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Summary. The present study was carried out to investi- 
gate the permeability of normal spinal nerve root 
sheaths around dorsal and ventral roots in the rat. 
In vivo studies were performed using Evans blue- 
albumin and lanthanum chloride as tracers. The Evans 
blue-albumin complex is macromolecular in size and 
lanthanum ions are small and easily visible in the 
electron microscope. Both tracers were injected into the 
subarachnoid space and 15 rain later samples were taken 
and further processed for detection of tracer. Post- 
mortem studies with lanthanum was also performed. 
Following fixation by cardiac perfusion with fixative 
without tracer, lanthanum chloride was added to the 
fixative and applied directly to exposed spinal cord 
including the spinal nerve roots. Macroscopical exami- 
nation showed Evans blue staining of the superficial 
blood vessels of the spinal cord, but no staining of the 
parenchyma of either spinal cord or nerve roots. Fluo- 
rescence microscopy revealed, in addition to a bright red 
fluorescence of root sheaths, a faint longitudinally 
orientated red fluorescence in the endoneurium of the 
nerve roots, indicating the presence of the dye-albumin 
complex. In both in vivo and post-mortem lanthanum 
studies, the tracer was detected between cell layers of 
the nerve root sheath and in invaginations of the plasma 
membrane of these cells, as well as inside the nerve root 
parenchyma. Some of the cells of the sheaths in 
post-mortem animals were diffusely marked with intra- 
cellular tracer. The endoradicular lanthanum was most 
often seen superficially, but lanthanum could occasion- 
ally be detected deeper in the parenchyma in the post 
mortem studies. The results show that the spinal nerve 
root sheaths are permeable to both the macromolecular 
substance Evans blue-albumin and the small lanthanum 
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ion. No differences were detected between dorsal and 
ventral roots, nor between proximal and distal parts of 
the roots. 
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The spinal nerve roots connect the central nervous 
system with peripheral nerves and by electrical signals 
along axons transfer information to and from the spinal 
cord. Such a complicated function is best carried out 
when there is homeostasis, i.e. a constant internal milieu 
as pointed out by Goldstein and Betz [11], otherwise 
fluctuations in the concentrations of ions, various macro- 
molecules and amino acids may result in inadequate 
transmission. Thus, for normal function, the axons of the 
nerve roots most probably depend on the composition of 
the extracellular fluid, the regulation of which is not well 
known [26, 45]. The root sheaths [39] and blood vessels 
[2, 28-31, 41, 48] would be expected to influence its 
composition and detailed knowledge of their structure 
and permeability is essential to understand how the 
internal milieu is regulated in the nerve roots. 

In 1873 Key and Retzius [19] published one of the 
earliest important papers on the histology of the epi-, 
peri- and endoneurium of the peripheral nervous sys- 
tem. Shanthaveerappa and Bourne [42, 43] demon- 
strated by microdissection and light microscopy, the 
continuity of the pia-arachnoid membrane covering 
spinal nerve root with the "perineurial epithelium" 
surrounding nerve fascicles. They considered that the 
squamous cells covering the spinal roots and the "peri- 
neurial epithelium" were identical in shape, size, cell 
borders, nuclear character, distribution of sex chromatin 
and enzyme histochemical properties. 

From the ultrastructural features in laboratory ani- 
mals, particularly the rat, the root sheaths are regarded 
as consisting of an inner perineurial coat and an outer 
coat continuous with the pia-arachnoid [10, 12-14, 22]. 
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The  cells of  the  ou te r  coat  are loosely a r ranged  with 
in tervening lacunae conta in ing connect ive  tissue ele- 
ments .  Junct ions  be tween  the cells are in te rmi t ten t  and 
would  permi t  the  fluid of  the  subarachnoid  space to 
commun ica t e  with tha t  in intercellular  spaces of  the  
ou te r  coat  [12]. T he  inner  coat  is r egarded  as an 
extens ion of  the  per ipheral  nerve pe r ineur ium or at least 
to resemble  it [10, 12-14,  22]. A basal  lamina lies 
be tween  the  innermos t  cells of  the  inner  coat  and the  
nerve roo t  p a r e n c h y m a  [10, 12, 14, 22, 23] bu t  else- 
where  in the  roo t  sheath ,  the basal  lamina is incons tant  
[12, 22]. These  structural  a r rangements  of  nerve  roo t  
sheaths are conf i rmed  in the  rat by  R a d e k  et al. [32] .The 
inner  coat  of  the roo t  sheath  is cons idered  to end at the 
transi t ional  zone close to the spinal cord  [10, 13, 22]. 

