
Cell Tiss. Res. 158, 141--150 (1975) 
�9 by Springer-Verlag 1975 

Brain Tissue Transplanted to the Anterior Chamber of the Eye: 
2. Fluorescence Histochemistry of Immature Catecholamine- 

and 5-Hydroxytryptamine Neurons Innervating 
the Rat Vas deferens* 

Lars  Olson and Ake Seiger 

Department of Histology, Karolinska Instituter, Stockholm, Sweden 

Received October 15, 1974/in final form December 27, 1974 

Summary. Small pieces of the wall of the rat vas deferens were homologously transplanted 
to the anterior chamber of the eye together with small pieces of embryonic brain stem con- 
taining either developing noradrenaline (NA) cells of the locus coeruleus or 5-hydroxytrypta- 
mine (5-HT) neurons of the developing raphe system. The eyes of the recipients were sympa- 
thetically denervated. The double transplants became rapidly vascularized from the host 
iris. After 31/2 months the irides, together with their two transplants were analyzed by Falck- 
Hillarp fluorescence microscopy. Both the NA and the 5-HT neurons had survived and matu- 
red in the eye. Fluorescent varicose nerve terminals of the NA and 5-HT type respectively 
were found in all three potential receptor areas, fie. within the CNS transplants, in the host 
irides and in the vas deferens transplants. In the latter, the newly formed monoamine nerve 
terminals arborized mainly within a well developed smooth muscle layer. The density of such 
new fibres was higher than or similar to that of the normally present sympathetic plexus in 
areas of the transplant close to the CNS transplant and lower in areas at a distance from the 
CNS transplant. It  is concluded that immature central NA and 5-HT fibres are able to grow 
simultaneously into different types of sympathetically denervated smooth muscle tissues to 
form networks of fibres in the receptor organs resembling the normal sympathetic innervation. 

Key words: Vas deferens - -  Intraocular transplants - -  Muscle tissue - -  Reinnervation 
by immature brain tissue - -  Fluorescence microscopy. 

Introduction 

Our recent  studies have  shown tha t  immatu re  monoamine  neurons in graf ts  

f rom the central  nervous  system are able to survive  homologous t r ansp lan ta t ion  

to the anter ior  chamber  of the eye of adul t  recipient  rats. Moreover,  noradrenal ine  

(NA)-, dopamine  (DA)-, and 5 -hydroxy t ryp tamine  (5-HT)-neurons are all able 

to innerva te  the sympathe t ica l ly  denerva ted  host  iris to which the  CNS t ransplants  

become a t t ached  and from which they  become vascularized (Olson and Seiger, 

1972). The iris provides an opt imal  substra te  for regenera t ive  growth because of 

its highly reac t ive  epi thel ium-free anter ior  surface and the a lmost  2-dimensional  

ex ten t  of its Schwann cell and nerve plexuses. 
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I t  has  p r e v i o u s l y  been  shown  t h a t  i n t r a o c u l a r  t r a n s p l a n t s  of t h e  vas  defe rens  

will  b e c o m e  r e i n n c r v a t e d  by  s y m p a t h e t i c  n e r v e s  f rom the  hos t  iris (Olson and  

Malmfors ,  1970). T h e  p r e sen t  e x p e r i m e n t s  were  des igned  to  s t u d y  w h e t h e r  t h e  

c a p a c i t y  of t h e  cen t ra l  i m m a t u r e  m o n o a m i n e  neu rons  to  i n n e r v a t e  pe r iphe ra l  

t i ssue could  be e x t e n d e d  also to  o t h e r  s m o o t h  musc le  t i ssues  such  as t h e  wal l  of 

t h e  vas  defe rens  wh ich  is k n o w n  to  be r i ch ly  supp l i ed  by  s y m p a t h e t i c  ad rene rg ic  

ne rves  (Falck,  1962). P ieces  of t h e  vas  defcrens  were  t he re fo re  t r a n s p l a n t e d  to  

t h e  an t e r i o r  eye  c h a m b e r  together with i m m a t u r e  m o n o a m i n e  neu rons  f rom the  

CNS.  

