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Restricted growth of Schwann cells
lacking Cajal bands slows
conduction in myelinated nerves
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Nerve impulses are propagated at nodes of Ranvier in the
myelinated nerves of vertebrates. Internodal distances have
been proposed to affect the velocity of nerve impulse conduc-
tion'; however, direct evidence is lacking, and the cellular mecha-
nisms that might regulate the length of the myelinated segments
are unknown. Ramon y Cajal described longitudinal and trans-
verse bands of cytoplasm or trabeculae in internodal Schwann
cells and suggested that they had a nutritive function®. Here we
show that internodal growth in wild-type nerves is precisely
matched to nerve extension, but disruption of the cytoplasmic
bands in Periaxin-null mice impairs Schwann cell elongation
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during nerve growth. By contrast, myelination proceeds nor-
mally. The capacity of wild-type and mutant Schwann cells to
elongate is cell-autonomous, indicating that passive stretching
can account for the lengthening of the internode during limb
growth. As predicted on theoretical grounds, decreased inter-
nodal distances strikingly decrease conduction velocities and so
affect motor function. We propose that microtubule-based trans-
port in the longitudinal bands of Cajal permits internodal
Schwann cells to lengthen in response to axonal growth, thus
ensuring rapid nerve impulse transmission.

Nodes of Ranvier in peripheral nerves are flanked by Schwann
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Figure 1 Longitudinal and transverse bands of Cajal in Schwann cells and their disruption
in quadriceps nerve of Periaxin-null (KO) mice at 3 weeks. a, Longitudinal and transverse
protoplasmic bands stained with silver by Ramon y Cajal (reproduced with permission)?.
b, Teased fibres double-labelled with TRITC—phalloidin (green) and an antibody against
DRP2 (red). Schwann cell cytoplasm is excluded from spheroidal clusters immunopositive
for DRP2. ¢, Immunostaining of fibres from WT and Prx KO mice for the Schwann cell
cytoplasmic protein S100. Scale bar, 20 um in b and ¢. d—f, Electron micrographs of
transverse sections of WT and KO quadriceps nerves. d, WT Schwann cell cytoplasm
(asterisks) is restricted to regions delimited by appositions between the Schwann cell
plasma membrane and the abaxonal layer of the myelin sheath. e, The sharp transition
between the apposition and cytoplasmic zones is shown by the arrow. Scale bar, 0.2 wm.
The inset shows a high-power view of the transition zone. f, In the absence of appositions
in the KO, the Schwann cell cytoplasm forms a concentric ring around the myelin sheath.
Scale bar, 1 um (d and f). g, The proportion of abaxonal appositions per Schwann cell in
WT and KO mice (n = 3 for WT and KO).
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cells, and in theory the length of the internodal Schwann cell should
influence the rate of impulse conduction'. However, this has not
been experimentally verified, largely because the two other main
influences on conduction velocity, namely axon diameter and
myelin thickness, normally co-vary with internodal length. Further,
it is not known what mechanisms set the internodal distance and
allow Schwann cells to elongate so extensively during nerve growth
in vivo. The cytoplasmic meshwork beneath the plasma membrane
of myelinating Schwann cells was first described by Ramén y Cajal
(Fig. la), who speculated that these longitudinal and transverse
protoplasmic trabeculae might have a nutritive function; however,
their role in cell growth and maturation has remained unclear’.

We have previously identified spheroidal domains in the
Schwann cell plasma membrane that contain the L-Periaxin-
Dystrophin-related protein 2 (DRP2)-Dystroglycan (PDG) com-
plex®. Double-labelling for DRP2 and cytoplasmic microfilaments
by immunofluorescence showed that the PDG-rich domains are
surrounded by cytoplasmic bands (Fig. 1b). To address the function
of the bands, we first determined whether they were deranged in
Periaxin-null (Prx ~/~) mice, because we had previously shown that
the PDG complex is biochemically disrupted in these mice’.
Immunostaining for the Schwann cell cytoplasmic marker S100
revealed that the cytoplasmic bands were absent from the Schwann
cells of Prx '~ mice (Fig. 1c). Electron microscopy showed that
there were no appositions between the abaxonal surface of the
myelin sheath and the plasma membrane of the Prx ™/~ Schwann
cells (Fig. 1d—g), and this was consistent with our previous ultra-
structural observation that DRP2 and Periaxin localize together at
these appositions’. Instead of being compartmentalized in bands,
the Schwann cell cytoplasm now formed a continuous annulus
under the plasma membrane (Fig. 1f).