The  pe r ineur ium has a barr ier  funct ion  to  m a c r o m o -  
lecular substances  [21, 22, 26, 45] and p robab ly  acts as a 
metabol ic  diffusion barr ier  [42, 43]. Repor t s  on the  
permeabi l i ty  o f  the  spinal nerve roo t  sheaths are scanty. 
Weiss and R6hl ich  [49] r epor t ed  passage of  India  ink 
f r o m  the subarachnoid  space of  the  rat  into bo th  sensory 
and m o t o r  nerve roots.  Bowsher  [3] using 35S-containing 
se rum pro te in  and Klatzo et al. [20] using f luorescein 
isothiocyanate- label led  a lbumin i l lustrated in cats the 
presence  of  t racer  inside spinal nerve roots  fol lowing 
injection into the  cerebrospinal  fluid. Rydev ik  et al. [39] 
publ ished an impor tan t  s tudy in which they  r epor t ed  in 
the  pig, the t ransfer  o f  [3H] methylg lucose  f rom the  
cerebrospinal  fluid into the  lumbar  nerve  roots.  T h e y  
cons idered  this pa thway  to  be more  impor tan t  for  the 
nutr i t ion o f  the  nerve roo t  than  nutr i t ion  f r o m  the b lood  
supply. O n  the  o the r  hand  Kaa r  and Fraher  [18], on  the  
basis o f  a morpholog ica l  invest igat ion using rats, 
c laimed that  the  subpial,  endoneur ia l  and interradicular  
spaces are cont inous ,  but  isolated f r o m  the  subarach-  
noid  space. 

Pe t te rsson et al. [30] observed  by i m m unoh i s t ochem-  
istry in no rma l  rats that  the spinal nerve roots  conta in  
immunoreac t ive  mater ia l  indicat ing the presence  of  
se rum albumin in the  extracellular  spaces. This may  
deno te  an incomple te  blood-spinal  nerve roo t  barr ier  
due  to leaking of  the  intrinsic b lood  vessels [29, 31]. The  
purpose  of  the  present  s tudy was to invest igate the  
s tructure and permeabi l i ty  of  the po ten t ia l  barr ier  in the  
roo t  sheaths  of  the  spinal nerves of  the  rat by  evincing by 
microscopical  me thods ,  the pe rmea t ion  and dis tr ibut ion 
of  Evans  b lue-a lbumin  and l an thanum.  The  results show 
that  the nerve roo t  sheaths do no t  have a comple te  
barr ier  func t ion  to such tracers when  present  in the 
cerebrospinal  fluid. 

Material and methods 

Male Sprague-Dawley rats weighing 250-380 g were adjusted to 
laboratory environment, with free access to food and water, for a 
few days before use. For 12-16 h before the experiments food was 
not provided. Animals were obtained from Alab, Sollentuna, 
Sweden. 

Permeability investigations 

Evans  blue tracer technique 

Evans blue-albumin was used as an in vivo macromolecular tracer. 
Five rats were injected subcutaneously with 0.2 ml Atropin 
(0.5 mg/ml, ACO, Sweden) and 30 rain later they were anesthe- 
tized with Mebumal (60 mg/ml, Nord Vacc, Sweden). The back of 
the head was incised and the atlanto-occipital membrane exposed. 
An opening was made in the membrane with a 22-gauge needle. 
The cannula was withdrawn, which resulted in leakage of small 
amounts of cerebrospinal fluid from the opening in the membrane. 
A small catheter (PE 10) was introduced through the hole for a few 
millimeters in a caudal direction. 