Material and Methods 

Transplantations were homologous and bilateral to the anterior chamber of the eyes of 
adult (180 g) female albino rats (Sprague-Dawley). Small pieces of the vas deferens including 
half of its circumference were obtained from adult males. The pieces were cut from 1 mm 
thick transverse sections of the vas approximately midway between the bladder and the testes. 
The adventitial coating was partly cut off. In eight recipients, the vas deferens transplant was 
combined with a piece of embryonic brain stem containing NA neurons of the developing 
locus coeruleus obtained from rat fetuses with a crown-rump lenght of 15-16 mm. In another 
5 recipients the vas deferens piece was combined instead with a brain stem area containing 
predominantly 5-HT-neurons of the developing raphe systems, again obtained from 15-16 mm 
fetuses. The developing locus coeruleus region was reached from its dorsal aspect by cutting 
away the tectum and the cerebellar anlage. Thereafter a small (approx. 1 x 1 mm) piece of the 
lateral floor of the developing [Vth ventricle was cut out and used as a "coeruleus transplant". 
The "5-HT-transplant" was cut out from the ventral medulla oblongata as a narrow median 
piece (approx. 1-1.5 mm mediolaterally and 1.5 mm caudorostrally). The aim was to obtain 
much of the B1-B3 5-HT cell complex (see Seiger and Olson, 1973) and at the same time to 
avoid as much as possible the neighbouring CA cell groups. The 1.5 • 1.5 mm piece was divided 
in the median plane and each half used as a transplant. The two transplants in each eye were 
approximated to each other by gentle pressure on the cornea of the punctured eye ball. 
Details of the transplantation technique were described previously (Olson and Malmfors, 
1970; Olson and Seiger, 1972). 

In all recipient animals the superior cervical ganglia were extirpated bilaterally at the 
time of transplantation in order to avoid ingrowth of sympathetic fibres from the iris into 
the vas deferens transplant. 

The fate of the transplants and the general condition of the eyes was followed by repeated 
stereomicroscopic inspections during the postoperative period. 

Recipients bearing 5-HT-transplants received a monoamine oxidase inhibitor (Nialamide | 
Pfizer, 500 mg/kg i.p.) 4 hours before sacrifice in order to increase the intraneuronal 5-HT- 
concentrations and thus facilitate detection of 5-HT by fluorescence histochemistry. 

All animals were killed by cervical dislocation under ether anaesthesia 31/2 months after 
transplantation. The transplants, attached to the underlying piece of iris were rapidly frozen 
in liquid propane cooled by liquid nitrogen, freeze dried (Olson and Ungerstedt, 1970) and 
further processed for fluorescence microscopy of monoamines according to Falck and Hillarp 
(Falck et al., 1962; see also Corrodi and Jonsson, 1967). 

Results 

I n  vivo Observations. The  two  t r a n s p l a n t s  in each  eye  gene ra l ly  ' t o o k '  well.  

T h e y  b e c a m e  va scu l a r i z ed  w i t h i n  a few days .  A f t e r  a b o u t  t w o  weeks  m o s t  vas  

defe rens  g ra f t s  h a d  r eo rgan i zed  so t h a t  t h e y  c o n t a i n e d  a cen t ra l  l u m e n  l ined w i t h  
e p i t h e l i u m  and  whi t i sh  o p a q u e  c o n n e c t i v e  t i ssue  of t h e  l a m i n a  p ropr ia ,  wh ich  in 

t u r n  was c o m p l e t e l y  s u r r o u n d e d  by  greyish ,  m o r e  t r a n s l u c e n t  s m o o t h  musc le  
t issue.  T h e  C N S  p ro l i f e r a t ed  a p p r o x i m a t e l y  to  t h e  s a m e  e x t e n t  as if t h e y  h a d  
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Fig. 1. The entire thickness of part of the wall of a vas deferens transplant in a transverse 6 [z 
section. All visible fibres are yellow fluorescent 5-HT nerves. Note the welt developed external 
longitudinal muscle layer (L) which is richly supplied by fluorescent fibres. The circular 
muscle layer (C) is well-developed, but contains only scattered fibres. The multilayered 
epithelial lining (E) of the lumen is easily recognized, MAO inhibition 4 hrs before sacrifice. 

Postoperative time: 31/2 months. Fluorescence microphotograph • 185 

been t r a n s p l a n t e d  alone (Olson and  Seiger, 1972). Pos tope ra t ive  compl ica t ions  
included inf lammat ions ,  infections and  macro-  and  micro-ophtha lmia .  As a resul t  
the  vas  deferens t r ansp lan t s  d i sappeared  comple te ly  in two eyes dur ing the  post-  
opera t ive  period.  

