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CHAPTER 5: GENERAL DISCUSSION AND FUTURE DIRECTIONS 

Major Contnbutions of This Work 

In this dissertation work, my results have confirmed that the axons of the 

olfactory receptor cells are necessary for normal development of their target 

structure, the OB. Olfactory axons are related quantitatively to the number of 

output neurons of the bulb, the mitral/tufted cells, in normal development, following 

partial deafferentation, and in late-stage larvae with supernumerary olfactory organs. 

These studies will, I hope, be interesting to investigators in the fields of 

neuroscience, developmental biology, cell biology, and sensory biology. The 

following paragraphs will outline some of the major contributions of this work. 

The study on the normal development of the OB in Xenopus laevis was 

performed because no previous study had followed the development of this 

structure in Xenopus. In Chapter 2, I showed the morphology of the developing 

OB from initial differentiation through adulthood. My investigation provides 

important information that will serve as a background for future work in the 

olfactory system of Xenopus. This work also serves as a means to compare 

amphibian olfactory-system development to other animals. In addition, I established 

proof of a quantitative relationship between olfactory axons and mitral/tufted cells 

during development since the convergence ratio remains constant during normal 

larval stages. In doing so, I also determined the convergence ratio for adult 
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Xenopus, which can be used to compare this frog to other animals where ratio is 

known for adults. 

My second study involved examination of the effects of partial 

deafferentation on the early events in bulb differentiation. This experiment was 

designed to analyze the possible role of olfactory axons in the initial events of OB 

differentiation. For this experiment, I attempted to quantify a phenomenon seen 

for a number of years in previous studies. These studies described the fact that 

olfactory axons are necessary for development of the OB. In my study, I analyzed, 

in a quantitative manner, the relationship between olfactory axons and mitral/tufted 

cells in animals with partial deafferentation. This was done to examine the effects 

of experimental manipulation on the correlation that was observed during normal 

development. These results showed thatwhen both groups of morphologies of 

partially-deafferented OBs are analyzed together, the relationship did not appear 

to change significantly, even when a significant decrease in the number of afferent 

axons was created. With these results, I have provided proof of the strength of this 

association. 

My final study was an analysis of the effects of the addition of a 

supernumerary OP early in development. In the first part of my analysis, I 

examined the structure and cell types of transplants of placodes that developed in 

an ectopic region (i.e., in part of the sensory plate where OPs are not normally 

found) at the light- and electron-microscope level. Morrison and Graziadei (1983) 
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examined transplants of olfactory epithelium from young rats between post-natal 

day 5 and 10 into the fourth ventricle. Their analysis was different from mine 

because it was at the light-microscope level only and the tissue that was 

transplanted had already developed into an epithelium. In my study, the placode 

was transplanted before the olfactory epithelium had formed, and I analyzed the 

tissue at both the light- and electron-microscope levels. The fact that normal cell 

types develop from this tissue even in an ectopic location may have implications for 

studies on the factors contributing to the development of the olfactory epithelium 

from the OP. 

In the transplant study, I also showed OBs of animals with a transplant at 

50 and 58. Previous studies did not show sections through the bulbs, so it was not 

possible to tell if the structure was significantly altered. I measured OB volumes 

and showed that OBs in animals with a transplant were not significantly larger than 

controls, even when gross examination suggested that there may have been an 

increase. In this respect, the results of my study, which involved quantitative 

methods and a more thorough examination, contradict those of Stout and Graziadei 

(1980). 

While the deafferentation study concentrated on the influence of the 

peripheral olfactory structure on its central target, the results of the transplantation 

study support the hypothesis that the OB plays a role in regulating the growth and 

maintenance of the size of the olfactory epithelium. In the transplantation 
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experiments, I attempted to increase the number of olfactory axons innervating the 

OB and determined the effects on the development of the OB. I was unable to 

increase the number of olfactory axons even though the animals had an extra piece 

of olfactory tissue and three olfactory nerves that entered the OB. One explanation 

for this result is that the OB regulates the number of afferent fibers it will receive. 