A solution containing 25 ~tl of 1% Evans blue and 5 % albumin 
in saline was injected, through the catheter, for 3 rain and 15 min 
later the rats were killed by cardiac perfusion. The chest was 
opened rapidly, the right auricle incised and the blood washed out 
with saline through a cannula inserted into the left ventricle. The 
saline perfu~ion lasted 5 rain at a pressure of 100 mm Hg and was 
followed by perfusion of 250 ml of 10 % formalin at the same 
pressure, at room temperature. Portions of the cervical enlarge- 
ment including the spinal nerve roots were fixed for 1 h and 
10-gm-thick sections were cut on a Leitz Kryomat and mounted in 
50 % glycerin in water. 

During the dissection, the spinal cord and nerve roots were 
examined macroscopically and the presence of blue staining 
recorded. Cryo-sections from five to eight ventral and dorsal roots 
of each rat were inspected in a Leitz fluorescence microscope for 
the presence of Evans blue which emits red fluorescence in 
ultraviolet light [44]. The spinal nerve roots of the normal rat do not 
exhibit any red autofluorescence disturbing evaluation of these 
experiments (cf. [31]). 

L a n t h a n u m  t racer  techniques  

A solution of lanthanum ions added to a fixative provides a tracer 
of small size which due to its high electron density is easily visible 
by electron microscopy [6, 8, 15, 36, 37, 40]. Two forms of appli- 
cation were used. 

Post-mortem lanthanum studies. Five rats were killed by perfusion 
as in the Evans blue experiments but the fixative used was 2.5 % 
glutaraldehyde and 2% paraformaldehyde in 0.1 M cacodylate 
buffer, pH 7.2. After fixation, the cervical enlargement of the 
spinal cord, and nerve roots were exposed. Drops of fixative 
containing 2 % lanthanum chloride were applied and the tissues 
submerged in this fixative for 40 rain. Then portions of the dorsal 
and ventral roots were removed and put in fixative devoid of 
lanthanum and were post fixed in osmium tetroxide, rinsed in 
buffer, contrasted with 1% uranyl acetate, dehydrated in a graded 
series of ethyl alcohol and embedded in Epon. 

In vivo lanthanum studies. As in the Evans blue experiments five 
rats were treated with Atropin, Mebumal and catheter insertion 
into the subarachnoid fluid. A solution containing 25 ~tl of 2 % 
lanthanum chloride in saline was injected for 3 rain and the rats 
were killed 15 min later by cardiac perfusion and fixed as in the 
post-mortem studies. Cervical, dorsal and ventral nerve roots were 
then prepared for electron microscopy, by the same procedure as in 
the post-mortem studies. Sections (1 ~tm thick) of nerve roots from 
post-mortem and in vivo lanthanum experiments were stained with 
toluidine blue and examined by light microscopy. Regions contain- 
ing root sheath and underlying endoneurium were selected and 
sectioned for electron microscopy. These thin sections were 
contrasted with lead citrate [38]. Observations were made on 20 
post-mortem and 20 in vivo nerve roots using a Philips electron 
microscope. 



Structural investigations 

Morphological examinations were carried out on 21 rats. Ten of 
them were derived from the lanthanum experiments used for 
permeability studies in this report and 11 from previous experi- 
ments [30, 31]. Cervical nerve roots were taken from 16, and 
lumbar and caudal roots from 9 rats. 

Light microscopy. Light microscopy was carried out on formalin- 
fixed, paraffin sections from 32 roots stained by hematoxylin and 
eosin, and on toluidine blue-stained plastic sections from 88 roots. 
The toluidine blue material was from animals killed by cardiac 
perfusion with 2.5 % glutaraldehyde and 2 % paraformaldehyde in 
0.1 M cacodylate buffer pH 7.2 with or without 2 % lanthanum 
nitrate added to the fixative. All the samples were then fixed in 
osmium tetroxide, rinsed in buffer, contrasted in 1% uranyl 
acetate, dehydrated in a graded series of ethyl alcohol and finally 
embedded in Epon. 

Electron microscopy. Ultrathin sections, contrasted with lead 
citrate [38], from all 88 toluidine blue-stained specimens were 
examined using a Philips electron microscope. 
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Results 

Permeability properties 

Evans blue experiments. Fifteen minutes  af ter  injecting 
Evans blue through the opening of the atlanto-occipital  
membrane  a clear staining of the cerebrospinal  fluid 
throughout  the whole length of the cervical enlargement  
could be seen. Dissection of the spinal cord cervical 
enlargement  with its spinal nerve roots was made  and the 
samples were put into fixative. Macroscopical  examina-  
tion of these samples showed no clear staining of ei ther  
spinal cord parenchyma,  or the nerve root  endoneur ium 
but blood vessels on the spinal cord were strongly 
blue. 