What are the consequences of disrupting the longitudinal Cajal
bands, in the light of Ramén y Cajal’s proposal that they might serve
a nutritive function? Although inactivation of the Prx gene causes
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Figure 2 Internodal length is decreased in Schwann cells from Prx ~/~ mice lacking Cajal

bands. a, Teased fibres from 3-week-old WT and KO quadriceps nerves were stained with
TRITC—phalloidin (red) and DAPI (blue). Nodes of Ranvier are indicated by arrowheads.
Scale bar, 100 um. b, The growth rate of WT and KO internodal lengths fitted a
rectangular hyperbola and a straight line respectively. The growth rates of WT and KO
nerve length were similar and both fitted rectangular hyperbolas (the null hypothesis that
there was no significant difference between these fitted curves was supported by F-test;
P = 0.945). Internodal lengths of WT (continuous black line) and KO (dashed black line)
are comparable at 2 days. Thereafter, internodal growth of WT Schwann cells matches the
increase in length of the quadriceps nerve (continuous red line) exactly. In contrast, the
rate of internodal growth in the KO is decreased, even though the nerve grows ata normal
rate (dashed red line). Values are means = s.e.m. for three animals (asterisks,

P < 0.0001; Student’s t-test for internodal lengths).
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Figure 3 The capacity of Schwann cells to specify internodal length is cell-autonomous.
Teased fibres in quadriceps nerves from 3-week-old mice were stained with
TRITC-phalloidin and DAPI. a, Nerves were from chimaeric mice containing GFP-tagged
Schwann cells (S129 background) and either WT Schwann cells or Prx KO Schwann cells
(both C57BL/6 background). The green signal is from GFP. Nodes of Ranvier are indicated
by arrowheads. Scale bar, 100 pm. b, The first two bars show that internodal lengths from
non-chimaeric KO mice are decreased (P < 0.0001 by Student’s -test; n= 3). In
WTEP_WT chimaeras, both types of Schwann cells had similar internodal lengths. In

192

©2004 Nature Publishing Group

WTCS™P—KO chimaeras, WTS Schwann cells had similar internodal lengths to those in
WTCE_WT chimaeras, whereas KO Schwann cells had decreased internodal lengths
(asterisks, P < 0.0001 by Student’s t-test; n = 3). The internodes of Schwann cells in
WTE_WT chimaeras were significantly larger than those of C57BL/6 WT (P < 0.0001
by Student’s t-test), but the internodal lengths of KO Schwann cells were decreased
similarly in a chimaeric environment and in a C57BL/6 environment (P = 0.07 by
Student’s ttest). All values are means + s.e.m.
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Figure 4 Intact Cajal bands and microtubules are required for MBP mRNA localization at
the paranodes. Tubulin (red) and the Cajal band marker S100 (green) were visualized by
immunofluorescence, and MBP and PO mRNA were detected by /n situ hybridization
(images photographically inverted for clarity) in teased sciatic nerve fibres from 3-week-
old WT and KO nerves with digoxigenin-labelled probes. a, In WT Schwann cells tubulin
localizes with S100 in the Cajal bands, whereas in the absence of the bands tubulin
staining becomes punctate as the microtubules approach the paranodes. Complete
depolymerization of WT Schwann cell microtubules with colchicine in vivo followed by
recovery for 3 days allows the microtubules to reform and partly extend (arrow indicates

demyelination in mature mice?, the myelin sheath of murine
quadriceps nerve fibres was of normal thickness at 3 weeks as
measured by the g-ratio (axon diameter/fibre diameter) (wild
type (WT), 0.62 * 0.01; Prx~'7, 0.63 * 0.01), and the mean
fibre diameter was unchanged (WT, 6.73 = 0.06 pm; Prx 7,
6.67 = 0.07 pm). Furthermore, there seemed to be no derange-
ments to the protein content, protein localization or ultrastructural
organization of the nodal or paranodal apparatus at 3 weeks
(Supplementary Fig. 1).