Alternatively, the development of the transplanted tissue might be suppressed by 

the nascent nasal capsules. 

Finally, the results of my transplant study suggest that the hypothesis that the 

OP controls the development of the OB is too simplistic. In reality, there appears 

to be a more complicated relationship between the axons and the OB which may 

involve reciprocal influences. Clearly, the axons from the OP are crucial for OB 

differentiation. This interaction may not be one-sided. The OB seems to receive 

information from the olfactory axons and also may provide important information 

to the developing olfactory epithelium. Target and afferent interactions probably 

work together to regulate the final number of neurons in the developing animal. 

Future analyses of the interactions between the OP and the OB should involve 

investigation of the role ofaxons in maintenance of the OB. A long-term, future 

goal is to identify the molecular signals and responses communicated by sensory 

afferent axons and target neurons in this system. 
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Future directions that will extend the findings of tbis work 

The results of my dissertation have provided answers to some questions 

about interactions between developing olfactory structures. This work has also, 

however, brought up many questions that could be answered in future analyses. 

For example, I did not address in detail the hypothesis that the olfactory axons may 

initially induce OB development, after which the OB is set on a developmental 

program. This program might regulate the size of the olfactory epithelium (by 

regulating the number ofaxons that have connections to the OB). Furthermore, 

it is also possible that the OB may develop to a limited extent in anticipation of 

the incoming axons. These possibilities will be analyzed in the experiments outlined 

below. 

Transplantation experiments in embryos. 

First, an attempt could be made to increase the number of animals with a 

transplant that had their surgery at the same stages used in my studies. This would 

involve increasing the success rate of transplants performed at stages 28-32. I 

believe that one of the problems that have resulted in this low success is the fact 

that only a small wound can be made between the host OPs without disturbing 

them, so the transplanted tissue is generally pushed in rather deep. One 

experiment I tried to deal with this problem was to remove the entire sensory 

plate, creating a large wound, before transplanting an OP. Since the host placodes 
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generally regenerate, I hoped that the transplanted tissue would grow, and the 

host OPs would regenerate; this might then result in the development of three 

placodes. Unfortunately, when I did this experiment, only one OP formed, and it 

was unclear whether it was from host or donor tissue. Other attempts could be 

made to make a larger wound, but I am not confident that it is possible to do this 

with the current surgical procedure. A larger wound might disturb the host 

placodes. 

Another possible way to increase the number of animals with an embryonic 

OP transplant would be to include transplants that fuse with one of the host OPs. 

In previous transplantation studies, the transplanted OP often fused to one of the 

host placodes. Stout and Graziadei (1980) reported fusion of the transplant with 

the host OP in 95% of the cases when they transplanted an OP to the same region 

I did. Burr (1930) also mentioned that the OP often fused with the host OP in his 

transplantation experiments. I did not include fused transplants in my study 

because I wanted to have a separate nerve from the transplant for my quantitative 

analyses. Perhaps these animals should be included in future analyses, to increase 

the number of animals for study. 

The observation that I made concerning the low success of embryonic 

transplants placed in the sensory plate region may indicate an interesting 

phenomenon. A transplant into head regions other than the sensory plate 

successfully formed a nasal capsule in 84% of the cases, but transplants into the 
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sensory-plate region developed in only 8% of the cases. Perhaps the transplant 

usually does not develop in the sensory plate because of some inhibitory factor 

that prevents the OP from forming except in the normal location within the sensory 

plate. The epithelium in the entire sensory-plate region is presumably capable of 

forming placodal tissue (P.P.C. Graziadei, personal communication). One 

hypothesis is that the non-placodal regions of the sensory plate are actively 

prevented from forming placodal tissue. Thus, in my experiments when I attempted 

to transplant an OP into the region where placodes are not supposed to be, it is 

possible that an inhibitory factor prevented growth of the transplant in all but a few 

cases. To begin to analyze this hypothesis, the skin between the pIa codes could be 

removed and transplanted to head regions outside of the sensory plate. I'his may 

release the inhibition on the transplanted, sensory-plate tissue and allow it to 

develop into olfactory epithelium. 