Fluorescence microscopy elicited bright red fluores- 
cence of the sheaths of the nerve roots and longitudinally 
or ientated,  weaker  fluorescence of the nerve root  par- 
enchyma probably  delinating individual nerve fibers 
(Fig. i ) .  The  blood vessels in the nerve roots were 
strongly fluorescent and fluorescence surrounded the 
nerve cells of  the root  ganglia. Adjacent  parts  of 
peripheral  nerve endoneur ium also showed fluores- 
cence. These observat ions were made  in all samples f rom 
all animals. 

In vivo lanthanum experiments. L a n t h a n u m  experi- 
ments  made  it possible to pe r fo rm ultrastructural obser- 
vations on the spread of t racer  f rom the subarachnoid 
space into nerve root  parenchyma.  In 80 % of the nerve 
roots investigated small amounts  of electron-dense 
tracer were detec ted  on the surface of the root  sheath 
(Fig. 2A).  

In more  than half of  the nerve roots presenting 
lan thanum on their  surface, tracer was seen between the 
layers of  cells of the root  sheath. This was most  often 
found superficially but also in inner parts of  the sheaths 
(Fig. 2A).  Vesicles filled with tracer were found occa- 
sionally in both  the inner and the outer  coat (Fig. 2A,B).  
In the endoneur ium of the nerve roots,  which showed 

Fig. 1. Fluorescence micrograph from a dorsal spinal nerve root of 
a rat after 15 min of administration of Evans blue-albumin in the 
subarachnoid space, showing longitudinally orientated intraparen- 
chymal fluorescence and a brighter fluorescence of the nerve root 
sheath (arrow). SAS, Subarachnoid space 

lan thanum on their surface, there was a spot-like 
distribution of lanthanum crystals in about  two thirds of  
these roots. This was even true for three roots which did 
not contain any tracer be tween different cellular layers 
of the root  sheath. These deposits were in almost all 
cases restricted to regions immediate ly  benea th  the root  
sheath (Fig. 2B). 

Post-mortem lanthanum experiments. Lan thanum was 
seen always in large amounts  on the surface of the roots 
in all samples (Fig. 3 A , D , E ) .  Tracer was detected 
between the different cell layers of the root  sheath and 
most  pronouncedly between the outer  layers but to a 
lesser degree also between deeper  layers (Fig. 3 A - C ) .  

Some invaginations of the plasma membranes  present  
in both  the perineurial  and the pia arachnoidal cells of 
the root sheath were filled with lan thanum (Fig. 3B,C) 
and occasional "vesicles" containing tracer were also 
seen. However,  such "vesicles" may well be obliquely cut 
invaginations of  the plasma m e m b r a n e  since closure of 
invaginations to form real vesicles would be impossible 
in the fixed tissue. Of ten  great parts of the outer  layers 
showed diffusely distributed electron-dense mater ial  in 
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Fig. 2A,B. Electron micrographs from spinal nerve roots, at the 
level of the cervical enlargement, of rats subjected to lanthanum 
chloride injection into the subarachnoid space in vivo. A Small 
amounts of lanthanum can be seen at the surface of the nerve root 
sheath. The tracer is also detected between different cell layers of 
the root sheath. This is most pronounced between outer layers, but 

also seen deeper in the sheath (small arrows), Some vesicles, 
predominantly in cells of the inner coat, contain lanthanum 
deposits (A,B big arrows). B shows a spot-like distribution of 
lanthanum crystals in the nerve root parenchyma immediately 
beneath the root sheath. SAS, Subarachnoid space A,B. Dorsal 
root, distal part, A • 37200; B • 55800 

the  c y t o p l a s m  of  t he i r  cells.  This  p h e n o m e n o n  was also 
seen  in d e e p e r  layers ,  t h o u g h  less f r e q u e n t l y  
(Fig.  3 A , D , E ) .  N o  such in t r ace l lu l a r  depos i t s  of  lan-  
t h a n u m  were  ever  d e t e c t e d  in t he  in v ivo  exper i -  
ments .  

