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Laminin—-332 is a major component of the dermo—epidermal skin basement
membrane and maintains skin integrity. The transduction of mechanical force into
electrical signals by sensory endings in the skin requires mechanosensitive
channels. Here we show that mouse epidermal keratinocytes produce a matrix that
is profoundly inhibitory for sensory mechanotransduction and directly show that
the active molecular component is laminin—332. Substrate—bound laminin—-332
specifically suppresses one type of mechanosensitive current (rapidly—adapting,
RA-type) independent of integrin—receptor activation. This mechanotransduction
suppression can be exerted locally and is mediated by preventing the formation of
protein tethers necessary for current activation. We also show that laminin-332
can locally control sensory axon branching behavior. Loss of laminin—-332 in
humans leads to increased sensory terminal branching and may lead to a de-
repression of mechanosensitive currents. These novel functions for this matrix
molecule may explain some of the extreme pain experienced by epidermolysis

bullosa patients deficient in laminin—332.



Basement membrane molecules such as laminin are important structural components of
the skin'™, but also serve as substrates for sensory neurons of the dorsal root ganglia
(DRG) to grow in culture’. The main function of sensory neurons innervating the skin
is to detect and relay relevant sensory stimuli, in particular mechanical stimuli®. It has
long been known that sensory neurons with a nociceptive function (detecting potentially
harmful stimuli) can have their endings in the epidermis’’ whereas mechanoreceptor
endings (touch receptors) reside exclusively in the dermal layer’ . Interestingly, the
matrix environments of the epidermis and the dermis are very distinctive''. We showed
that mechanosensitive currents required for touch receptor function depend on the
presence of a protein tether which may function to couple mechanosensitive channels to
a laminin—containing matrix'2. The tether protein is not required for the
mechanosensitivity of most nociceptive sensory neurons. Here we set out to address the
idea that sensory mechanotransduction might be modulated by distinct matrix
components made by different types of skin cells in different skin layers. We show that
epidermal  keratinocytes produce a matrix that is non—permissive for
mechanotransduction and identify the factor responsible as laminin—332 (formerly
known as laminin—5). Laminin matrices doped with small amounts of laminin—332 have
a dramatically altered network structure that is non—permissive for tether attachment.
We demonstrate a spatially restricted loss of mechanotransduction in neurite segments
connected to laminin—332—containing matrices. Mutations in all three genes coding the
trimeric laminin—332 protein complex can cause epidermolysis bullosa, a severe
inherited skin blistering disease" *. Human keratinocytes that produce a laminin—332
free matrix have no inhibitory activity on mechanotransduction. We have also
discovered an activity of laminin—332 matrix in inhibiting sensory axon bifurcation. Our
results reveal novel mechanisms whereby permissive and non—permissive substrates can

spatially coordinate mechanotransduction in distinct domains within a single neuron.



Results
Keratinocyte matrix is suppresses mechanotransduction

Using whole—cell, patch—clamp techniques we directly recorded mechanosensitive
currents in cultured sensory neurons'> . We first asked whether co—culture of sensory
neurons with different cellular components of the skin can modulate the activity of
mechanosensitive currents. When sensory neurons are cultured on a laminin substrate,
standardly—derived from Engelbreth—-Holm—Swarm cells (EHS matrix, henceforth
referred to as laminin), more than 90% of the cells exhibit a mechanosensitive current
evoked using a small (~740 nm displacement) stimulus to the neurite'> '*7'°. At least
three types of mechanosensitive current can be measured in sensory neurons, classified
according to their inactivation time constant t;, rapidly—adapting (RA, 17;<5 ms),
intermediately—adapting (IA, 1;<50 ms) and slowly—adapting (SA, no adaptation during
a 230 ms stimulus), (Fig. 1a)*. Practically all mechanoreceptors, classified by their very

13, 15 L
7, possess an RA—mechanosensitive current, as do

narrow action potential (AP)
many nociceptive neurons classified by their broad humped APs'’. The proportion of
sensory neurons with an RA-mechanosensitive current was ~44% of the recorded
population (32/72 recorded cells on a laminin substrate, Fig. la). The next most
common current type was the SA-mechanosensitive current (~34%) which is
biophysically and pharmacologically distinct from the RA-mechanosensitive current
and is only found in nociceptors' (Fig. 1a). A minority of nociceptors (~12%) possess
an [A—current. When we cultured sensory neurons on a monolayer of primary mouse
keratinocytes we noted normal neurite growth and recordings indicated that both
nociceptors and mechanoreceptors were present (Fig.lb; Supplementary Table 1
online). However, we found a striking loss of RA—mechanosensitive currents so that

more than 43% of the recorded cells had no measurable mechanosensitive current and

the proportion of neurons with RA—current was reduced to just 7% of the total (4/43



cells, Fig. 1a). This effect was observed in putative mechanoreceptors as well as
nociceptors, as defined by AP configuration® (4/5 mechanoreceptors had no
mechanosensitive current in keratinocyte co—cultures, the remaining mechano—
insensitive neurons were nociceptors). The proportion of neurons with an SA— or an [A—

current was unchanged compared to the laminin control.

We next cultured sensory neurons on mouse keratinocyte—derived matrix and also
observed a profound loss of the RA—mechanosensitive current, indicating that it is the
keratinocyte matrix alone that is inhibitory (Fig. la). Although the SA-
mechanosensitive current was observed in neurons on keratinocytes and keratinocyte—
derived matrix, the kinetics of this current was profoundly slowed compared to controls.
Normally, mechanosensitive currents have very short latencies for activation".
However, the latency was dramatically increased from ~600 us to between 3 and 7 ms
for SA— and [A—mechanosensitive currents on keratinocytes and on keratinocyte matrix
(Fig. 1c,d; Supplementary Table 1 online). In addition, the activation time—constant for
the SA—current slowed dramatically and significantly (Fig. 1d, Supplementary Table 1
online). Despite the loss of RA—mechanosensitive current in almost half of the cells
cultured on keratinocytes or keratinocyte matrix, the remaining cells displayed
mechanically gated currents with peak amplitudes statistically indistinguishable from

those found in control cultures (Supplementary Table 1 online).
Laminin—332 suppresses the RA—mechanosensitive current

We screened for molecules present in keratinocyte—derived matrix that might inhibit
mechanosensitive currents. We extracted proteins from tissue culture dishes coated with
commercially available laminin (EHS—derived), matrix deposited by a monolayer of
3T3 cells and primary mouse keratinocytes. The proteins were run on SDS gels and
Western blotting was carried out with antibodies against known matrix components to

identify molecules exclusively present in keratinocyte—derived matrix. We, like others,



identified laminin-332 as one molecule specific to keratinocyte—derived matrix* 2"

