appeared homogenous when assessed by fluorescent
microscopy after bis-benzimide staining. Because this presented a difficulty in assigning
cortical layers based on distinctive morphometric landmarks that remain in acute brain
slices, we therefore devised a whole slice thickness method to compare axonal architecture
phenotypes between Snap25 null and heterozygote or wild-type co-cultures. For this
purpose, we estimated the depth of the projection from the position of the terminus, and the
position of the branchpoints relative to the thickness of the cortical section (expressed as %
distance).

In addition to calculating the mean positions of termination and branch points, the
distribution of termination and branch points were evaluated by splitting the cortical sheet
into 5 bins of equal proportional width (i.e. 0—-20%, 20-40%, etc). The number of features in
each bin was counted, and the distribution of each feature was expressed as a percentage of
the total number counted within each bin.

Position of termination and bifurcation of control and SNAP-25 deficient
thalamic projections—The anatomical features of the co-cultures were measured, as
described above, blind to their genotype. They were then sorted for comparison into control
(Snap25¥* and Snap25*/-)and SNAP-25 deficient (Snap257~) thalamic explant co-cultures.
Initially, the mean position and number of termination and branch points in each co-culture
were calculated and then averaged to derive the population mean for control and SNAP-25
deficient co-cultures. There was no significant difference between the mean axon
termination point of projections from control and S$nap25~'~ null mutant thalamic explants
(control 34.1% =+ 4.24, n=15; Snap257'~ 35.6% + 2.8 n=13; p=0.773, unpaired Students t-
test).

The mean length of projection into the cortex was also calculated based on the total
individual termination points per genotype, which favours co-cultures with more
distinguishable projections. Again, this analysis showed no difference between the
projections from control and SNAP-25 deficient thalamus (control, 38.7% + 1.34 n=201;
Snap257= 41.2% + 1.32 n=184; p=0.180)

The position of the axon bifurcation points were compared both on the basis of cultures
analysis and total individual events as described above. Similarly, these measurements also
showed no significant difference where control and SNAP-25 deficient thalamic projections
branched in the overlaying cortical section. The position of branch points averaged from
each co-culture was 41.1% =+ 4.73 (n=10) for controls compared to 37.0% =+ 4.43 (n=10) for
Snap25'~ thalamus co-cultures (p=0.528). Virtually the same result was obtained when
means were calculated on the basis of total branch points, where the mean position for
control axon branch points was 42.9% # 2.17 (n=74) and for Snap25/~axons was 43.3% +
1.68 (n=94) (p=0.90).

Distribution of termination and bifurcation points of thalamic projections—
Because the above analyses of the mean termination and branch point positions did not show
any significant differences between the two groups of co-cultures, we considered whether
this was due to the large range and broad distribution of these features of axonal architecture
throughout the cortical slice. We therefore analyzed the distribution of the axon termination
and branch points, as described in the Methods, by dividing the cortex into 5 layers of equal
width, starting from the edge juxtaposed to the thalamic explant, and counting within each
layer the number of these features made by the Dil labelled innervating thalamic projections.
As previously performed for the position of these features, we calculated the distribution of
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bifurcation and termination points both by averaging the number of these events observed in
independent cultures and on the basis of the total scored as individual events.

As shown in Fig. 3A, the termination points of thalamic projections, calculated on the basis
of total observed terminals scored for control and SNAP-25 deficient co-cultures (white and
grey bars respectively), was widely distributed across the cortical slice, with endpoints
observed in all five bins. Nevertheless, the relative number of termination points for axonal
projections of both control and null mutant co-cultures peaked in the 20-40% bin, with 46%
and 45% of the endpoints, respectively. Importantly, approximately equal amounts axonal
termination points were observed for control and SNAP-25 deficient projections throughout
the more superficial regions, albeit almost exclusively in the 40%-80% bins, confirming that
SNAP-25 deficient projections, as controls, were able to effectively innervate the outer
layers of the cortical slices. When the same analysis was performed for the distribution of
branch points (Fig. 3B), we observed a similar general trend as seen for termination points
although the distribution appeared broader with a greater percentage of bifurcations located
in the superficial layers (e.g. bins 40-60% and 60-80%). Interestingly, the relative
proportion of SNAP-25 deficient projections either terminating or branching within the outer
level of the cortical slice (demarcated as the 60-80% bin) appeared relatively decreased
(with a concomitant increase in the 40-60% bin), with respect to controls. While this may
suggest that the projections from the null mutant thalamus could have a tendency to
innervate neurons populating somewhat deeper layers of the developing cortex, this
observation clearly shows that axons lacking SNAP-25 and unable to develop action
potential-dependent synaptic transmission, do not simply extend towards the pial surface.