L a n t h a n u m  was p r e s e n t  in the  ne rve  roo t  p a r e n c h y -  
m a  of  mos t  ne rve  roots .  Mass ive  s p r e a d  of  l a n t h a n u m  
was seen  b e t w e e n  the  co l l agen  fibri ls  (Fig.  3B,F) .  Di f -  
fe rences  were  no t  d e t e c t e d  in any of  t he  l a n t h a n u m  
e x p e r i m e n t s  b e t w e e n  the  do r sa l  and  ven t ra l  roo t s  no r  
b e t w e e n  p r o x i m a l  and  d is ta l  par t s .  

Structural characteristics 

Light microscopy. L o n g i t u d i n a l  sec t ions  of  t he  paraf f in-  
e m b e d d e d  l u m b a r  and  cauda l  sp ina l  ne rve  roo t s  s t a ined  

Fig. 3A-E  Electron micrographs from nerve roots, arising from 
the cervical enlargement, subjected to lanthanum administration 
following fixation (post-mortem studies). The figures show: great 
amounts of lanthanum on the surface of root sheaths (A,D,E); 
lanthanum between different cell layers of root sheaths (A-C),  in 
A the tracer surrounds collagen fibrils between cells of the outer 
coat); lanthanum containing invaginations of plasma membranes 
in root sheath cells (B,C); diffusely distributed lanthanum particles 
in the cytoplasm of root sheath cells of the outer (A,D,E) and inner 
(E) coats; massive distribution of lanthanum in the endoneurial 
connective tissue space, between collagen fibrils, immediately 
beneath the root sheath (B) and deeper in the nerve root 
parenchyma (F), in F lanthanum is also seen in invaginations of the 
plasma membrane of a Schwann cell. SAS, Subarachnoid space; E, 
endoneurium of nerve root; C collagen fibrils. A,D,E Dorsal root, 
proximal part, B,F dorsal root, distal part, C ventral root, proximal 
part. A , C - F  • 55800; B • 37200 
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by hematoxylin and eosin showed that the root  sheath 
consisted of a very thin layer of cells with elongated 
nuclei. Epon  sections of roots stained by toluidine blue 
confirmed this observation and showed sleeves of root  
sheath cells surrounding the extrinsic blood vessels. 

Electron microscopy. The root  sheaths consisted of two 
to eight layers of f lat tened cells (Fig. 4A,B,D).  Collagen 
fibrils occurred between these layers and in lacunae 
formed by the cells, especially in outer  root  sheath layers 
(Fig. 4B,C).The cells in the inner coat of the sheath were 
more compactly arranged than in the outer  coat, in 
which cells were not always closely apposed, and in the 
outermost  layer cells did not always completely encircle 
the nerve root  (Fig. 4A,B ,D,E) .  

A basal lamina covered the innermost aspect of the 
root sheath. In o ther  parts the basal lamina was 
intermittent  and occurred only rarely in outer  layers 
(Fig. 4 A - D ) .  The root  sheath cells of both layers 
contained vesicles and invaginations of their plasma 
membranes (Fig. 4A,B,D,F).  Some of them were elon- 
gated and very big, occupying half and sometimes even 
more of the depth of the cell (Fig. 4F). These structures 
were more  numerous in the inner cell layers 
(Fig. 4A). 

Discussion 

In the central nervous system, the generation and 
transmission of electrical impulses function best when 
there is homeostasis [11] since fluctuations in the 
concentrat ion of ions, macromolecules and amino acids 
influence neuronal  activity. This is probably als0 true for 
the peripheral nervous system. In the brain and spinal 
cord the composit ion of the extracellular fluid is con- 
trolled by the blood-brain and blood-cerebrospinal fluid 
barriers [4, 5, 7, 11, 24, 27, 33, 47]. In peripheral nerve 
fascicles, the blood-nerve barrier  and perineurium are 
the two chief components  for the regulation of the 
internal milieu [21, 25, 26, 34, 45]. 