Fluorescence Microscopy. Histological  examina t ion  of the  vas deferens t rans-  
p lan t s  conf i rmed the  in vivo observat ions .  A central ,  i r regular ly  fo l ia ted  lumen 
l ined with  t yp i ca l  mul t i l aye red  epi the l ium was su r rounded  by  a layer  of connec- 
t ive  t issue conta in ing elast ic  fibres especial ly a t  i ts  per iphery .  A th ick  circular  
layer  domina t ed  the  muscular  pa r t  of the  wall. Long i tud ina l  muscle bundles  were 
found to a va ry ing  extent ,  bu t  an  ou te r  longi tud ina l  muscle layer  was somet imes  
well deve loped  (Fig. 1). I so la ted  is lands of ep i the l ium were somet imes  observed  
in the  wall of the  t r ansp lan t s .  

The ma in  h is tochemical  f inding was t h a t  bo th  centra l  CA and  5-HT fibres 
from the  bra in  graf ts  were able  to grow into  the  vas  deferens t r a n s p l a n t  and  
arbor ize  wi th in  i ts  muscle layers.  This,  however,  took  place to  a va ry ing  ex ten t .  
Close appos i t ion  be tween the  two t r ansp lan t s  was necessary  for a good ingrowth  
of centra l  f ibres into the  vas  dcferens.  W h e n  the  t r ansp lan t s  were in con tac t  wi th  
one another ,  CA and  5-HT axons  were able to  grow d i rec t ly  into the  vas deferens 
graft .  This con tac t  resul ted  in the  most  extens ive  innerva t ion  of the  smooth  

10" 
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Fig. 2. A group of 5-HT cell bodies in a "5-HT transplant" (T) attached to the transversely 
sectioned iris (I). Note the abundant 5-HT innervation of the iris i~self. The CNS tissue is 
sparsely innervated by mainly 5-HT fibres (below). The vas deferens transplant (not seen in 
the picture) was richly supplied with fluorescent 5-HT fibres from these cells. MAO inhibition 
4 hrs before sacrifice. Postoperative time: 31/2 months. Fluorescence microphotograph of 6 ~z 

section • 160 

muscle. I f  the t ransplants  were separated,  the monoamine  axons would first  

innerva te  the sympathe t ica l ly  denerva ted  host  iris at  the site of a t t a c h m e n t  of 

the CNS graft.  F r o m  there, fibres rad ia ted  out  in the host  iris. If  the fibres 

succeeded in reaching the site of a t t a c h m e n t  of the  vas deferens graft,  t hey  would 

grow also into this graft  to a va ry ing  extent .  

The " locus  coeruleus g r a f t s "  contained groups of densely packed green 

fluorescent CA nerve  cell bodies similar to the NA nerve  cells of the  locus coeruleus 

in situ. The surrounding brain tissue of the graft  was often heavi ly  innerva ted  by 

Fig. 3. Ingrowth of yellow fluorescent 5-HT fibres into a vas deferens transplant under 
optimal conditions as seen in a 6 ~ transverse section. The "5-HT transplant" (T) is in contact 
with both vas deferens transplant and iris (I). The iris is richly innervated with 5-HT fibres. 
The muscular layer of the vas is well developed and is predominantly circular. The fluorescent 
fibres (only 5-HT) are disposed as in situ i.e. largely parallel to the muscle bundles. The gra- 
dient of innervation density is obvious, with dense aggregations of fibres in the outer part 
of the wall and scattered fibres near the propria (P). Note scattered fibres also within the 
propria (arrows). The foliated lumen with its multilayered epithelium appears as in situ. MAO 
inhibition 4 hrs before sacrifice. Postoperative time: 31/2 months. Montage of fluorescence 

microphotographs of two adjacent sections • 185 
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Fig. 4. Ingrowth of CA fibres from a "coeruleus transplant" into a vas deferens transplant 
as seen in a transverse 6 ~ section. The muscle wall consists of mainly the circular layer, and 
the CA fibres are densely packed in its outer part. Closer to the propria (P) the fluorescent 
fibres are scattered or moderate in density. Note scattered fibres also in the propria (arrows). 

Postoperative time: 31/2 months. Fluorescence microphotograph X 185 

varicose CA fibres. Yellow f luorescent  5 -HT neurons were not  found in these 
t r ansp lan t s .  

I n  the  " 5 - H T - t r a n s p l a n t s "  groups of yel low f luorescent  neurons,  s imilar  to 
those no rma l ly  seen in the  r aphe  sys tem in si tu were found (Fig. 2). Areas  of the  
" 5 - H T - t r a n s p l a n t s "  were of ten cons iderab ly  hype r inne rva t ed  when compared  to 
the  p a t t e r n  seen in vivo. Large  areas  of the  t r ansp lan t s  appea red  comple te ly  
fi l led wi th  5-HT-f ibres  and  the  same was t rue  for the  under ly ing  hos t  iris. Three  
" 5 - H T - t r a n s p l a n t s "  also conta ined  a few sca t te red  CA cell bodies.  