This brings up the interesting questions of what induces the placodes to form 

and why do they almost always regenerate? Zwilling (1940) performed experiments 

in Raila that showed that belly ectoderm can be induced to form nasal tissue if 

head mesoderm is inserted beneath it. He proposed that the olfactory organ is 

induced by the mesoderm associated with the roof of the archenteron. These 

conclusions were supported by other experiments in Raila by Cooper (1943) and 

Emerson (1945) that showed that ectopic OP transplants or explants of late­

gastrula tissue form nasal sacs more completely and quickly if part of the underlying 



147 

mesoderm is included. Alternatively, Haggis (1956) proposed that the neural plate 

is involved in the induction of the olfactory organ. He removed the anterior neural 

plate in Ambystoma and found that the development of the nose was hindered. 

Haggis (1956) also showed that placodal tissue differentiates into nasal tissue if it 

is cultured with neural tube, not head mesoderm. Perhaps the fact that these 

experiments have been performed in two different species can explain the 

contradiction in the results. Regardless of the reason, the fact remains that the 

inducing factor is still unknown. 

If the success rate for the generation of animals with a transplant can be 

improved, or if transplants that have fused with the host OP are used for analysis, 

there are still many interesting questions that were not addressed in my studies. 

One question concerns the ingrowth of olfactory axons into the neural tube in 

normal animals and in animals with a transplanted OP. In the mouse, some 

olfactory axons penetrate deep into the neural tube before retracting to the more 

superficial layers where they are found normally (Hinds, 1972b). It is not known 

if this phenomenon occurs in frogs. This should be addressed first in unoperated 

animals. I would attempt to label the incoming olfactory axons in young embryos, 

beginning with stage 30, with immunocytochemistry, using antibodies to GAP-43 (a 

growth-associated protein found in growing axons; Skene and Willard, 1981) or E7 

(a monoclonal antibody from Dr. Burd's laboratory that appears to label Xenopus 

olfactory receptor cells and their axons; Matheson and Burd, 1991). Alternatively, 
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the lipophilic dye, DiI, could be applied to the placode, where it would be picked 

up by the cells there and transported along the cell membrane. Once these 

experiments have been done and it has been discovered whether or not Xenopus 

olfactory axons behave like mouse axons, the axons from the transplanted 

epithelium can be labeled and compared to normal olfactory axons. To label the 

axons in the transplant, the tissue to be transplanted could be labeled with Dil 

before the transplantation surgery. Alternatively, the donor tissue could be labeled 

with a fluorescent dextran (by adding the dye to the egg, so that every cell would 

have it) so that the olfactory axons from the transplant could be distinguished from 

the tissue of the host. The dye is visible in living animals for at least two weeks 

(O'Rourke and Fraser, 1986), long after the embryonic stages important for this 

experiment. 

Another question that could be asked in these animals with a transplant is 

why the nerve from the transplant is always much smaller than control olfactory 

nerves. The number ofaxons is never equivalent to the number in controls. One 

possibility is that since the transplant tissue is a closed structure and cannot respond 

to odors in the environment, the axons from the transplant lack the activity 

necessary to compete with the normal olfactory axons. To address this, first, I 

would analyze whether or not the closed nature of the transplant effects the size 

of the nerve by attempting to cut open the transplant to see if opening the 

structure allows the nerve to attain a larger size. Another method to address this 
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would be to cut one normal olfactory nerve, wait a period of time, then analyze the 

number ofaxons in the nerve from the transplant to see if that number is increased 

above the number ofaxons in nerves from closed transplants. 