Fig. 4A-E Electron micrographs illustrating morphological fea- 
tures of cervical spinal nerve root sheaths in the rat. All photos are 
from animals used for in vivo lanthanum experiments. A A root 
sheath built up of eight layers of flattened cells with a basal lamina 
(BL) facing the endoneurium of the nerve root. Cells of the inner 
coat of the root sheath are more closely arranged than cells of the 
outer coat. Multiple invaginations of plasma membranes and 
vesicles are seen predominantly in the inner coat. Dorsal root, 
distal part. B Collagen fibrils (C) between cells of a root sheath 
build up of four layers of cells. A continuous basal lamina (BL) is 
seen at the innermost surface of the root sheath. Ventral root, 
proximal part. C A collagen containing lacuna in the outer coat of a 
root sheath. Note the intermittent basal lamina (arrows), which 
only occasionally is found in this outer coat.Ventral root, proximal 
part. D Interspace between cells of the same layer in the outer coat 
(arrows). Dorsal root, proximal part. E Incomplete outermost cell 
layer. Ventral root, distal part. F Very big invaginafions of the 
plasma membrane (arrows), occupying two thirds of the cell depth, 
in cells of the inner coat of a root sheath.Ventral root, distal part. 
SAS, Subarachnoid space; E, endoneurium of nerve root. 
A x 37200; B • 55800; C,D • 37000; E • 57700; F • 86800 
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Compared with the brain and peripheral nerves 
there have been few investigations on the control of 
the internal milieu of spinal nerve roots and most 
have concentrated on vascular permeabili ty 
[2, 28-31,  41, 48]. Reports  on vascular permeabili ty 
within dorsal root ganglia confirm that they lie outside 
the terr i tory of the blood-brain barrier [1, 17]. Since the 
root  sheaths are very thin and lie in the subarachnoid 
space, it is plausible that substances in the cerebrospinal 
fluid influence the internal milieu of the roots and that as 
in edematous conditions, substances produced in the 
roots are transferred to the cerebrospinal fluid. This 
would explain why changes in the protein composition 
are recorded in the cerebrospinal fluid in inflammatory 
diseases of the roots, such as the Guillain-Barrd's 
syndrome [46]. 

When injected into the subarachnoid space, anal- 
getics act more rapidly and in smaller doses than when 
injected epidurally or alongside peripheral nerve trunks 
[10]. Thus,  the root  sheath seems to provide less 
insulation than a true perineurium, which could be of 
great significance for the regulation of the internal 
milieu in the nerve roots. 

While the present investigation was in progress, 
Rydevik et al. [39] in a study on pigs repor ted important  
observations on the diffusion of [3H methylglucose from 
the cerebrospinal fluid into spinal nerve roots. [3H] 
Methylglucose was injected both intravenously and 
directly into the cerebrospinal fluid, and samples of 
nerve roots, cerebrospinal fluid, blood and peripheral  
nerves were taken. They showed that two routes of 
transport  are available for the small solutes into the 
roots, namely from the blood vessels and cerebrospinal 
fluid. The authors proposed that the contribution of 
nutrients f rom the cerebrospinal fluid to the nerve roots 
is greater  than the contribution f rom the blood. 

In the present experiments two tracers were used: 
Evans blue-albumin, which is a macromolecule,  and 
lanthanum, which is a very small molecule and easily 
visible in the electron microscope. The tracers were 
injected into the cerebrospinal fluid and 15 min later 
their distribution was determined by microscopy. Lan- 
thanum was also used after fixation by cardiac perfusion 
to record if differences occurred in the permeabili ty of 
lanthanum in live and fixed cells. Post-mortem studies 
can establish if there are open pathways through or 
between the cells. 

The  results show that,  in the rat, substances applied 
to the outside of the sheaths of the spinal nerve roots can 
be detected inside the nerve root  parenchyma already 
after 15 min. This is different than in peripheral nerves, 
the perineurium of which is an efficient diffusion barrier 
[21, 26, 34, 45]. The findings are in line with results in 
other  animal species or with other  compounds 
[3, 10, 20, 39, 49]. On the other  hand Kaar  and Fraher  
[18] showed in the rat that the subarachnoid and 
endoneurial  spaces are morphologically isolated f rom 
each other. According to our  data and that of others 
[3, 10, 20, 39, 49], this isolation is rather  structural than 
functional. To my knowledge this is the first demonstra- 
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tion of the transfer of a visible tracer from the cerebro- 
spinal fluid into nerve roots in experimental  animals. 