In spite of the apparently normal assembly of myelin by Schwann
cells, but consistent with Ramén y Cajal’s proposal, there was a
striking decrease in their longitudinal growth (Fig. 2a). At post-
natal-day 2 (P2), when myelinating Schwann cells have established a
1:1 relationship with segments of quadriceps nerve axons, WT and
knockout (KO) Schwann cells were the same length (Fig. 2b). WT
Schwann cells then elongated at the same rate as the growing nerve,
whereas Periaxin-null Schwann cells had lower growth rates;
this deficit persisted into adulthood in spite of the fact that WT
and KO quadriceps nerves grew to the same length (Fig. 2b).
Consistent with the absence of spontaneous firing in their quad-
riceps nerves, we never observed naked axonal segments in KO mice.
Hence, during the early rapid growth phase of the nerve, extra
Schwann cells must be needed to ensheath nerves in the mutant,
although their origin remains to be determined. At later phases after
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extent of growth). Note that Cajal bands are unaffected. b, MBP mRNA in WT Schwann
cells accumulates in the perinuclear and paranodal domains, whereas in KO Schwann
cells lacking Cajal bands the strong MBP mRNA signal declines from the perinuclear
region towards the paranodes. Depolymerization of microtubules in WT cells prevents the
concentration of MBP mRNA at the paranodes. Scale bar, 50 pm. ¢, Pseudocolour surface
plot of the mean internodal signal intensity (scale, 0—255) for MBP mRNA in WT (n = 9),
KO (n = 12) and colchicine-treated WT Schwann cells (7 = 10). d, PO mRNA is localized
to the perinuclear region in both WT and KO Schwann cells. Nuclei and nodes of Ranvier
are indicated by asterisks and arrowheads respectively. Scale bar, 50 pm.

P21 it seems that KO Schwann cells can match the slower rates of
nerve growth.

These results prompted us to use chimaeric mice to test whether
the ability of Schwann cells to elongate in response to axonal growth
was cell-autonomous. Strain S129-derived embryonic stem (ES)
cells tagged with tau—green fluorescent protein (GFP)’ were injected
into blastocysts to track the fate of ES cells carrying WT Prx alleles.
We had previously shown that the GFP fusion transgene is robustly
expressed in myelinating Schwann cells. To confirm that these ES
cells developed into Schwann cells with normal internodal lengths,
we injected them into C57BL/6 WT as well as KO blastocysts. In each
case, peripheral nerves contained Schwann cells derived from both
endogenous and injected stem cells (Fig. 3a). In contrast to the
normal elongation of Schwann cells tagged with GFP in a WT or KO
environment, KO Schwann cells were unable to elongate normally
whether alone or flanked by GFP-tagged Schwann cells with normal
longitudinal bands and WT internodal lengths (Fig. 3b). This
indicated that the capacity to elongate was a cell-autonomous
property of Schwann cells. Internodal lengths in chimaeric nerves
containing both GFP-tagged Schwann cells (derived from strain
$129 mice) and WT Schwann cells (from C57BL/6 mice) were
greater than in WT C57BL/6 mice because these chimaeric mice
were larger and had longer quadriceps nerves (compare Figs 2b and
3b). In contrast, the internodal lengths of Periaxin-null Schwann
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Figure 5 Peripheral nerve function is compromised in Prx '~ animals. a, Nerve

conduction velocities in 3-week-old quadriceps nerves were decreased in KO compared
with WT mice, and chimaeras had intermediate values (57.1 = 3.1% KO Schwann cells,
n=3; mean = s.e.m.). Error bars indicate standard error of the regression coefficient
(asterisks, P < 0.0001 for comparisons with WT, Student’s t-test; n = 4 for WT and KO,
n = 3 for chimaeras). b, A significant decrease in KO motor coordination compared with

cells in a chimaeric or pure C57BL/6 environment were indistin-
guishable (Fig. 3b). This further indicated that there was an upper
limit to the ability of the mutant Schwann cells to elongate,
irrespective of the extent of axon growth.