Analysis of axon branch number—Although the previous analyses of the mean
positions and of the distribution of the termination and bifurcation points showed no
significant differences between control and Snap25~'~ thalamic co-cultures several reports
have indicated that neural activity has an instructive role, not only the laminar termination
and branch pattern, but also the frequency of arborisation (Wilkemeyer and Angelides,

1996; Lee et al., 2005b). In order to investigate this facet of TCA development in the co-
cultures, we performed a more detailed morphometric analysis on a selection of axons traced
onto outlines of co-cultures to calculate the number of branch points per axon. For
comparative analysis, we evaluated both sets of axons that either contained or excluded
unbranched axons, which represented the majority of axons in control and mutant co-
cultures (Table 1). The distribution of number of branches scored per axon and the mean
number of branch points per axon for control and SNAP-25 deficient co-cultures was similar
(presented in Table 1). Non-parametric analysis of the mean number of branch points, and
the distribution of the frequency of the these branch points, demonstrated no significant
difference between control and Snap25 null mutant projections, whether or not unbranched
axons were included (U=3537, p=0.42 for all axons; U=757, p=0.18 branched axons only,
Mann-Whitney U'test; See Table 1 for details).

Discussion

The ex vivo approach of using a heterochronic explant co-culture system has allowed us to
extend our earlier investigation of the role of action potential-driven synaptic activity in
forming thalamocortical circuitry into the initial postnatal period of brain development in the
mouse (Molnar et al., 2002). The use of this paradigm was necessitated by the fact that
Snap25 null mutant mice die at or before birth, presumably from respiratory failure
(Washbourne et al., 2002), a finding common to other mouse mutants lines bearing
disrupted genes encoding presynaptic proteins (Verhage et al., 2000; Varoqueaux et al.,
2002; Washbourne et al., 2002; Varogqueaux et al., 2005; Schoch et al., 2001). This strategy
could therefore be useful to evaluate the effects of these other mutations that disrupt
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neurotransmission at different steps of synaptic vesicle exocytosis, resulting, for example, in
variable effects on spontaneous action potential-independent quantal release (Verhage et al.,
2000; Varoqueaux et al., 2002; Washbourne et al., 2002; Varogqueaux et al., 2005).
Moreover, the use of heterochronic co-culture systems would complement the development
and use of regional-specific, temporally regulated conditional mutations.