When the catheter  is inserted through the atlan- 
to-occipital membrane  there is always the risk of 
rupturing the spinal cord: hence during dissection, 
careful examination is essential. If there was the sligh- 
test suspicion of rupture of the spinal cord, the animal 
was excluded from the experiment.  All rats used in this 
investigation should, therefore,  be considered as nor- 
mal. In all the Evans blue experiments,  the cerebrospi- 
nal fluid around the cervical enlargement was distinctly 
blue. Therefore ,  all nerve roots investigated have been 
exposed to the tracer and could be considered as valid 
for fur ther  investigations. In the lanthanum studies, 
macroscopic examination was invalid but after examina- 
tion by electron microscopy, all specimens which did not 
present lanthanum on the surface of the nerve root  
sheath were excluded from the investigation. 

The routes whereby substances move f rom the 
cerebrospinal fluid into the nerve roots are unknown but 
it must be stressed that the nerve root  sheaths are very 
thin compared with the perineurium of peripheral 
nerves. The inner cell layers of the root  sheaths show 
basal lamina and have the characteristics of perineurial 
cells, but only the innermost basal lamina adjacent to the 
endoneurium seems to be complete.  The remaining cell 
layers (outer  coat) are supposed to be formed by 
pia-arachnoid, and only occasional fragments of basal 
lamina occur on the surface of these cells. Substances in 
the cerebrospinal fluid may first diffuse between cells of 
the outer  coat to reach the inner perineurial cell layers. 
In this connection, it should be recalled that the 
pia-arachnoid of the brain and spinal cord is permeable 
to horseradish peroxidase but not to erythrocytes or 
Indian ink [9, 16, 35]. 

The fur ther  passage of tracers f rom the extracellular 
space of the outer  coat into the nerve root parenchyma is 
a mystery. Tracers may enter  the roots at the termination 
of the perineurium close to the spinal cord [10, 13, 22] or 
at the lateral recess [14], the lateral extension of the 
subrachnoid space between the dorsal root ganglia and 
the ventral nerve root. This region is thought to commu- 
nicate with the endoneurium of the corresponding nerve 
[14]. Tracers which enter the endoneur ium at the lateral 
recess may diffuse in a distal-proximal direction into the 
nerve roots [22, 23]. Other  possible routes are through 
the perineurial cells by active transport  or pinocytosis. It 
should be stressed that in this study we have found that 
vesicles are more numerous in the inner than in the outer  
coat of the root sheaths and that some of these vesicles, 
predominantly in the inner coat, contained lanthanum 
particles. An  additional possible pathway for the trasfer 
of tracer from the subarachnoid space to the parenchy- 
ma of spinal nerve roots is by uptake in radicular or 
meningeal blood vessels and fur ther  transport  into nerve 
root endoneurium due to vascular permeability in the 
roots [2, 30, 31, 41, 48]. 

Our observations that the sheath of the spinal nerve 
roots of the rat consists usually of 3 to 4 and sometimes 
up to 8 layers of f lat tened cells, are in accordance with 
the findings of Haller and Low [12] who found usually 3 

to 4 but variations between 2 to 12 layers of cells. We 
never counted to more than 8 layers. This may be 
because we used rats, while in addition they used other  
animals, and the greater number  of cell layers may occur 
in another  species of animal. Both the present study and 
the study of Haller and Low [12] report  the presence of 
collagen between these cells, and a basal lamina which 
seems to be continuous at the innermost aspect of the 
root  sheath. This arrangement of the sheaths is also in 
accordance with the findings of Radek et al. [32]. Haller 
and Low [12] divide the root sheath into an inner 
(perineurial) and an outer  (pia-arachnoidal) part. The  
cells of each part show somewhat different morpholog- 
ical characteristics. This was not that obvious in this 
study, but the number  of cytoplasmic vacuoles and 
pinocytotic vesicles was, in agreement  with Haller and 
Low [12], higher in the inner coat than in the outer  
coat. 
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