The results of my transplantation experiments have led to the suggestion that 

the OB influences the development of the olfactory epithelium. To address this 

phenomenon, it may be possible to transplant extra neural tube tissue and an extra 

placode to enlarge the target area for the olfactory axons. This may allow a larger 

transplant to be supported, so the nerve from the transplant may obtain the size 

of a normal nerve. Similarly, extra neural tube may be added without a transplant 

to see if the normal olfactory nerve will have an increased number ofaxons due 

to the increase in target area. This would be similar to findings in the chick where 

enlargement of the target area for motoneurons by addition of a supernumerary 

limb bud resulted in an increased number of motoneurons due to reduction in cell 

death (Hollyday and Hamburger, 1976). 

The above experiments would continue the work that I started and deal 

with the results of transplanting an extra OP at stages before the OB has started 

to differentiate. Other interesting questions may be addressed by performing the 

surgeries at older stages, when OB development has already begun. 
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Transplantation experiments in larvae. 

By stage 45, the nasal capsule has developed, and the olfactory axons make 

synapses with the OB. The OB will continue to develop to a considerable extent 

after this stage, but it already has rudimentary forms of all of the layers. 

Experimental manipulations at this stage can address questions about the transplant 

tissue itself (i.e. the turnover rate and activity patterns), the role of olfactory axons 

in the maintenance of the structure of the OB, the possible role of activity in the 

effect of olfactory axons, and the effects of olfactory axons on other elements of 

the OB. I have performed preliminary transplantation experiments on young larvae 

at stage 45. While I did not analyze the results of these surgeries, I did conclude 

that surgeries at stage 45 have a much higher success rate (89%) than surgeries at 

embryonic stages (8%). Therefore, more animals with a transplant could be 

generated and analyzed in a shorter period of time than it took for animals in my 

study. 

The first step in the analysis of animals that received an OP transplant at 

stage 45 would be to compare the morphological and quantitative results to those 

in my study. Does the transplant still develop into a closed capsule? Is the nerve 

from the transplant still significantly smaller than a normal olfactory nerve? Does 

the presence of the transplant result in supernumerary innervation of the OB? Is 

the OB affected by the presence of the transplant? All of these questions could 

be answered by performing the same analyses that I have used. 
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Additional questions could be answered with different analyses of animals 

given an extra placode at stage 45. For instance, it would be interesting to know 

if the nerve from the transplant and the normal olfactory nerve segregate into 

separate glomeruli and if the right and left olfactory nerves normally segregate. My 

Dil analysis has shown that there is considerable crossing ofaxons through the 

fused midline at stage 58. I was not able to distinguish individual glomeruli. To 

answer these questions, Dil could be applied to the nasal capsules (or transplant 

tissue), and photo-oxidation of the Dil could be used to allow analysis of thinner 

sections in which glomeruli may be distinguished. This analysis could even be taken 

to the electron-microscope level, if necessary. Addition of an extra olfactory organ 

may lead to segregation by the axons of the normal olfactory organ and the axons 

from the transplant, whether or not the axons from the right and left olfactory 

nerves normally segregate. A similar study was performed in three-eyed frogs 

(Constantine-Paton and Law, 1978). In Rmza addition of extra eye early in 

development leads to innervation of a previously uninnervated tectal lobe by two 

sets ofaxons, those from the normal eye and those from the supernumerary eye. 

This results in the formation of eye-specific bands in the tectum. Perhaps the 

olfactory system will be similar. There is a major difference, however, between 

these two systems since the projections of the normal nerves overlap in the 

olfactory system, but the projections of the normal, optic nerves do not overlap. 
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These same types of experiments could also be used to compare closed and 

open transplants. In transplants done at stage 45 it may be possible to generate 

open transplants more successfully than it was in earlier stages; if open transplants 

cannot be generated, then the closed transplant could be cut open. It may be 

possible to use these experiments as a measure of the success of the transplant in 

competition with the normal olfactory nerves. Perhaps there will be a difference 

between open transplants (which can presumably respond to odorants) and closed 

transplants (which cannot respond to odorants). In the visual system, monocular 

eye-lid suture in monkeys (which deprives one eye of patterned visual experience) 