Microtubule-based messenger RNA translocation is believed to
permit the incorporation of newly synthesized myelin basic protein
(MBP) at the growing extremities of myelin-forming glia®”. To test
whether impaired transport of mRNA and proteins from the
perinuclear to the peripheral regions of myelin-forming glia as a
result of microtubule disruption might contribute to the decreased
rate of elongation of Schwann cells lacking Cajal bands, we analysed
the distribution of microtubules and MBP mRNA in single teased
fibres from WT and KO mice. WT Schwann cells had an organized
microtubule network that extended from the nucleus to the para-
nodes along the Cajal bands, whereas the tubulin staining in cells
lacking Cajal bands frequently became punctate as the microtubules
approached the paranodes (Fig. 4a). Importantly, the mutant
Schwann cells could no longer accumulate MBP mRNA in the
paranodal regions (Fig. 4b, ¢). Furthermore, the distal accumulation
of MBP mRNA in WT Schwann cells was prevented when micro-
tubules were reversibly disrupted, as found previously for oligoden-
drocytes’” (Fig. 4a—c). Hence, deficits in microtubule-based
transport might underlie the decreased capacity of Periaxin-null
Schwann cells to elongate. In contrast to MBP mRNA, no discern-
ible differences between WT and KO mice were observed in the
distribution of the mRNA encoding the integral membrane protein
PO (Fig. 4d).

The decreased internodal length in KO mice, taken together with
their normal axon diameter and myelin thickness, provided a unique
opportunity to determine whether nerve conduction velocities are
modulated by the internodal distance, as predicted from theory'.
We measured the conduction time of compound action potentials
in quadriceps nerves from 3-week-old WT, mutant and chimaeric
mice. Nerve conduction velocities were decreased by more than 50%
in KO compared with WT animals, and nerves that contained a
mixture of WT and mutant Schwann cells had intermediate values,
which was consistent with the effect of internodal length on
conduction velocity (Fig. 5a). The substantial decrease in motor
nerve conduction velocity in nerves lacking Cajal bands was
accompanied by poorer performance on the RotaRod, a robust
behavioural test for motor dysfunction (Fig. 5b). In sensory reflex
behavioural tests, 3-week-old mice did not display the neuropathic
pain behaviour that results from demyelination in mature Prx '~
mice*. They had normal withdrawal latencies in tests for both
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WT at 3 weeks was observed on the RotaRod at 32 r.p.m. but not at 24 r.p.m. Values are
means = s.e.m. (asterisk, P < 0.0001, Student’s t-test; n = 6 for WT and KO).

¢, 3-week-old WT and KO mice showed no significant differences in a cutaneous reflex
test of hindpaw withdrawal threshold to mechanical stimulation or in their withdrawal
latency to thermal nociceptive sensitivity. Values are means = s.e.m. (n = 6 for WT and
KO).

thermal hyperalgesia and mechanical allodynia, confirming the
functional intactness of the myelin sheath (Fig. 5¢). The relationship
between the absence of longitudinal bands, decreased internodal
length and impaired conduction in Periaxin-null mice was under-
lined by an analysis of CMTX mice, which also display late-onset
demyelination. The quadriceps nerves from 3-week-old CMTX
mice have normal bands and their Schwann cell lengths and
conduction velocities are not decreased in comparison with WT
animals (ref. 10 and Supplementary Fig. 2).