Within our timeframe studied, we observed that the laminar position and distribution of fibre
termination and branch points, and number of branches per axon made by SNAP-25
deficient thalamus into cortical slices were indistinguishable from control thalamic explants
derived from heterozygous and wild type fetal mice. This result was somewhat unexpected
given prior studies using TTX to block synaptic activity in the developing cat brain
(Herrmann and Shatz, 1995), and in similar thalamocortical co-cultures (Wilkemeyer and
Angelides, 1996; Anderson and Price, 2002). These studies have shown that TTX mediated
blockade prevents the proper termination pattern of TCAs leading to their unrestrained
growth laterally through layer 4 ultimately reaching the pial surface. Several observations
suggest that the apparent termination of thalamic projections in the co-culture system was
unlikely to result from limitations of the ex vivo culture system. First, the growth rate of
axons within the developing cortex, 20-40 pm/h (Yamamoto et al., 1997; Skaliora et al.,
2000), would provide ample time within seven days of culture to reach the pia. Secondly, we
found that the conditions of culturing were sufficiently permissive to allow extension of
several fibres to the most superficial regions of the cortex, including the pial surface.
Although clearly this was seen for very few fibres, the number of these projections within
the outer most 20% of the cortical slice appeared comparable between mutant and control
groups (see Fig. 3A), indicating that lack of SNAP-25 did not increase the frequency of
ectopic extension. Interestingly, although we found that the overall distribution of these
termination points did not differ by genotype, fibres from control thalamus appeared to be
more likely than SNAP-25 deficient fibres to terminate in the next superficial layer
corresponding the 60—-80% bin of the cortical section. In fact this would be in contrast to the
expectation that SNAP-25 deficient projections, by virtue of not being capable of evoked
synaptic transmission, would not be able to elicit and recognize the appropriate cortical
landmarks and thereby extend without guidance to the outermost surface of the cortex.

Activity dependent regulation of growth permissive and restrictive molecules has been
postulated several years ago, and many of these have been shown to be present in membrane
preparations (Takemoto et al., 2002; Yamamoto et al., 2000b). TCAs have been shown, for
example, to be able to terminate and branch with layer specificity in fixed cortical slices
where the expression of these molecules is preserved (Yamamoto et al., 2000a; Yamamoto
et al., 2000b). In this approach, and other further reduced systems growing thalamic explants
on substrates bearing membrane extracts (Mann et al., 1998; Mann et al., 2002; Takemoto et
al., 2002) thalamic axons are exposed to fixed growth signals, whereas our co-culture of
heterochronic explants allows for a dynamic interchange of signalling between the
outgrowing fibres and their presumptive targets (Uesaka et al., 2006; Yamada et al., 2010).

Snap25 null mice provides a refined model to address the role of neuroexocytosis in neural
development. For example, although previous studies reported that knockdown of Snap25
by antisense oligonucleotides could prevent neurite outgrowth (Osen-Sand et al., 1993),
detailed analysis of SNAP-25 deficient mice showed various neural systems formed
projections normally (Molnér et al., 2002; Washbourne et al., 2002). Further,
electrophysiological analyses of central and peripheral Snap25~~ synapses showed that
while the action potential-evoked neurotransmission was essentially ablated, axons were still
capable of conducting stimulated action potentials (Molnar et al., 2002) and of
spontaneously releasing neurotransmitter, albeit to varying extents at different synapses
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(Washbourne et al., 2002; Tafoya et al., 2006; Degardo-Martinez et al., 2007; Bronk et al.,
2008).

Our experiments raise the question of what cellular function(s), if any, is retained by
SNAP-25 deficient thalamic projections that allows them to navigate a correct topographical
trajectory to invade the cortex (Molnér et al., 2002) and subsequently recognize appropriate
stop signals once they have successfully begun their radial extension to the developing layer
4 of the cortex (this paper). In the native system, synaptic interactions between TCAs and
the cortex can be detected from E18 in rats (equivalent to E17 in mice), these develop over
the course of the first postnatal week (Higashi et al., 2002; 2005; Molnér et al., 2003).
Spontaneously generated signals in the retina system which occur in the late stages of
embryogenesis in mice and rats (Mooney et al., 1993; Wong et al., 1993; Mooney et al.,
1996) are known to alter the development of thalamocortical fibre deployment (Huberman et
al., 2006) indicating that the thalamus already acts as a relay nucleus at an embryonic stage
of development. In contrast, the somatosensory system is more mature at birth (Erzurumlu
and Killackey, 1983; Schlaggar and O’Leary, 1994), and therefore direct stimulation from
the periphery is likely to influence TCA development. Measurements of neural firing
patterns in ex vivo cultures, however, are relatively sparse, although both thalamic and
cortical neurons in co-cultures are capable of firing action potentials (Yamamoto et al, 2007;
Yamada et al., 2010) and that NMDA mediated synaptic transmission develops between the
thalamus and the cortical explants (Yamada et al., 1999). In the case of our chimeric explant
co-cultures we can not exclude the role of evoked release of transmitter or guidance factors
from the wild type cortical neurons encountered by thalamic projections. Nevertheless,
because SNAP-25 deficient neurons are unable to release neurotransmitter in response to the
arrival of action potentials at presynaptic terminals, this would suggest that axonal
navigation through the cortex and recognition of layer 4 followed by initial arborisation is
not dependent on synaptic signalling from these invading fibres. As our study only explored
the stop and initial branch development in a cortical layer-detection culture essay (Molnéar
and Blakemore, 1999), longer culturing periods would be required to study further steps of
branch elaboration and remodelling (Uesaka et al., 2007). Nevertheless, these results are
compatible with other systems (e.g. retino-tectal projections) where it has been demonstrated
that exocytosis-deficient munc18-1~/~ axons are able to select their targets appropriately
(Nicol et al., 2007).