The  p a t t e r n  of innerva t ion  of the  vas  deferens was s imilar  for the  CA and  the  
5 - t t T  fibres a l though i t  seemed as if the  5-HT t r ansp lan t s  gave rise to  a somewha t  
denser  inne rva t ion  (Figs. 3, 4). I n  bo th  cases the  nerves reached the  smooth  
muscle layer  f rom i ts  pe r iphery  (Fig. 5). Here,  the  fibres were var icose and  para l le l  
to  the  muscle  bundles  of the  circular  muscle  layer .  I n  op t ima l  cases (close con tac t  
be tween  t ransp lan t s )  the  dens i ty  of f luorescent  nerve fibres in the  per iphera l  half  
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Fig. 5. Survey of a vas deferens transplant as seen in a transverse 6 Lz section, showing a 
moderate ingrowth of monoamine fibres (mainly 5-HT). The muscle wall consists mainly of 
circular muscle bundles. Scattered fluorescent fibres extend all the way to the propria but 
are most frequent at the periphery. MAO inhibition 4 hrs before sacrifice. Postoperative time: 

3z/2 months. Fluorescence microphotograph • 110 

or one th i rd  of the  wid th  of the  muscle wall was s imilar  to t h a t  of the  normal ly  
presen t  s y m p a t h e t i c  adrenergic  innerva t ion  of the  vas  deferens (Figs. 3, 4). 

The nerve dens i ty  decreased g radua l ly  towards  the  center  of the  vas  deferens.  
The innermos t  pa r t s  of the  muscle layer  conta ined  only  sca t te red  fibres. Ter-  
minals  were however  seen all the  way  to the  epi thel ia l  l ining of the  lumen 
(el Norberg  et al., 1967). 

Discussion 

The vas  deferens has a r ich adrenergic  innerva t ion  in si tu (Falck,  1962; Nor-  
berg and  I t amberge r ,  1964). Fol lowing t r a n s p l a n t a t i o n  to the  anter ior  eye chamber  
i t  becomes r e inne rva ted  by  adrenergic  fibres from the  au tonomic  g round  plexus 
of the  hos t  iris in an  o rgano typ ic  fashion (Olson and  Malmfors,  1970). The newly  
formed adrenergic  nerves  in the  t r a n s p l a n t  are also able  to res t i tu te  adrenergic  
neuromuscu la r  t ransmiss ion  as shown by  field s t imula t ion  of the  t r ansp lan t s  in 
v i t ro  (Olson and  Malmfors,  1970). 
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The present results show that  transplants of the vas deferens can also become 
innervated by immature central CA or 5-HT neurons when grafted together with 
these neurons to the eye chamber. The results both confirm our earlier studies by 
showing a heterotypic innervation of the smooth muscle layer of the sympatheti- 
cally denervated host iris (Olson and Seiger, 1972) and extend them to include 
another type of smooth muscle as well. 

I t  has been shown that  smooth muscle tissue undergoes a cycle of degenerative 
and regenerative changes following transplantation to the anterior chamber of the 
eye. These changes were pronounced when the muscle layer was stripped free of 
its surrounding supportive tissues and much less marked when intact transverse 
sections of the vas were used (Cambell et al., 1971). Thus it can be assumed that  
the present transplants, which consisted of incomplete transverse sections 
with intact epithelial lining, sustained relatively little initial degeneration. 
If degeneration did take place, however, the long postoperative time (31/2 
mouths) must have permitted a good regeneration, since a relatively well developed 
circular muscle layer was found in most transplants. Outer longitudinal and, less 
clearly, inner longitudinal muscle bundles were also observed. In a few cases in 
which almost no muscle layer was recovered, the fluorescent nerves were also 
almost missing. 