causes the closed eye to lose out in competition with the open eye, so the axons 

from the open eye take over some of the space in the visual cortex that normally 

would be occupied by the other eye (Hubel et aI., 1977). It might be expected that 

similar results will be found in the olfactory system. Since the two normal olfactory 

nerves already have synaptic connections to the OB when the transplant is added, 

they may have an unfair advantage in the competition between normal and 

transplanted olfactory axons. If the two olfactory nerves are cut before the extra 

nasal capsule is transplanted, the competition between the normal and transplanted 

olfactory axons may be more equitable. It would be interesting to see if this allows 

the transplant to attain the size of the normal nasal capsules. 

A question that I have been asked when I have given seminars is how the 

turnover rate in the transplanted tissue compares to normal olfactory epithelium. 
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I was unable to answer this question due to the low number of successful animals 

that I had. This question could more easily be addressed with a 3H-thymidine 

study in animals given a transplant at stage 45. Similarly, the turnover rate of 

closed and open transplants could be compared. 

Finally, the transplanted epithelium could be compared to normal olfactory 

epithelium in terms of the presence of certain antigens. My work has shown that 

the transplanted tissue has the same cell types as normal olfactory epithelium by 

morphological criteria. Immunocytochemistry could be used to see if transplant 

epithelium has the same antigens recognized by the monoclonal antibody E7 

(Matheson and Burd, 1991) and antibodies to keratins, intermediate filaments, as 

well as other antibodies. 

Deafferentation in embryos. 

Future studies could also concentrate on the effects of deafferentation on the 

OB. Partial deafferentation at early stages addresses the question of the possible 

role of olfactory axons in the induction of the OB. A major caveat encountered 

in these studies was the frequent regeneration of the OP removed at early stages. 

Only 7% of the attempted partial deafferentation surgeries resulted in the 

development of an OB innervated by a single nerve. This consistently occurred in 

my studies despite the fact that I tried to alter the surgical procedure so that very 

little tissue was removed in some cases and very large amounts of tissue were 
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removed in other cases. With this problem in mind, the following experiments are 

tentatively proposed. 

The first analysis that I would like to see performed with these studies is a 

light-microscope investigation of the period just after the OP is removed. I have 

found that removal of the OP at stages 28-32 can result in the absence of an OB 

(if the remaining olfactory nerve innervates solely the ipsilateral side of the brain). 

It is unknown, however, if the OB differentiates to some extent in anticipation of 

the incoming axons, then degenerates when they do not appear. For this analysis, 

removal of one OP could be performed at stages 24-28, then the effects could be 

analyzed in animals between stages 32 (when differentiation of the OB begins to 

appear [Chapter 2]) and 48 (when the mature structure of the OB is present 

[Chapter 2]). Additionally, this study could be followed to older stages, to see how 

the fused OBs with a single ventricle in some of the animals with partial 

deafferentation occurred. At this point, it is unknown in those animals if two OBs 

begin to develop and then fuse, or if only a single OB is induced to form. 

Several other types of analyses could be performed on animals with 

embryonic, partial deafferentation. A 3H-thymidine study of the neural tube could 

be performed in control animals and animals in which one OP was removed to 

compare the number of cells dividing on both sides of the OB and the number of 

OB neurons that are formed. Fewer incoming olfactory axons may cause fewer OB 

cells to be born. This would be an extension of my study in that I have shown that 
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there are fewer mitral/tufted cells in animals with partial deafferentation, but I did 

not address whether fewer cells were born or fewer cells survived. 