(Fig. 2a, see supplementary Fig.1 online for the original blot). Laminin—332 is capable
of supporting the growth of chick sensory neurons™ and so we cultivated sensory
neurons on purified, human laminin—332 or on matrix made by rat squamous carcinoma
cells (SCC25 cells) a rich source of laminin—332**. There was no sign that
neurochemically distinct sensory neurons grow preferentially on laminin—332
containing substrates (Supplementary Fig. 2 online). Nevertheless, we found that as on
the keratinocyte—derived matrix, RA—mechanosensitive currents were lacking in
sensory neurons cultured on laminin—332 and this effect was observed in
mechanoreceptors (narrow APs) and nociceptors (humped APs) (Fig. 2b). Thus, a
laminin—332 containing substrate recapitulated the effect of keratinocyte—derived matrix
in suppressing the RA—mechanosensitive current. However, the laminin—332 substrate
did not reproduce the kinetic modulation and slowed activation of SA— and TA—
mechanosensitive currents that we had observed on a keratinocyte—derived matrix (Fig.

2c, Supplementary Table 2 online).

These effects might be due to the lack of laminin—111 or other laminin isoforms in
purified laminin—332 extracts. We therefore mixed laminin—332 with laminin in
different molar ratios. We evaluated the suppressive effect of laminin—332 on RA—
mechanosensitive currents by determining the number of cells lacking this current on
laminin—332/laminin mixtures. Laminin-332, even when diluted to 1/30™ of that of
laminin, still proved nearly as potent as purified laminin—332 in RA—mechanosensitive
current suppression (Fig. 2d). Thus laminin—332 may actively suppress the RA—
mechanosensitive current. The suppressive effect required properly folded protein as
prior denaturation of laminin—332 rendered it ineffective in this assay (Fig. 2d). We also
found that the effect of laminin—332 required contact of the neuron with surface—bound
protein, as pre—treatment of neurons with soluble laminin—332 had no inhibitory effect

on the mechanosensitive current (Supplementary Fig. 3a online). There was also no



effect of keratinocyte conditioned medium on mechanosensitivity in sensory neurons
(Supplementary Table 1 online). Mechanosensitive currents were routinely measured
while superfusing the cell with 1uM TTX, which may not completely block all voltage—
gated sodium channels. With the membrane impermeable local anesthetic QX-314 in
the pipette, which blocks all voltage gated sodium channels, mechanosensitive currents
were indistinguishable from those found in control experiments, as was the suppression
of the RA-mechanosensitive current by 1: 15 laminin—332/laminin mixture

(supplementary Fig. 4).
Mechanotransduction tether not supported by Laminin—332

Only substrate—bound laminin—332 had an effect on mechanosensitive currents. We
have shown that a 100 nm protein tether linking sensory membranes with a laminin or
laminin—111 substrate is necessary for RA—mechanosensitive currents'”. This led us to
hypothesize that the suppression of RA—mechanosensitive currents on laminin—332
containing matrix may be due to lack of tether binding to this substrate. We tested this
directly by visualizing the tether protein using TEM. We cultured sensory neurons on
control laminin, purified laminin—111, purified laminin—332, and a laminin—332 mixture
of 30:1 and used TEM to determine whether protein tethers were present or not. We
found that protein tethers with dimensions >75 nm were essentially absent on laminin—
332 containing substrates, compared to neurons on laminin or laminin—111 (Fig. 3a
Supplementary Table 3 online). We conclude that a laminin—332 containing substrate
does not support the attachment of protein tethers necessary for RA—mechanosensitive

currents.

Laminin—332 activates integrin signaling primarily via activation of o3B; and ogPa

25-28
receptors

, we thus asked whether the inhibitory effects of laminin—332 require
integrin receptors. We used a monoclonal antibody CM6 that blocks the G—domain of

laminin—332*’ and completely prevents attachment and growth of sensory neurons on a



purified laminin—332 substrate (Fig. 3b). Nevertheless, antibody treatment of neurons
plated on a laminin/laminin—332mixture (15:1 molar ratio) does not block attachment or
growth (Supplementary Fig. 4c online, Fig. 3b) presumably because other integrin
receptors are engaged by laminin. Nevertheless, under these conditions we found the
same suppression of the RA—mechanosensitive current with the CM—6 antibody as in
controls (Fig. 3¢). The lack of effect of the CM6 antibody was not due a failure of the
antibody to recognize the laminin—332 epitope in laminin/laminin—332 mixes (see

Supplementary Fig. 5 online).
Laminin—332 acts locally, not globally

To further examine the mechanism of action of laminin—332 we applied the technique
of micro—contact printing of substrate proteins3 031 we generated cross—hatched grid
patterns with laminin stripes in one direction crossed with stripes of either laminin alone
or laminin mixed with laminin—332 at 90° to the laminin stripe (laminin—332 henceforth
always refers to a mix of laminin: 20 pg/ml; laminin—332: 1.33 pg/ml; Molar ratio 15:1)
(Fig. 4c). Strikingly, sensory neurons plated on such grids produce neurites that follow
the laminin tracks producing a quadratic meshwork of neurites (Fig. 4a—c). We filled
individual neurons with the fluorescent dye Lucifer yellow via the patch pipette to
confirm this growth pattern (Fig 4b). When we examined neurons plated on protein
stripes with laminin in both directions, a mechanosensitive current could be evoked
from neurites of the same cell regardless of stripe orientation (Fig 4¢). In contrast, when
neurons were cultured on stripes of laminin—332 in one direction and laminin at 90°
(laminin/laminin—-332 cross—hatch), then RA-mechanosensitive currents were recorded
when stimulating the neurite on laminin but rarely on a laminin—332 containing
substrate (Fig. 4d,f; Supplementary Table 2 online). This experiment illustrates the
exquisite specificity of laminin—332 as the chances of evoking an SA—mechanosensitive

current on the laminin versus the laminin—332 stripe were equal (Fig. 4e,f). The width



of neurites on the laminin—332 stripe was thinner compared to on laminin (see below).
However, mechanosensitive currents were no harder to evoke from thinner neurites
growing on laminin compared to larger ones (supplementary Fig. 6 online). Proteins
were printed in quadrants of 25 x 25 um, thus the inhibitory actions of laminin—332
were restricted to neuritic segments less than 25 pm. Twenty—five micrometres is very
small compared to the size of single afferent receptive fields in the skin that can cover

232
an area of several mms” >

. The highly local nature of the RA—current suppression
suggests that laminin—332 may block binding of the tether to laminin or promote

instability of the tether protein.