The physiological relationships between fibre diameter, myelin
thickness and conduction velocity are well established''. However,
our understanding of how internodal length influences conduction
velocity has been largely theoretical»'>. We have used a recent model
of mammalian motor nerve fibres that includes detailed morpho-
logical and electrical parameters'’. As found in earlier theoretical
treatments’, we found a substantial decrease in the rate of conduc-
tion when changes in the internodal distance were modelled within
our experimental range from 500 pm down to 250 pm (Supplemen-
tary Fig. 3). Nerve conduction velocities therefore become much
more sensitive to changes in internodal lengths in the shorter
ranges.

Ranvier speculated that internodal length and nerve elongation
are related during body growth because internodes are longer in
larger animals'®. From our studies, the ability of myelinating
Schwann cells to elongate during the postnatal development of
peripheral nerves was cell-autonomous but matched the growth
rate of axons precisely, thus supporting the proposal that passive
stretching could account for the establishment of internodal lengths
during nerve growth'>'. Schwann cells lacking longitudinal bands
were unable to keep pace with axon growth, and the consequence of
this decreased capacity for elongation was that the internodal
distances were shorter and conduction velocities were slowed in
mutant nerves. We conclude that Schwann cell elongation is an
essential feature of the functional development of the vertebrate
nervous system. Finally, we propose that the longitudinal cyto-
plasmic structures in Schwann cells be named Cajal bands to
acknowledge both Ramoén y Cajal’s discovery and our growing
understanding of their function. O

Methods

Materials and antibodies

Primary antibodies and dyes for microscopy were used at the following dilutions and
concentrations; rabbit anti-DRP2 (ref. 3), 1:200; rabbit anti-S100 (Sigma), 1:200; rabbit
anti-neurofascin'’, 1:1000; guinea pig anti-Caspr'?, 1:200; mouse anti-dystroglycan’,
1:100; mouse alnti—pan—Nal+ channel (gift from M. Rasband), 1:300; rat anti-tubulin

NATURE | VOL 431 |9 SEPTEMBER 2004 | www.nature.com/nature




(YL1/2; Serotec), 1:200; chicken anti-betalV-spectrin'® (gift from M. Komada), 1:100; 4,6-
diamidino-2-phenylindole (DAPI; Sigma), 4 pg ml~'; tetramethylrhodamine @3-
isothiocyanate (TRITC)—phalloidin (Sigma), 50 ngml™'. The secondary antibodies were
fluorescein isothiocyanate (FITC)-conjugated anti-rabbit IgG, 1:200; TRITC-donkey
anti-guinea-pig IgG, 1:200; FITC-donkey anti-chicken IgY, 1:100 (all from Jackson
ImmunoResearch); FITC—goat anti-mouse IgG1, 1:200 (Southern Biotech); Alexa
Fluor-goat anti-rabbit IgG, 1:100 (Molecular Probes). For western blotting'’, primary
antibodies were used at tenfold greater dilutions.