Beyond action potential triggered synaptic transmission, other signalling events may be
expressed by thalamic axons to communicate with cortical cells and solicit instructive
guidance. For example, the demonstrated effect of TTX leading to aberrant axonal extension
may reflect the need for transmission of neural impulses along growing fibres for
appropriate TCA laminar targeting. This could act through electrical synapses; however,
observations of early thalamocortical interactions, including the transient subplate
interactions do show that the post-synaptic responses are likely to be chemically mediated
(Friauf et al., 1990; Hanganu et al., 2001, 2002; Higashi et al., 2002; Molnér et al., 2003;
Kanold, 2004). Alternatively, long-term effects of TTX blockade of action potentials could
act by limiting depolarization-dependent Ca2* influx at presynaptic terminals which has
been shown to down regulate protein ubiquitination and turnover of synaptic proteins (Chen
et al., 2003). This could lead to decreased levels of those proteins interpreting instructive
signals in thalamic axons or those proteins expressed by cortical cells which issue these
instructions. Evidence suggests that non-synaptic spontaneous activity changes both
transcriptional programs (Spitzer, 2012) and second messenger signaling downstream of
axon guidance molecules (Ming et al., 2002; Nicol et al., 2007; Nicol et al., 2011). The idea
that spontaneous, action potential-independent synaptic transmission might be sufficient to
elicit guidance signals from cortical neurons should be considered.
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Figure 1. Preparation of the cultures (left) and an example for the measurement of thalamic
fibres (right)

Left panels: Schematic diagram illustrating the preparation of heterochronic thalamocortical
co-cultures. P2-5 wild-type C57 BI/6 cortical slices (300 to 500 m) were prepared by
manual dissection using a microscalpel. Cortical pieces from the putative somatosensory
cortices were dissected and transferred to prepared tissue culture inserts. E16-17 brains
(from Snap25wild-type, heterozygote, or knockout mice) were dissected so as to remove the
dorsolateral aspect of the dorsal thalamus (putatively containing the LGN and VB). These
explants were positioned adjacent (that is < 2 mm) to the white matter side of the cortical
slice in a culture dish and grown at 5% CO,, 100% humidity, and 37°C for 7 days.

Right panels: Example of a co-culture in which the thalamocortical axon architecture was
measured. Co-cultures were grown and labelled as illustrated in left panels. A. Low power
digital micrographs of both bis-benzimide (appear blue) and Dil (appear orange) labelling of
the co-cultures. An outline figure showing the whole co-culture, thalamic explant, and
cortical slice was generated from the bis-benzimide labelling pattern using Adobe
Photoshop. B. Axons were visualised through the cortical slice thickness, using a 20x
objective lens and N3 filter cubes and assessed in terms of clarity and obstruction by cortical
cell neurites. Adobe Photoshop was used to assist in observing the axons converting the
colour images to greyscale, negative inverting (i.e. black becomes white and vice versa), and
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adjusting each frame as a whole for gamma balance. By aligning the images, axons could be
followed through the series and their termination and bifurcation points were marked (purple
and cyan, respectively). C. In order to follow axons throughout the entire co-culture a
montage of z-series were acquired. This was a vital component of the method as it allowed
the differentiation between thalamocortical and corticofugal axons, note the corticofugal
axon (open arrowhead) emanating from the cortical cell (filled arrowhead). Each termination
and bifurcation point was measured with respect to the pial and deep margin of the cortical
extract. To account for different cortical thickness this was expressed as a percentage rather
than the absolute value. Scale bars: A —500 pm, B — 100 m, and C — 250 um
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Control Thalamus | | Snap25 KO Thalamus