Laminin—-332 is proteolytically processed leaving the B3 chain intact, but the N-—
terminal region of the a3 chain is completely processed and the y2 chain partially
processed (close to the coiled—coil region)33. To test whether the suppressive activity of
the trimeric laminin—332 molecule might reside in one of these N—terminal fragments,
we generated human recombinant soluble N—terminal 3 and y2 chain proteins (without
the coiled—coil region). The recombinant proteins were mixed with laminin and used
again to generate one stripe of the cross—hatched pattern. However, we found no
evidence that either the N—terminal region of the 3 or y2 proteins could reproduce the
activity of laminin—332 on the RA—-mechanosensitive current (Supplementary Fig. 3a,b
online). The suppressive activity thus probably resides in the coiled—coil region of

laminin—332 or in the G1-G3 domain of the laminin a3 chain.
Laminin—332 suppresses sensory axon bifurcation

We noted a further biological effect of laminin—332 after observing neurite growth on
the laminin/laminin—332 cross—hatched patterns. Neurites clearly grew preferentially on
the stripes that did not contain laminin—332 so that the total neuritic tree was always
highly asymmetrical (Fig. 5a—d). To describe the symmetry of growth we calculated the

ratio of neuritic length on one direction versus that at 90°. This ratio was close to 1 (0.96
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+ 0.05) for the control situation (laminin/laminin stripes), but was highly asymmetrical
in the case of the laminin/laminin—332 experiment at 0.20 £+ 0.04 (laminin—332 stripe as
numerator) and was statistically significant, p<0.01 t-test (Fig 5d). Interestingly, this
asymmetric growth was not blocked by the CM6 antibody that blocks laminin—
332/integrin receptor interactions (Supplementary Fig. 3 online). We also found no
evidence that either the N—terminal region of the 3 or y2 chains of laminin—332 could
produce asymmetric growth (Supplementary Fig. 2a,b online). Interestingly, neurons
cultivated on stripes of laminin—332 in both directions showed no evidence of
asymmetric growth (ratio 0.92 + 0.14) (Fig. 5d). The latter experiment suggested that
only growth cones confronted with a junction between laminin and laminin/laminin—332
behave in a differential manner. We used time—lapse video microscopy and found that
in control cultures the growing neurite almost always bifurcated or trifurcated at the
junction between laminin stripes (Fig. 5e,f, Supplementary Video 1 online). This
behavior was completely different on laminin/laminin—332 patterns, as here growth
cones confronted with a laminin—332 containing stripe almost never bifurcated or
trifurcated at the junction (Fig. 5e.f, supplementary video 2 online). Instead, sometime
after the main neurite passes the junction a collateral branch was formed onto the
laminin—332 containing stripe; such events were rare in control experiments (Fig. 5f).
The neurites present on the laminin—332 containing stripes were thinner than those on
the laminin stripes (Fig. 5g). However, this effect could be assigned to the "collateral"
identity of the branch on laminin—332, as neurites were not thinner than on the control
laminin when confronted with laminin—332 containing matrix in both directions (Fig.
5g). There was a small, but significant tendency, for the velocity of neurite growth to be
slower on laminin—332 containing stripes than on laminin containing stripes
(supplementary Fig. 7 online). It appears that laminin—332 can function as a potent
brake on growth cone branching (bifurcation or trifurcation), a hitherto unknown

function for this laminin 1soform.
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Laminin—332 structure may control its biological activity

The minimal molar ratios of laminin to laminin—332 that produced a significant
suppression of the RA—mechanosensitive currents were 30:1 and 15:1 (Fig. 2d). We
therefore used intermittent—contact mode Atomic force microscopy (AFM) to image the
topography of the laminin—332 containing matrix surface and compared this to laminin
(Fig. 6). Samples for AFM imaging were prepared by printing stripes of laminin onto
glass coverslips. The control substrate, EHS—derived laminin, formed a matrix on the
surface punctuated by circular areas with either very thin or no matrix coverage. The
percentage coverage was around 79% of the printed surface and the average height of
the laminin ~6 nm for control laminin (Fig. 6e). The AFM images of laminin—332
containing matrix demonstrated a profound change in the structure of the surface
deposited laminin. First, the laminin—332 containing matrix covered a much smaller
surface area (between 20 and 50%) as it was punctuated by many more frequent circular
gaps than control laminin. Interestingly, the decreased surface coverage effect was
quantitatively much larger in the matrix containing a 15:1 compared to 30:1
laminin/laminin—332 molar ratio (Fig. 6d). Finally, the surface structure of matrix
containing laminin—332 was much rougher and irregular than that of the control
substrate. This extra roughness was reflected quantitatively in a significantly higher
mean height of the matrix in laminin—332 containing substrates an effect that was larger
with a higher molar ratio of laminin—-332 (Fig. 6¢). In summary, these results show that
the addition of even small amounts of laminin—332 to laminin leads to a profound
reorganization of the matrix structure presented to the sensory neuron. Furthermore, the
degree of reorganization of the surface structure closely follows the biological effects of

the laminin—332 substrate in suppressing functional RA—mechanosensitive currents.
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Human laminin-332 deficiency and mechanotransduction

Herlitz—type junctional epidermolysis bullosa is a severe blistering skin disease
predominantly caused by mutations in any one of the three genes encoding the subunits
of laminin—332">. Purified human laminin—111 is supportive for mechanotransduction'?
and also for the tether protein necessary for the RA—mechanosensitive current (Fig. 3)
and so we asked if matrix made by human keratinocytes can suppress RA—
mechanosensitive currents. Mouse sensory neurons cultivated on human keratinocyte—
derived matrix exhibited fewer RA—mechanosensitive currents than on laminin and this
was statistically significant (Chi—squared test p<0.05 )(Fig. 7a,b). Strikingly, both the
latency and speed of activation of SA—mechanosensitive currents recorded from neurons
on human—derived keratinocyte matrix were dramatically slowed compared to SA—
mechanosensitive currents recorded on a laminin—111 substrate (Fig. 7c,d). We next
tested the idea that laminin—332 is the only factor in keratinocyte matrix sufficient to
suppress the RA—mechanosensitive current. We obtained and cultured keratinocytes
from a patient who had suffered from Herlitz—type junctional epidermolysis bullosa
(JEB) (see methods and Supplementary Fig. 7 online). We cultured mouse sensory
neurons on the JEB—derived matrix and made recordings from these neurons to examine
the prevalence of the RA-mechanosensitive current. There was no significant
suppression of the RA—mechanosensitive current on JEB—derived matrix (Fig. 7b),
which confirmed that laminin—332 is necessary and sufficient for the suppressive effect
of keratinocyte matrix on mechanotransduction. Normal human and mouse
keratinocyte—derived matrix not only suppressed the RA—mechanosensitive current, but
also led to a substantial increase in the latency and a slowing of activation kinetics of

the SA—mechanosensitive current in neurons on this matrix (Fig. 1 and 7). Neurons
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cultured on JEB—derived matrix still exhibited SA—mechanosensitive currents with

delayed activation and slowed activation time constants similar to controls.
Laminin—332 deficiency and altered skin innervation

