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INTRODUCTION 
Over the last several years, my lab has been developing the Drosophila peripheral nerve as a 

system with which to identify and study the signalling pathways controlling growth of the perineurial 
(outer) glial layer (Yager et al., 2001). The idea behind this approach is to apply the various molecular 
genetic methodologies uniquely available in Drosophila to enable us ultimately to identify all of the 
relevant genes that interact with NF1 to control growth, and place NF1 and these partner genes in as 
complete a mechanistic context as possible.  Then this mechanism could be tested and refined in 
systems more similar to humans but more difficult to work with (i.e. the mouse). Because all of the 
experimentation is performed on the acutely dissected third instar larva, there are no complications or 
caveats associated with experimentation on cell culture systems, and we assay the entire nerve cross 
section as it exists within the whole organism. We thought that a more complete mechanistic 
understanding of growth control within peripheral nerves would greatly facilitate the ability to design 
drugs able to combat neurofibromas. Within this larger context, the specific research being performed 
under this grant was designed to test particular hypotheses that would increase this mechanistic 
understanding. The first task was designed to test the hypothesis that the amnesiac-encoded 
neuropeptide acts upstream, and Neurofibromin acts downstream, of a G protein subunit. The second 
task proposed additional experiments to test the hypothesis that perineurial glial growth is regulated by 
neurotransmitter release from motor neurons. The third aim was designed to test the possibility that 
growth and mitosis could be mechanistically uncoupled. Successful completion of these aims would 
provide important information concerning the control of growth within peripheral nerves at the 
molecular level. 

BODY 
Task one: Does Neurofibromin act downstream of a G protein to control perineurial glial 

growth? In this task I proposed to test the hypothesis that perineurial glial growth is negatively 
regulated by the amnesiac (amn)-encoded neuropeptide acting through the G protein Gas, 
Neurofibromin and Pushover. As I reported last year, initial experiments to test this hypothesis gave 
negative results. However, at the same time, data on a related project funded by my NIH grant 
suggested that this hypothesis might be incomplete. In particular, we found that expression of a 
constitutively active protein kinase A (PKA*) enhanced the increased perineurial glial growth conferred 
by expression of the constitutively active RasV12.  Furthermore, we found that the NF1P2 mutation 
actually suppressed the increased perineurial glial growth conferred by RasV12 (Yager et al., in 
preparation, supplied in appendix). These results are not possible to explain with the hypothesis as 
originally proposed and thus the hypothesis was revised. Taken together, the data suggest that NF1 (and 
hence, by extension, Amn and GJ) has dual, opposing, roles in controlling perineurial glial growth: 
amn, NF1 and G^ activity increase perineurial glial growth via activation of PKA, whereas amn, NF1 
and GcP activity reduce perineurial glial growth via inhibition of Ras. 

This revised hypothesis suggests that overexpression of either am«, a constitutively active Gj 
called Gas*or NF1 should each hyperaactivate PKA and thus enhance the effects of RasV12 on growth, 
Furthermore, this hypothesis suggests that the NF1P2 mutation should be epistatic to overexpressed amn 
and G„s*, but that overexpressed PKA* should epistatic to NF1P2. During the past year we have been 
testing several aspects of this revised hypothesis, and so far, every piece of data we have collected 
strongly support this revised hypothesis. Below I show the effects on perineurial glial growth of 
overexpression of the signalling molecules listed above in a Rasvn background. Note that for ease of 
comparison, some data points are presented in multiple figures. 

Effects of overexpression of amn: As can be seen in Figures 1 and 2, overexpression of amn 
significantly enhances the growth phenotype exerted by either of two UAS-Rasvn transgenes: the 
strongly expressed UAS-RasV12 located on chromosome III (Figure 1, compare lane 6 with lanes 5 and 
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7), and the weaker transgene (written as "UAS-Rasvl2(weak>, in Figure 2, compare gli-amn; Rasvl2<weak>, 
which is the third lane, with 

Figure 1: Enhancement of the glial growth phenotype conferred by RasV12 by overexpression of 
amnesiac 
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Figure 1: Overexpression of amn enhances the growth phenotypes conferred by RasVI2. The 
genotypes are listed on the X axis according to the new nomenclature for GAL4 and cVAS-containing 
transgenes. In this nomenclature, the GAL4 and UAS- prefixes are eliminated for clarity. For example, 
gli-amn (as written in lane 3) represents the data from larvae expressing both gli-GAlA and UAS-amn.' 
Means and SEMs of perineurial glial thickness from the indicated genotypes are shown. The following 
combinations have statistically significant differences (two tailed, unpaired t-test). For lane 5 (n=72) 
versus lane 6 (n=22), p=0.0026. For lane 6 (n=22) versus lane 7 (n=23), p=0.008. 