Sparsely Branched

Figure 2. Examples of axon outgrowth patterns from control (Snap25*/* and Snap25*/")
thalamic explant (left columns) and Snap25_/_ thalamic explant (right columns) co- cultures

P2 wild-type cortical slices were co-cultured with either control E16 (Snap25!~ or
Snap25t!*) left panels or E16 Snap257'~ dorsal thalamic explants (left panels) for 7 days in
vitro. Following fixation, Dil crystals were placed in the thalamic regions of the cultures to
label axons connecting the thalamus and cortex; biz-benzimide counterstaining was also
utilised to label the cytoarchitecture of the co-cultures. Dotted lines depict the boundaries of
thalamic explants. Axons observed projecting from the thalamic explant into the cortical
slice were drawn from high power images, and mapped onto outline images of the co-
culture. The examples in both left and right panels illustrated represent the typical range of
axon morphology seen, which were arbitrarily categorised based on the complexity of their
axonal arbours and direction of growth into the four groups shown (extensively branched,
sparsely branched, marginal, unbranched). The examples illustrated represent the typical
range of axon morphology. The first column in both Control and Snap25 KO panels shows a
lower power image of the co-cultures (Dil labelling appear white in black and white images)
superimposed are boxes representing the enlarged regions shown in the second column
(colour inverted and greyscaled micrographs) and the reconstructed axon in column three.
Panels A-C: “extensively branched” axons projected directly into the mid-layer of the
cortex, and elaborated many axon branches. Arrows in this panel of control show the region
of the axon that progressed tangential to the pial surface prior to turning to grow radially
into the cortical slice. D—F: “sparsely branched” axons projected directly into the mid-layer
of the cortex but only elaborated one of two branches. G-I: “marginal” axons projected into
cortex but extended along the edge of the slice, occasional bifurcations were observed. J-K

Eur J Neurosci. Author manuscript; available in PMC 2013 May 01.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Blakey et al.

Page 18

“unbranched” axons projected directly into the cortical slice and terminated in the deep
through middle layers however they did not form branches. The proportions of these
thalamic fibre growth and branch patterns were similar when cultured with control or
Snap25 KO thalami. Scale bars: A, D, G and J - 500 um, B, C, H, and I — 250 um, E, F, K,
and L — 125 pm.
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Figure 3. A and B: Histograms show the distribution of termination (A) and branch points (B)
through the cortical slice of Snap25 control (white bars, wild-type P2 cortex and wild-type or
Snap25'/+E16 thalamic explant) and knockout (filled bars, wild-type P2 cortex and
Snap25‘/‘E16 thalamic explant) co-cultures

The distributions of termination and branch points of thalamic axons in the cortical slice
were plotted for each of 5 equal bins representing 20% of the cortical thickness. The figures
show the mean percentage of points per bin, which was calculated using the standardised
data from each co-culture.

A: Termination points show a broad distribution and both control (white bars) and knockout
(filled bars) fibres and they both peaked in the 20-40% bin. Control cultures N = 15,
knockout cultures N = 13, control culture termination points N = 201, knockout culture
termination points N = 184.

B: Distribution of branch points. White bars represent control axons, filled bars — knockout
axons. The branch points mirrored the terminations described above, although in both
control and knockout fibres the peak was broader essentially covering both the 20-40% and
40-60% bins. Control cultures N = 10, knockout cultures N = 10, control culture termination
points N = 74, knockout culture termination points N = 90.
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