Our in vitro data suggested that the presence of laminin—332 may suppress axonal
branching behavior. We used the PGP 9.5 antibody to label sensory fibers in fixed skin
biopsies from 4 JEB patients with the same diagnosis and constellation of mutations
(see methods) and 3 disease—free control human biopsies. In normal skin thin PGP 9.5—
positive fibers can be observed to cross from the dermis to the epidermis and these
fibers are usually unbranched (Fig. 8)**. The epidermis of JEB patients was not hyper—
innervated as the mean density of fibers measured in controls and JEB samples crossing
into the dermo—epidermal boundary was not significantly different (Control = 130.3 +
10.6 neurites/mm?, n = 152 ; JEB = 143.2 + 19.2 neurites/mm’, n = 45). Normally, very
few fibers have branches and thus the mean branch number in controls is much less than
1.0 as most fibers do not branch in the plane of section (branch number=0). In contrast,
many more fibers in the JEB skin samples showed 1 or even 2 branches close to the
dermo—epidermal border and branching frequency was on average doubled in the
epidermis (Control = 0.27 £ 0.1 branch points/ neurite, n = 152; JEB skin = 0.54 £+ 0.02
branch points/ neurite, n = 59; p < 0.001, Student’s t-test) (Fig. 8, for example). We
also noted an increase in the incidence of fibers running along the dermo—epidermal
border in JEB skin (Incidence: Control = 7.5 = 3%, n = 32; JEB skin =33.0 + 13%, n =
46; p < 0.001, student’s t—test), such "interface" fibers were observed in blistered and in
non-blistering regions (Fig. 8). It is possible that a matrix lacking laminin—332 has a
profound effect on neurite branching per se. We tested this idea by culturing mouse
sensory neurons on a human JEB keratinocyte—derived matrix and compared their
branching behavior to that of neurons grown on a healthy human keratinocyte derived

matrix. Sensory neurons attached and produced profuse neurite trees on both matrices
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but there was no significant difference in the branching index between these two
conditions (Supplementary Fig. 9). We also measured the branching and neurite
thickness of mouse sensory neurons plated on purified laminin—332 as well as defined
mixtures of laminin/laminin—332 (15:1 and 30:1 molar ratios). We found that it was
only the purified laminin—332 that had any significant effect on neurite outgrowth and
neurons grow normally on laminin/lamnin—332 mixtures (Supplementary Fig. 10). Thus
the previously reported effects of laminin—332 on neurite outgrowth” may be due to
lack of other laminin isoforms in the substrate and not to an inhibitory effect of

laminin—332 per se.
Discussion

Our work reveals new and unexpected functions for the heterotrimeric matrix protein
laminin—332 in coordinating mechanotransduction and branching of sensory endings in
the skin. We found that even very small amounts of laminin—332 can potently suppress
the RA-mechanosensitive current in primary sensory neurons. Laminin—332 in the
matrix was shown to change the physical structure of the matrix leading to the
disappearance of a tether protein necessary for the RA—mechanosensitive current'>. This
mechanism enables a highly local, rather than global, modulation of sensory
mechanotransduction. Thus the specific expression of laminin—332 at the dermo—
epidermal junction zone enables a precise control of mechanosensitivity of the sensory
endings that enter the epidermal layer to contact keratinocytes. We suggest that the local
suppression of axonal branching and mechanotransduction at the dermo—epidermal
junction functions in vivo to prevent hypersensitivity of sensory axons entering the
epidermis. Consistent with this hypothesis, it is known that patients suffering from the
blistering disease resulting from loss of laminin—332 also suffer severe pain®>>°. We
suggest that the origin of some of this pain may lie in increased branching of epidermal

fibers combined with a de-repression of mechanosensitivity.
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Our finding of RA—current suppression by laminin—332 is the first example of an
inhibitory effect of any laminin on membrane currents. Laminin—332 has an extremely
important role in maintaining the structural integrity of the skin as evidenced by the fact
that mutations in all three subunits of laminin—332 cause junctional epidermolysis
bullosa, a severe, often lethal, inherited skin blistering disease! *. Little is known about
the effects of laminin isoforms on neuronal function, but f2—containing isoforms such
as laminin—421 (previously laminin—9) participate in the organization of neuromuscular
junction via p2-mediated interactions with the calcium channel Cay2.2°’, and the same
interaction has been proposed to be a stop signal for sensory axon growth in the skin®.
The mechanism of laminin—332—mediated suppression of mechanotransduction appears
to be unique. We show that a laminin-binding tether protein, identified with TEM, is
not present on membranes adjacent to a laminin—332 containing matrix (Fig 3a). This
tether protein appears to be essential for the RA-mechanosensitive current as its
ablation with proteases renders underlying channels completely insensitive to
mechanical stimuli'>. We propose the following model, laminin-332 alters the three
dimensional structure of the matrix (Fig. 6), which masks the tether binding site. This
mechanism elegantly explains why the powerful suppression of the RA-
mechanosensitive current is localized and independent of integrin receptor activation
(Fig 3 and 5). The experiments described here provide independent support for the idea
that the tether is indeed a necessary prerequisite for the RA—mechanosensitive current.
The virtual absence of the tether protein in the plasma membrane adjacent to a laminin—
332 containing matrix adds another biochemical feature to this as yet unidentified

protein.