Figure 2: Enhancement of the glial growth phenotype conferred by a weakly expressed Rasvn 

transgene by overexpression of amnesiac 

3 
CO 
CO 

I 
3 
•!-H 

1—1 

.s 
CD 

3 -i 

2 _ 

A; 

CN 

£ 
to 

«5 

a 

ÖO 

bo 

<x> 

AJ -ü 
CS a 
W tu 
8 Ö 

«N CN 
T-H J-H 
^ ^ 

W W 

5 3 
k? sv 

£ S 
ö « 

genotype 

Figure 2: Overexpression of amn enhances the growth phenotypes conferred by a weak UAS-RasV12 

transgene (labelled UAS-Rasvl2(weak>). The genotypes are listed on the X axis. Means and SEMs of 
perineurial glial thickness from the indicated genotypes are shown. The following combinations have 
statistically significant differences (two tailed, unpaired t-test). For gli-Rasvl2<weak> (n=29) versus gli- 
amn; Rasvl2(wea)k (n=25), p<0.0001. For gli-amn (n=19) versus gli-amn; Rasvl2(weak> (n=25), p<0.0001 
For amn; Rasvl2(weak> (n=29) versus gli-amn; Rasvl2<weak> (n=25), p<0.0001. 

perineurial glial thickness values in the other lanes). In contrast, overexpression of amn does not confer 
increased perineurial glial growth to larvae expressing UAS-Ras+(in Figure 1, compare lane 4 with lane 
6, and with lanes 1-3), or increase perineurial glial thickness in the absence of any UAS-Ras transgene. 
These phenotypes are very similar to what is conferred by expression of a constitutively active PKA. 
Thus, we interpret the enhancement of RasV12 by amn overexpression to result from an amn-induced 
increase in PKA activity, which also enhances the effects of RasV12. These data strongly support the 
hypothesis that amn activates perineurial glial growth by activating PKA activity in the peripheral glia, 
possibly in an NF1 -dependent manner. 



In contrast to the enhancement of growth conferred by overexpression of amn, when we co- 
expressed an "indifferent" enzyme (ß-galactosidase, encoded by UAS-lacZ) with RasV12, we observed no 
enhancement (Figure 1, compare lane 7 with lane 5). This control experiment demonstrates that the the 
RasV12 phenotype is not enhanced merely by the presence of a t/AS-driven transgene, but apparently 
requires the increased PKA activity conferred by amn-overexpression. 

Our studies on the effects of amn overexpression are almost complete. The only experiment 
remaining is to test the prediction that amn activates PKA via NFL This prediction suggests that NF1 
will be epistatic to amn, and thus that in the presence of NFln, the effects of RasV12 on perineurial glial 
growth will be suppressed even when amn is overexpressed. This prediction will be tested in the final 
year of funding. 

Effects of overexpression of (T.v*: As reported last year, larvae expressing G„s* 
in peripheral glia have poor viability, and it is difficult to obtain third instar larvae of this genotype. 
However it is not impossible to obtain such larvae, With effort, we have succeeded in beginning to study 
the effects of overexpression of G„s* in combination with expression of Rasvn. as well as in an 
otherwise wildtype background. As shown in figure 3 below, we found that expression of Gj* in an 
otherwise wildtype background has no significant effect on perinurial glial thickness (second lane), but 
significantly enhances the effects of Rasvn (compare the third and fourth lanes) which is a phenotype 
identical to that conferred by overexpression of amn or PKA*. 

Figure 3: Enhancement of the glial growth phenotype conferred by RasV12 by overexpression of Gj* 
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Figure 3: Overexpression of G„s* enhances the growth phenotypes conferred by RasV12.  Means 
and SEMs of perineurial glial thickness from the indicated genotypes are shown. The following 
combinations have statistically significant differences (two tailed, unpaired t-test). For gli-Rasvn; Gj* 
(n=25) versus gli-RasV12 (n=72), p=0.0004, versus gli- Gj* (n=29), p<0.0001, versus gli (n=13) ' 
p<0.0001. 
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Our studies on the effects of overexpression of G^* are incomplete. We still need to test the 
effects of G„s*overexpression in a background of overexpressed Ras+ and the weakly expressed 
Rasvl2(weak> as described above for amn overexpression. We also need to test the prediction that the NF1 
null mutation NF1P2 is epistatic to overexpression of G„s*. These experiments will be performed in the 
final year of this award. 

Effects of overexpression of NF1: As shown in Figure 4, overexpression of NF1 within 
peripheral glia in an otherwise wildtype background has no effect on perineurial glial growth. This lack 
of effect was conferred by overexpression induced by two independent UAS-NF1 transgenes (both 
supplied by Andre Bernards; Figure 4 compare lanes 2 and 3 with lane 1). In contrast, overexpression 
of NF1 significantly enhanced the perineurial glial growth phenotype conferred by expression of Rasvn 

(Figure 4, compare lanes 4 and 5), which is precisely the result observed when amn, Gj* and PKA*, 
the other transgenes predicted to increase PKA activity, and is precisely the result predicted by the 
newly revised hypothesis described above. 

Our studies on the effects of overexpression of NF1 are incomplete. We still need to test the 
effects of NF1 overexpression in a background of overexpressed Ras+ and the weakly expressed 
Rasvl2(weak> as described above for amn overexpression. 