The final experiment that I propose for examination of deafferentation at 

embryonic stages is an analysis of total deafferentation at stages 28-30. Presumably, 

no incoming olfactory axons would result in a failure of OB formation. I have very 

preliminary evidence (one animal) that suggests that some differentiation can occur 

in the absence of innervation by the olfactory axons, although in my studies, when 

one side of the forebrain was not innervated by olfactory axons, there was no 

indication of an OB. I examined one animal in which both OPs were removed at 

stage 30 and did not regenerate. The forebrain appeared to contain cells rostral 

to the cells that normally surround the ventricle. In addition, there were two 

laterally-positioned balls of cells that appeared quite similar to accessory OBs. I 

did not examine other animals with no nasal capsules, and I would not want to 

make conclusions from the preliminary analysis of one animal. While I think this 

would be an important study for the future, I know that it is extremely difficult to 

obtain enough animals for analysis since the OPs usually regenerate. 

Deafferentation in larvae. 

The above experiments would further analyze the role of olfactory axons in 

the initial stages of OB development. Other studies could address the role of 

olfactory axons in continued development and maintenance of the OB. This would 
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address the question of whether or not there is a critical period for the influence 

of olfactory axons. In most sensory systems, there is a critical period during which 

deafferentation has the most profound effects (e.g., visual system: Hubel and 

Wiesel, 1970; auditory system: Born and Rubel, 1985; somatosensory system: 

Woolsey and Wann, 1976, Belford and Killackey, 1980, Fox, 1992). Preliminary 

studies in the olfactory system of Xenopus involving deafferentation at stage 45 

suggest that olfactory axons are indeed required for further development and 

maintenance of the bulb at least through this stage (Herrera and Burd, 1991). The 

structure of the OB is lost in these animals, but it is unclear if the cells died or just 

lost their normal organization. One way to distinguish between these two 

possibilities could be to perform the deafferentation at stage 45 and then look at 

the OB at given time periods following the surgery to follow the changes in the OB. 

In addition, if it is possible to perform a quantitative analysis on those animals, the 

results could be compared to my results for deafferentation at early stages. One 

possible way to distinguish the mitral/tufted cells from the other cells in the region 

(since they lose the typical organization and are difficult to identify after 

deafferentation) is to retrogradely label the output neurons at stage 45 with 

injections of fluorescent beads or horseradish peroxidase into the lateral pallium. 

Once the cells were labeled, the deafferenation procedure could be performed, and 

the mitral/tufted cells present at the time of deafferentation could be identified. 
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Additional analyses. 

Another interesting question that has arisen from my studies is whether or 

not the ratio between olfactory axons and mitral/tufted cells that was found in larval 

development is observed when the olfactory axons innervate another part of the 

brain. I found that transplantation of an OP to ectopic regions such as the back 

of the head or in place of the eye are not very difficult and tend to be very 

successful. Transplants of OPs into the optic vesicle (after removal of the eye) 

tend to innervate consistently the dorsal thalamus (Stout and Graziadei, 1980). 

Perhaps it would be possible to count the number of incoming axons and the 

number of displaced thalamic neurons. The major caveat to this analysis is that it 

would require a good understanding of the structure of the diencephalon and an 

ability to distinguish between ectopic cells and normal thalamic neurons. 

The final goal of most of these experiments is to discover the cellular 

interactions or molecular factors that mediate the interactions between olfactory 

axons and the OB. Probably the best way to definitively analyze this is to culture 

undifferentiated neural tube and OPs. While it would be a rather labor-intensive 

project to set up a culture system for these tissues, there are many interesting 

experiments that could then be performed. For example, the OP and the neural 

tube could be cultured together and separately to see if differentiation of neural 

tube is dependent upon the presence of the placode. If it is, then OP-conditioned 

medium could be added to cultured neural tube to see if contact or a diffusible 
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factor is involved. The results of some of these experiments should lead to a better 

understanding of the interactions between the OB and the OP during development. 

Eventually, it will be possible to identify the molecular factors involved in these 

interactions. 
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APPENDIX A: ANIMAL SUBJECfS APPROVAL 

The work presented here involved research on live vertebrate animals. This 

research has been approved by the Institutional Animal Care and Use Committee 

(IACUC control number 89-0186). In addition, I have been certified by the 

IACUC after completing the Univerity Laboratory Animal Medicine training 

program (certificate number 000012). 

Christine A. Byrd 
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