We show two distinct effects of keratinocyte—derived matrix on mechanosensitive
currents, RA—mechanosensitive current suppression and a profound slowing of the SA—
mechanosensitive current (Fig. 1). The SA-mechanosensitive current is

developmentally, biophysically and pharmacologically distinct from the RA-—
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e 27 and the activation of the SA—mechanosensitive

mechanosensitive current
current seems to be independent of any protease—sensitive links between sensory
neurons and the substrate'”. We did, however, observe a modulation of the SA—
mechanosensitive current following protease treatment which dramatically and
transiently slowed the latency for current activation'’, an effect resembling that
produced by keratinocyte—derived matrix. However, the slowing of the SA-
mechanosensitive current on keratinocyte—derived matrix is independent of laminin—332
(Fig. 2, 7). It is thus possible that specific molecular interactions between unknown

factors in the keratinocyte matrix and the sensory neuron can modulate the speed of

SA—mechanosensitive current activation.

Here we developed a novel micro—contact printing stra‘[egy30 to study local effects of
the laminin—332 containing matrix. We showed that RA—mechanosensitive currents in
the same cell are only suppressed in neurites on a laminin—332 stripe, but not on the
control laminin stripe. However, there was highly asymmetric branching on
laminin/laminin—332 grids and this asymmetry arises because of a radically altered
growth cone behavior at the junction between laminin and laminin—332 containing
stripes. Interestingly, the molecular structure of laminin—332 containing matrix is highly
distinctive from laminin (Fig. 6), which suggests that growth cones detect this
difference and change their branching behavior accordingly. The molecular mechanism
used to control this decision is not known, but might conceivably be based on detection
of different forces generated as the growth cone encounters the different surface
structures of the two matrices. Consistent with our in vitro data we found that sensory
fibers at the dermo—epidermal interface, which are most likely nociceptive endings’’
branch more often in the skin of patients lacking laminin—332. In addition, we observed
many more fibers coursing along the interface on either side of the dermo—epidermal
border. Both phenomena are consistent with the idea that the presence of laminin—332 at

the dermo—epidermal border is required for coordinating axonal branching and growth.
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However, at least some of the branching defects in JEB skin samples could be a

consequence of reactive regeneration of fibers in the skin following skin blistering.

In summary, we demonstrate two important new functions for laminin—332 which most
likely take place at the dermo—epidermal junction, suppression of mechanosensitivity
and of axonal branching. Our data suggest that the absence of laminin—332 in JEB
patients will lead to mechanical hypersensitivity of sensory afferents, which may be
exacerbated by increased branching of sensory endings in the epidermis. These novel
effects of laminin—332 may in part underlie the extreme pain experienced by sufferers

of JEB¥,
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Figure Legends

Figure 1. Keratinocyte—derived matrix suppresses mechanotransduction currents.
(a) Example traces of RA, IA and SA mechanosensitive currents evoked by mechanical
stimulation of neurites. Stacked histograms show the proportion of the three types of
mechanosensitive current observed in neurons recorded on different substrates. Note a
dramatic loss of RA—mechanosensitive current in cells cultured on keratinocytes and
keratinocyte—derived matrix (number of recorded neurons is indicated above each
histogram, p<0.01, chi—squared test). (b) Bright field images of sensory neuron cultured
on keratinocytes (upper panel). Immunostaining (NF-200) of a neuron cultured on
keratinocytes shows the neurite outgrowth (lower panel). RE denotes recording pipette
and MS denotes mechanical stimuli. (¢) Example current traces of SA-—
mechanosensitive currents for each culture condition. Note the very long latency and
relatively slow activation (mono—exponential fit shown with red line) for inward
currents evoked on keratinocytes. (d) Quantitative comparison of the latency and
activation time constant of neurons cultured on laminin, keratinocytes and keratinocyte—
derived matrix. The latency of SA—mechanosensitive current in keratinocytes co—culture
is significantly longer than on laminin. The time constant for SA—mechanosensitive
current activation (t;) on a keratinocyte monolayer is also significantly longer than on

the laminin substrate (p<0.01 Mann Whitney U—test). Error bars are + s.e.m.

Figure 2. Laminin—-332 reproduces the suppression of RA-mechanosensitive
currents. (a) Western blot analysis showing that laminin—332 is present in the
keratinocyte—derived matrix, but not in the EHS—derived laminin nor in 3T3 fibroblast—
derived matrix. (b) Laminin—332 selectively suppresses RA—mechanosensitive currents.
In mechanoreceptors (neurons with narrow, non—humped spikes), the RA-
mechanosensitive current is significantly suppressed by a laminin—332 substrate

compared to the laminin control (left panel, p<0.01 Fisher’s exact test). In the
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nociceptor group (neurons with wide, humped AP spikes), the RA—mechanosensitive
current is also significantly suppressed by a laminin—332 substrate (right panel, p<0.01
Fisher’s exact test). (¢) Sample SA-mechanosensitive current trace on a laminin—332
substrate (upper panel). Latency and activation time constant for SA—mechanosensitive
current is shown for neurons on a laminin—332 or SCC25—derived matrix. (d) Stacked
histograms show a dramatic inhibition of RA—mechanosensitive currents when different
dilutions of purified laminin—332 were mixed with a constant concentration of laminin.
Prior denaturation (boiling) of laminin—332 rendered it ineffective in suppressing RA—
mechanosensitive current expression. (Number on top of each histogram denotes the
number of recorded neurons (*p<0.05 **p<0.01 Chi—squared test). Error bars are +

S.c.m.

Figure 3. Laminin—-332 containing matrix does not support tether formation and
exerts its effect independent of integrin receptors. (a) Example TEM micrographs
from cultured sensory neurons plated on one of three types of matrix, laminin (top),
laminin—111, and laminin—332 (bottom). Note we observed long tether proteins at the
interface between sensory neuron membranes in cultures plated on laminin and
laminin—111, but these were rare in neurons plated on laminin—332. Quantification of
the electron dense attachments from neurons cultured on laminin and on laminin—-332.
The length of each measured attachment is plotted in random 2D space to illustrate the
range of attachment lengths observed. Each dot represents the measured length of each
linking object. It is clear that long, tether like proteins greater than 75 nm on laminin—
332 are largely missing (scale bar 100 nm). (b) Monoclonal antibody CM6 blocks the
interaction of the integrin—binding G—domain of laminin—332 and completely prevents
attachment and growth of sensory neurons on a purified laminin—332 substrate (scale
bar is 25 pm) (top). Mixture of laminin—332 with laminin rescues attachment and
neuritic growth (bottom). (b) The presence of CM6 does not rescue the suppression of