Microscopy and morphometry

Depolymerization of Schwann cell microtubules in sciatic nerve in vivo was performed by
topical treatment with colchicine as described”, and microtubules were allowed to reform
for 3 days. By 5 days after colchicine treatment the microtubules had reached the
paranodes showing that microtubule disruption is completely reversible (data not shown).
Teased fibres were prepared from nerves fixed for 1 h in 4% paraformaldehyde, 0.1 M
sodium phosphate buffer pH 7.3, and washed in several changes of phosphate buffer. The
lengths of quadriceps nerves were measured from spinal cord exit to muscle insertion
point. Teased fibres from quadriceps nerves of WT and KO mice were stained with TRITC-
phalloidin and DAPI, and 100 internodes and the lengths of two quadriceps nerves were
measured for each animal (n = 3). For chimaeras, 200 internodal distances were measured
for each Schwann cell type (n = 3). Nerves were prepared for electron microscopy as
described previously’. For measurement of g-ratios, micrographs of randomly selected
fields of ultrathin transverse sections of quadriceps nerves from 3-week-old WT and KO
mice (n = 3 for each group, 120 fibres per group) were scanned and analysed using NIH
Image. The g-ratio was calculated and all results are shown as means * s.e.m. The best fit
for the growth rates of internodal and nerve length was found (F-test; Prism 3.03) and
superimposed on the measured values shown in Fig. 2b. The growth rate of WT internodal
length fitted a rectangular hyperbola, whereas the growth rate of KO internodal length
fitted a straight line (linear regression). The growth rates of WT and KO nerve length both
fitted a rectangular hyperbola. Bright-field images of teased sciatic nerve fibres stained for
PO and MBP mRNA by in situ hybridization with digoxigenin-labelled probes®' were
photographically inverted to compare the signal intensity between WT, KO and
colchicine-treated WT Schwann cells. Sense probes gave negligible background staining.
Images of internodes were normalized by rescaling to a length of 400 pixels and imported
into MATLAB software as a two-dimensional matrix representing pixel intensity. A three-
dimensional array was created by concatenating individual images in the Z dimension.
From this array, the mean value of pixel intensity in the Z dimension was calculated for
each pixel, resulting in a two-dimensional matrix.

Electrophysiology

Quadriceps nerves from 3-week-old KO and WT mice were transferred from oxygenated
Krebs solution to an isolated chamber containing an array of Ag/AgCl electrodes with
1-mm intervals and surrounded by liquid paraffin maintained at 37 °C for periods no
longer than 10 min. The proximal end of the nerve was excited by a square wave (0.1 ms,
0.1-1.5V) and the conduction distance was varied from 2 mm to 7 mm by altering the
stimulating electrode position. The voltage was adjusted to ensure exact duplication of the
active population, and the compound action potential was viewed on a storage
oscilloscope. Values were stored as digitized signals with the use of Chart software
(MacLab System). Conduction times were measured as described*.

Behavioural testing

Mice were conditioned to the RotaRod 1 day before the trial, and the RotaRod test was
terminated either when the mouse fell from the rod or at 60 s. Four trials per mouse were
performed, separated by at least 10 min to avoid exhaustion of the animal. The thresholds
and times for hindpaw withdrawal in response to graded mechanical stimulation and
thermal stimulus were performed as described*.

Chimaeras

Chimaeras were obtained by injecting the ES cell line E14Tg2aSc4TP6.3 expressing GFP-
tagged tau protein into WT or KO blastocysts®. For internodal length measurements in
quadriceps nerves, chimaeras were selected with an approximately equal contribution
from each Schwann cell type.
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Calcium transients in astrocyte
endfeet cause cerebrovascular
constrictions

Sean J. Mulligan & Brian A. MacVicar
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Cerebral blood flow (CBF) is coupled to neuronal activity and is
imaged in vivo to map brain activation'. CBF is also modified
by afferent projection fibres that release vasoactive neurotrans-
mitters>® in the perivascular region, principally on the astrocyte
endfeet*® that outline cerebral blood vessels®. However, the role
of astrocytes in the regulation of cerebrovascular tone remains
uncertain. Here we determine the impact of intracellular Ca**
concentrations ([Ca®"];) in astrocytes on the diameter of small
arterioles by using two-photon Ca’* uncaging’® to increase
[Ca®*];. Vascular constrictions occurred when Ca®>* waves
evoked by uncaging propagated into the astrocyte endfeet and
caused large increases in [Ca®™"];. The vasoactive neurotransmit-
ter noradrenaline>’ increased [Ca®"]; in the astrocyte endfeet,
the peak of which preceded the onset of arteriole constriction.
Depressing increases in astrocyte [Ca®*]; with BAPTA inhibited
the vascular constrictions in noradrenaline. We find that con-
strictions induced in the cerebrovasculature by increased [Ca®*);
in astrocyte endfeet are generated through the phospholipase
Aj-arachidonic acid pathway and 20-hydroxyeicosatetraenoic
acid production. Vasoconstriction by astrocytes is a previously
unknown mechanism for the regulation of CBE.
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