I t  has been repeatedly demonstrated that  it is the characteristics of the 
receptor tissue that  to a large extent determine the pattern of innervation by 
ingrowing monoamine nerve fibres, regardless of the source of origin of the latter 
(Olson and Malmfors, 1970; BjSrklund and Stenevi, 1971; Olson and Seiger, 1972; 
Holler et al., 1975). Moreover, the receptor tissue also modulates the morphology 
of the individual fibres so that  peripheral adrenergic fibres invading a central 
receptor tissue become similar to the corresponding central adrenergic fibres, 
while central monoamine fibres growing on the iris become similar to sympathetic 
adrenergic nerves (Olson and Seiger, 1972; Hoffer et al., 1975; Seiger and Olson, 
1975). Although the influence of the receptor tissue on the growing monoamine 
neurons is evident, it is much less clear how these regulations are brought about. 
I t  was suggested that  the gross pattern of innervation formed by regenerating 
central fibres in the iris may simply be that  of the remaining Schwann cell plexus 
(Olson and Seiger, 1972) and a similar guidance by Schwann cells might operate 
also in the vas deferens graft. 

The quanti ty of nerve fibres innervating the vas deferens transplants was 
variable. Although the density of nerves reached normal or even supranormal 
levels in peripheral areas of the muscle layers, other areas could be almost totally 
devoid of visible fibres. One reason for variability in the density of innervation of 
individual transplants is obviously the varying distances between the brain 
transplants and the vas deferens transplants. Even with close contact between 
the two, however, there was a gradient of decreasing nerve density from outer 
to inner layers of the muscle wall and also within the vas deferens transplant 
with increasing distance from the CNS transplant. We observed the same kind of 
partially complete reinnervation of the host irides following single transplanta- 
tions of immature monoamine neurons into the eye (Olson and Seiger, 1972). 
Following intraoeular transplantation of the ipsilateral superior cervical ganglion, 
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reinnervation of the iris is complete after about 1 month (Olson and Malmfors, 
1970). Thus central immature NA neurons differ from peripheral mature adrener- 
gic nerves in this respect. The reason for this difference is unknown. In  the 
present study, the central monoamine neuroblasts in the eye had three possible 
areas to innervate. Firstly, the CNS transplant  itself, which always becomes 
innervated to normal or supranormal levels by comparison with the corresponding 
brain areas in situ. 

Secondly the host iris, to which the transplant  was attached, and thirdly the 
vas deferens graft. If  bilateral interaction between neurons and receptor areas 
takes place during nerve growth, it may  be that  the receptors of the CNS graft, 
after being fully innervated, somehow inhibit the monoamine neurons from 
further proliferation. Such an inhibition would then concievably also inhibit the 
growth of CNS fibres into the two types of smooth muscle. On the other hand, the 
fact tha t  the CNS transplants often become hyperinnervated might indicate that  
this inhibition was partially counteracted by a stimulation from the denervated 
smooth muscle receptor areas. In  line with such an interpretation are earlier data  
showing tha t  when an iris transplant  becomes reinnervated by collateral sprouting 
from the sympathetic adrenergic plexus of the host iris, the host iris itself becomes 
hyperinnervated (Olson and Malmfors, 1970), indicating a growth stimulation in 
all parts of the intraocular adrenergic nerve terminal plexus. The above assump- 
tions would gain somewhat more support if it could be demonstrated that  one 
and the same neuron in the transplant  innervates both central and peripheral 
receptors at the same time, in which case specific ortho- and retrograde axoplas- 
mic transport  mechanisms could be implicated for the growth stimulation and 
inhibition. 

Another possibility would be that  the central monoamine neuroblasts are 
"programmed"  to produce a limited number of terminals or to grow vigorously 
only during a limited period of time in which case the mere spatial relationship 
between the receptor areas in the eye could lead eventually to hyperinnervation 
of nearby areas and hypoinnervation of more distant areas. 

The t ransmit ter  mechanisms of grafted central NA, DA, and 5-HT fibres 
innervating the sympathetically denervated iris have recently been studied. I t  
was shown tha t  all three types of monoamine neurons are able to accumulate 
labelled transmitters in vitro and to release them upon field stimulation in the 
same way as their normal CNS counterparts (Seiger et al., 1975). I t  may  be 
assumed tha t  the nerves in the vas deferens would behave similarly. Using the 
vas deferens transplants, it should become possible to carry the functional tests 
further by  studying contractions of the transplants in vitro after experimental 
reinnervation in order to study the possible reestablishment of neuromuscular 
transmission as has been done after sympathetic reinnervation of such grafts 
(Olson and Malmfors, 1970; Malmfors et al., 1970). 

We conclude that  the capacity of immature central NA and 5-HT neurons to 
innervate peripheral adrenergically denervated areas is not restricted to the 
smooth muscle of the iris blood vessels and dilator plate but includes also the 
muscle wall of the vas deferens. 
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