the RA—mechanosensitive current on a mixed laminin/laminin—332 substrate.
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Figure 4. Laminin—-332 suppression of the RA—-mechanosensitive current is local,
not global. (a) Light micrograph shows that neurite outgrowth follows the cross—
hatched grid patterns with laminin stripes in one direction (green) crossed with stripes
of either laminin alone, or laminin mixed with an inhibitory concentration of laminin—
332 (purple) at 90° to the laminin stripe (RE recording pipette; MS mechanical
stimulation). (b) Each neuron was filled with the fluorescent dye lucifer yellow to
confirm this growth pattern and the neurites of such cells were then subjected to
mechanical stimulation. (¢) Neurons cultured on stripes consisting of laminin:laminin—
332 (15:1) in one direction and laminin at 90° (laminin/laminin—332 cross—hatch) in the
other direction. (d) The RA-mechanosensitive current was only recorded when
stimulating the neurite on laminin (green trace), but rarely when stimulating the same
neuritic tree on a laminin—332 containing substrate (purple trace). (¢) Mechanosensitive
currents could be evoked from neurites on the same cell on protein stripes consisting of
laminin in both directions regardless of stripe orientation. (f) RA—mechanosensitive
currents evoked from neurites on the same cell are significantly reduced on laminin—332

stripes compared to laminin (P<0.05 Chi—square test).
Figure 5. Differential growth behavior on laminin and laminin—332.

(a) Neurites show no directional preference when grown on laminin/laminin cross—
hatched patterns, but will preferentially grow along laminin stripes when laminin is
crossed with laminin:laminin—-332 (15:1) (b). Surfaces patterned with stripes containing
laminin—332 in both directions support symmetrical growth (c). In all cases the colored
lines within the panels indicate the direction of each substrate (laminin—green; laminin—
332—purple), each colored bar is 25 um. (d) Quantification of the ratio of neurite
outgrowth in each direction. The neurite length in each direction was summed and a
ratio between the two directions calculated. Note that for neurons grown on

laminin/laminin—332 stripes a clear bias was observed for neurite outgrowth along the
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laminin substrate. (¢) Schemes of branching behaviors observed at branch nodes (data
obtained from time—lapse movies). At the node the growth cone can bifurcate or
trifurcate (upper panel). Alternatively, a collateral branch may form after the growth
cone has extended past the junction (lower panel). (f) Quantification of branching
events during neurite outgrowth. Most branching events on the laminin/laminin were
bi/trifurcations (40/50), however on the laminin/laminin—332 nodes nearly all events
were collateral formation (27/29). (g) Quantification of neurite width. Individual frames
from bright—field, time—lapse experiments were analyzed by taking an intensity line
scan and determining the width of each neurite at the half maximal intensity. Neurites
were binned depending on matrix composition and for cells grown on laminin/laminin
matrices, on the nature of the preceding branching event (i.e. bifurcation vs
collateralization). The collaterals formed on laminin were not significantly smaller than
bi/trifurcation branches on the laminin/laminin pattern but the collateral branch on the
laminin—332 stripe was significantly thinner (right). *p<0.05 Student's T—test.
However, neurites formed on laminin—332/laminin—332 control matrices were the same

width as those on laminin/laminin substrates. Error bars are + s.e.m.

Figure 6 Laminin—-332 dramatically alters the network structure of the matrix.
Topographic images of the matrix at low (left) and high (right) resolution are shown for
control laminin (a) and laminin doped with laminin—332 30:1 (b) and at a higher molar
ratio 15:1 (c¢). Note the irregularity of the surface structure with increasing
concentrations of added laminin—332 and that laminin—doped with laminin—332 at 15:1
often shows very little protein coverage within the printed stripe (bottom half panel c,
left). Quantification of the percentage coverage in the three situations (d) shows that the
surface coverage decreases significantly with increasing ratios of laminin—332. The
mean height of the matrix also tended to increase with increasing laminin—-332 (e).

Statistics are Student's T—test, * p<0.05, ** p<0.01 *** p<0.001. Error bars are + s.e.m.
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Figure 7 Human laminin-332 deficiency sensitizes mechanotransduction.

(a) Example traces of RA, IA and SA mechanosensitive currents evoked by stimulating
sensory neurons cultured on human keratinocyte—derived matrix. (b) Stacked
histograms of the proportion of the three types of mechanosensitive current observed in
neurons recorded on different substrates. On a human laminin—111 substrate,
mechanotransduction is robust as compared to neurons on EHS laminin with only a few
non-responding cells (2/18) showing that purified laminin—111 is a positive control.
Note suppression of RA—mechanosensitive currents in cells cultured on normal human
keratinocyte—derived matrix (control matrix; number of recorded neurons is noted on
top of each histogram, *p<0.05; **p<0.01, Chi-squared test). On laminin—332 deficient
JEB patient keratinocyte—derived matrix (JEB matrix), neuronal mechanotransduction is
sensitized to a normal level as compared to neurons on laminin or on a laminin—111
substrate (data reproduced for comparison from ref'?). (c) Example traces show typical
measurements of current latency for each culture condition. Note the very long latency
and relatively slow activation for inward currents evoked on normal human
keratinocyte—derived matrix (control matrix) as well as on JEB patient keratinocyte
matrix (JEB matrix). (d) Quantitative comparison of the latency and activation time
constant of neurons cultured on laminin, control human matrix and JEB matrix. The
latency of SA—-mechanosensitive current on control matrix is significantly longer than
on laminin. Matrix lack of laminin—332 (JEB matrix) does not rescue the alteration of
SA—mechanosensitive current gating latency (upper panel; p<0.01 Mann Whitney U—
test). The time constant for SA—mechanosensitive current activation (t;) on both control

matrix and JEB matrix was on average longer than on the laminin substrate, but this did
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not reach statistical significance (lower panel; Mann Whitney U—test). Error bars are +

S.C.1m.

Figure 8. Altered sensory afferent branching in the skin of laminin—332 deficient
patients. Tissue sections of biopsies from normal skin (Control) and JEB patient (JEB)
skin were labelled using anti-PGP9.5 antibody and imaged with epifluorescence. The
number of nerves crossing the dermo—epidermal boundary (marked with yellow, dashed
line in all three images), branch points per nerve within the epidermis and the percent of
the dermo—epidermal interface innervated were quantified from the images (see text). A
typical image from control skin with a white arrow indicating a non—branched fiber,
shown on the left. Images from JEB skin (middle, non-blistered region and right a
blistered region) with a yellow arrow indicating branched fiber. Many fibers course
along the dermo—epidermal boundary in JEB skin and these were termed "interface

fibers" and one example is marked with red arrow.

Methods
Cell culture

Primary mouse keratinocytes were cultured as described”. Newborn mice were
decapitated and their limbs and tails removed. After washing with 70% ethanol, trunk
skin was removed, and floated (epidermis upwards) overnight at 4°C in a petri dish
containing 0.25% trypsin. On the next day the epidermis was peeled from the
underlying tissue. Keratinocytes were harvested from both surfaces of the epidermis by
flushing with medium or gentle scraping, harvested cells were then placed in a defined
serum—free keratinocyte medium (Gibco—Invitrogen, Germany). After washing,

keratinocytes were plated either on glass cover slips pre—coated with 0.67 ug/cm2
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Collagen IV or cultured together with lethally irradiated 3T3 cells acting as an adhesion

layer. Squamous cell carcinoma 25 (SCC25) was obtained from ZITHROMAX.

Primary human epidermal keratinocytes from JEB patients were cultured as described *'
from skin of a newborn with extensive skin fragility and blistering or from wild type
keratinocytes that were a gift from R.E. Burgeson (Massachusetts General Hospital,
Boston US). Around 15,000 wild type and mutant keratinocytes were cultured on glass
cover slips for five days in keratinocyte basal medium (Lonza). The cover
slips were coated with bovine collagen solution and fibronectin (each S5pg/ml).
The cells were then lysed with deoxycholate (DOC) and the remaining matrix was used

for further experiments.

Mouse DRGs were dissected and collected in a 1.0 ml tube of PBS on ice. Ganglia were
washed once with PBS before incubation with 1pg/ml collagenase type IV in 1ml PBS
at 37°C for 30 min. Ganglia were centrifuged briefly (170 x g), the supernatant was
removed and DRGs were incubated with 1ml of 0.05% trypsin in PBS, at 37°C for 30
min. The supernatant was removed and a 1ml D-MEM/F12 containing medium was
added. The suspension was passed through 1-2 different siliconized Pasteur pipettes to
dissociate them into single cells and centrifuged at 170 x g for 4 min. The cells were
resuspended in Iml culture medium and then Cells seeded on the desired substrate
(about 60—120 pl of cell suspension per coverslip). After 4 hours, an additional DRG
medium was added to the coverslips. Cells were cultured for 12—-24h at 37°C in a Steri—
Cult 200 incubator. No nerve growth factor or other neurotrophin was added to the
medium. To prepare co—cultures, DRG neurons were plated on top of the keratinocytes

or 3T3 fibroblasts. Whole—cell recordings began 12 h after plating.

Substrate preparation
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For co—culture experiments, DRGs were seeded on coverslips with a monolayer of
keratinocytes or 3T3 fibroblasts. For keratinocyte—derived (mouse and human) or SCC—
25—derived matrix, the cultured monolayers of cells were treated with 0.5% DOC in
hypotonic solution for 5 minutes, cells were washed away and the neurons plated on
remaining matrix. To generate a global coating of extracellular matrix components,
coverslips were pre—coated with poly—L-lysine (PLL), then coated with matrix by
incubating the coverslips for 1 hr at 37°C in a droplet of liquid containing EHS laminin,

laminin—332 or various ratios of both.

Microcontact printing can be pattern surfaces with proteins®. Negative silicon masters
were provided by Dr. Siegmund Schroeter (Institute of Photonic Technology, Jena,
Germany) from which PDMS stamps were cast, as described®. To print laminin protein
on coverslips, these stamps were covered with a printing ink containing either 20 pg/ml
EHS laminin, 20 pg/ml EHS laminin plus 1.33 pg/ml laminin—332 or 20 pg/ml laminin
plus 0.67 pg/ml laminin—332 in PBS. The printing ink also contained 2 pg/ml Alexa
488— or Alexa 555— conjugated, goat anti—rabbit antibodies to provide a fluorescent
marker for detecting printed regions. The CM—-6 monoclonal antibody (sc—32794L,
Santa Cruz Biotechnology, Santa Cruz, U.S.A.) was used to block integrin attachment
sites on laminin—332. The CM—6 antibody was mixed (at 1.33 pg/ml) with 20 pg/ml
EHS laminin and 1.33 pg/ml laminin—332 and then printed on coverslips. Coverslips for
stamping were cleaned as previously described™ and activated with oxygen plasma for
1 min immediately prior to stamping. Stamps covered in printing ink were left at 37°C
for 45 minutes, then rinsed with ultrapure water and dried in nitrogen. Immediately after
drying, the protein was printed from the stamp onto freshly activated glass coverslips.
The printed substrates were then stored dry at 4°C for not longer than 24 hours before

use.

Electrophysiology
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Whole—cell, patch—clamp recordings were made as previously described'’. During
recordings, cells were kept in extracellular buffer (containing (mM): NaCl 140, MgCl,
1, CaCl, 2, KCl 4, glucose 4 and Hepes 10 (pH 7.4)) and electrodes were pre—filled with
intracellular solution (containing (mM): KCI 110, Na" 10, MgCl, 1, EGTA 1 and Hepes
10 (pH 7.3)). For most experiments, 0.1% lucifer yellow was included in the electrode
to fill the neuron with fluorescent dye. Cells were perfused with drug containing
solutions by delivered via a common outlet adjacent to the patched cells (WAS02)*. To
block the activity of voltage—gated sodium channels either tetrodotoxin (TTX) was
prepared to a final concentration of 1 pM in extracellular solution, or 10 mM QX-314
was introduced intracellularly via the patch pipette. Observations were made with an
Axiovert 200 microscope equipped with a TILL imaging system (Till Vision GmbH),
including the polychome V, a CCD camera and the imaging software TILLvisION.
Membrane current and voltage were amplified and acquired using an EPC—-10 amplifier
sampled at 40 k Hz, acquired traces were analyzed using Fitmaster software (HEKA).
For most experiments the membrane voltage was held at —-60mV with the voltage clamp
circuit. Mechanical stimuli were applied using a heat—polished glass pipette (tip
diameter 2-5um), driven by the MM3A micromanipulator system (Kleindiek),
positioned at an approximate angle of 45° to the surface of the dish. There are two
different movements for the Nanomotor®: ‘fine mode’ and ‘coarse mode’. Fine mode
movement from any position is limited to about 740nm in each direction of the Z—axis
(calibrated by a Piezo actuator calibration device LL10PZT (LASERTEX). Coarse
mode steps (1 step = 740 nm) can be executed in any direction until the
micromanipulator reaches its physical limits. The probe was positioned near the neurite,
moved forward in steps of 740 nm for 500 msec and then withdrawn. If there was no
response, the probe was moved forward by 1 step in coarse mode. The same procedure
was repeated until a mechanically activated inward current was recorded. The probe

was moved at a speed of 1.4 mm/ms for fine mode and 7.5 mm/ms for coarse mode. For
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the analysis of the kinetic properties of mechanically activated current, traces were

fitted with single exponential functions using PulseFit software.
Electron microscopy

DRG neurons were isolated and cultivated on laminin—coated petriPERM dishes using
standard culture conditions (petriPERM35, Vivascience AG, Germany). After 24hrs,
cells were washed twice with 0.1M cacodylate buffer (Electron Microscopy Sciences,
PA, USA), fixed with 2.5% glutaraldehyde for 4 hrs and stained with OsO4 (Sigma—
aldrich Co. Ltd.) in the presence of Ruthenium Red (Fluka) to enhance the electron
density of extracellular proteins®’. The fixed samples were dehydrated through a series
of graded ethanol exchanges, infiltrated in a mixture of Poly/BedR 812 epoxy resin and
propylene oxide (Polysciences Inc, Warrington, PA), and then embedded in Poly/BedR
812 epoxy resin. Embedded samples were randomly sectioned (50nm thick) then
contrasted with uranyl acetate and lead citrate (Serva, Germany) and examined with a
Zeiss 910 electron microscope. Digital micrographs were taken with a 1kx 1k high speed
slow scan CCD camera (Proscan) at an original magnification of 10000 X and analyzed
with iTEM software (Olympus Soft Imaging Solutions, Germany). For quantification,
all attachments between neurite and underlying substrate were identified and the length

of each attachment was measured.
Recombinant proteins and purified laminin—-332

The B3 and y2 short arm laminin cDNAs were amplified by PCR (Herculase Stratagene)
and subcloned into a modified episomal expression vector: human laminin B3 chain
(NM_001127641; AA: 18-576) including a 3' tandem strepll-tag and human laminin y2
chain (BC113378; AA: 22 — 631) including a 5' 8 histidine tag as well as a 3' tandem
strepll-tag. The expression vectors were transfected into 293-EBNA cells with

FuGENE 6 transfection reagent (Roche Diagnostics), and selected clones with the
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highest protein expression were expanded for large scale production. The purification of
the secreted proteins was performed as previously described**. Purified rat laminin—332
was obtained from Chemicon (Germany) and was >95% pure as determined with SDS—

PAGE.
Atomic force microscopy

To analyze the structure of laminin—coated surfaces, AFM imaging was conducted using
the JPK Nanowizard II (JPK Instruments AG, Berlin, Germany) mounted on a Zeiss
200 inverted light microscope (Carl Zeiss Microimaging GmbH, Jena, Germany).
Samples were imaged in intermittent contact mode in air using ACT cantilevers. Images

were recorded in both trace and retrace directions to identify artifacts.
Time—lapse video microscopy

To follow neurite outgrowth and bi—furcation, cells were imaged with a 20x objective in
ibidi dishes (ibidi GmbH, Martinsreid, Germany) on an Olympus IX81 fitted with an
environmental chamber, using the Cell"R software. Bright—field images were acquired
every two minutes for between 5—8 hours. Temperature was held constant at 37°C and

25 mM HEPES was added to the medium to maintain stable pH.

Neurite branching analyses

DRG neurons from 4 week old mice were cultured for 24 hours on coverslips coated
with a keratinocyte—derived matrix from normal human and JEB patient keratinocytes.
Cells were then fixed for 20 min using 4% PFA, permeabilized with 0.5% TX-100 and
labelled using a rabbit polyclonal primary antibody against PGP9.5 (Ultraclone) at a
dilution of 1:1000 for 1 hr at room temperature. An Alexa488—conjugated goat anti—

rabbit secondary antibody (1:1000) was used to visualize DRG cells. Labelled cells
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were imaged with epifluorescence, using a 20x objective and analyzed using the
automated analysis functions of the IMARIS software.

To compare neuritic trees, fixed and stained neurons as described above were imaged
using a 20x objective and epifluorescence. A Sholl analysis was conducted using the
ImageJ Plugin developed by the Ghosh Laboratory (University of California, San
Diego). To measure neurite widths a line scan of intensity values in a bright—field image
was taken perpendicular to the length of the neurite, and the full width at half maximum

was calculated from a Gaussian fit of these intensity values.

Testing for JEB—Herlitz

Immunofluorescence staining of a skin biopsy specimens from 4 JEB patients revealed a
lack of reactivity with antibodies to the laminin a3, B3 and 82 chains (antibodies
BM165, 6F12 and GB3, respectively), whereas positive staining was observed with
antibodies to other proteins of the dermo—epidermal junction zone, such as collagens IV,
VII or a6B4 integrin (Supplementary Fig. 8 online). The patients were infants with
homozygous or compound heterozygous null mutations in the LAMB3 gene® and
exhibited complete lack of laminin—332 in the skin. This constellation was indicative of
junctional epidermolysis bullosa Herlitz, JEB—Herlitz. Control skin was obtained from
children who underwent surgery for unrelated diagnostic reasons. In addition, since
most patients with JEB—Herlitz have mutations in the LAMB3 gene encoding the
laminin B3 chain, this gene was analyzed. The screening disclosed either homozygosity
for the mutation R635X, or compound heterozygosity for the mutations R635X and

R42X in the probands®.

Immunohistochemistry on human skin samples
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Skin biopsies from control human skin and JEB patient skin were fixed in 4% PFA for 2
hours, mounted into TissueTek medium and processed as 30 um thick sections on
gelatin coated slides. Before antibody labeling, an antigen retrieval step was performed
by placing the slides in citrate buffer, pH 6.0, for 30 min, at 90°C. To label nerves in the
skin sections a rabbit polyclonal primary antibody against PGP9.5 (Ultraclone) was
used (1:200 for 1 hr at room temperature). The secondary antibody was an Alexa647—
conjugated goat anti—rabbit antibody (1:500 for 2 hours at room temperature). All slides
were masked and visualized blind, using bright field and epifluorescence microscopy.
The area of the interface between dermis and epidermis was calculated from the bright—
field images and the number of nerves crossing this interface was counted from the
epifluorescent images. In addition, the number of branch points within the epidermis

was calculated.

Statistics

Statistical analysis was done using the Graph pad prism, all means are mean + s.e.m.
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