Figure 4: Enhancement of the glial growth phenotype conferred by RasV12 by overexpression of NF1 
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Figure 4:: Overexpression of NF1 enhances the growth phenotypes conferred by Rasm. Means 
and SEMs of perineurial glial thickness from the indicated genotypes are shown. The following 
combinations have statistically significant differences (two tailed, unpaired t-test). For gli-Rasvn; NF1 
(n=32) versus gli-Rasvn (n=72), p=0.01. 

In conclusion, all of our experiments performed during the past year have supported the newly 
revised hypothesis, giving me more confidence that this hypothesis is likely to be correct. In the final 
year of funding, I propose to complete these studies. Most importantly, I propose to test the prediction 
that the thickened phenotype conferred by UAS-Rasvn and UAS-PKA* is epistatic to NFln; that is, that 
the increased thickness of RasV12 and PKA* will be observed both in an NF1+ and NF1P2 background. 
We will also test the prediction that the NF1P2 null mutation will be epistatic to both UAS-amn and UAS- 
G^*. If these predictions are confirmed by experiment, then the hypothesis that a signalling pathway in 
which Amn activates PKA via G„s and Neurofibromin, will be confirmed. 

Task two: Further tests of the hypothesis that increased neurotransmitter release from motor 
neurons (or increased neurotransmitter persistence) affects perineurial glial growth. During the first year 
of funding, we began addressing this issue. As reported last year, we measured perineurial glial 
thickness in two triple mutants: eag Sh; NF1P2, and eag; ine; NF1P2. In contrast to the prediction, we 
found that there was no significant increase in perineurial glial thickness in the triple mutants compared 
to the double mutants. Because of these negative findings, we put this task to the side during the 
previous funding year in order to concentrate on task one, on which we were able to make excellent 
progress as described above. 

Based on the successes of the newly revised hypothesis, I can now re-interpret the negative 
findings from task two. The newly revised hypothesis suggests that NF1 has dual, opposing roles on 
perineurial glial growth. These opposing roles obscure the ability of genetic alterations to induce 
phenotypic effects and complicates efforts to infer mechanism. In this view, we can best observe 
phenotypic effects of increased neurotransmitter release by combining the eag Sh and eag; ine 
mutations with transgenes that have only single roles on perineurial glial growth. The best transgenes 
for this purpose would be the Rasvl2and PKA* transgenes, which as far as we can tell, each activate 
perineurial glial growth without any growth-inhibitory activities. Therefore, I propose to continue this 
task in a slightly restructured form. I propose to compare perineurial glial thickness in larvae expressing 
Rasv'2 or PKA*, and also carrying the eag, ine, Sh, eag Sh, and eag; me mutations or double mutations. 
I think that in either the RasV12 or PKA* backgrounds, we will observe increased glial growth conferred 
by the eag; ine and eag Sh double mutants. 

Task three: Can perineurial glial growth be genetically uncoupled from perineurial glial 
proliferation? This task was completed during the first year of funding. Confusing issues regarding the 
ability of Rasv12, but not amn or ine; NF1P2 double mutants to increase perineurial glial nuclei number, 
are now explained by the observation that amn and NF1 each affect signalling pathways (i.e. PKA) in 
addition to Ras. 

KEY RESEARCH ACCOMPLISHMENTS 

We demonstrated that the amnesiac-encoded neuropeptide, Gas, and Neurofibromin enhance the 
effects of RasV12 on perineurial glial growth. This discovery supports the hypothesis in task one that a G 
protein acts upstream of Neurofibromin in the control of perineurial glial growth. 

We generated evidence that Amn, Gas, and Neurofibromin activate PKA in Drosophila 
peripheral glia. 
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REPORTABLE OUTCOMES 
1. Presentation entitled " Ras activity in peripheral glia promotes perineurial glial growth in 

Drosophila peripheral nerves", by James C. Yager, Alexander Rottgers, Michelle C. Wells, Elizabeth L. 
Carter and Michael Stern, was presented in a platform session at the NNFF International Consortium 
meeting, held at Aspen, CO, in June, 2003. 

2. Abstract entitled "Evidence that PI3 kinase mediates the effects of Ras on perineurial glial 
growth in Drosophila peripheral nerves" was accepted for oral presentation at the NNFF International 
Consortium meeting, to be held at Aspen, CO, May 23-May 25,2004. Although not in evidence from 
the abstract title, during the first half of the talk I will present the data on interactions between Rasvn and 
overexpression of amn and G„s* as described in the "Body" section above, under "Task one". 

CONCLUSIONS 

I report two major conclusions. First, using overexpression studies, we report that 
Neurofibromin activates perineurial glial growth (in larvae expressing Rasvn) by activating PKA. This 
conclusion confirms the earlier observation that loss of function mutations mNFl suppress the increased 
glial growth conferred by Rasvn expression and demonstrate that Neurofibromin has two, opposing roles 
in the regulation of perineurial glial growth. Second, again using overexpression studies, we report 
evidence that Amnesiac and Gas act as upstream activators of Neurofibromin. The hypothesis that a 
neuropeptide and G„s act upstream of Neurofibromin is not a new one, but it is a hypothesis that 
required testing. In fact, one important task of this idea award was precisely to test this hypothesis. 
Although this demonstration is not yet complete (most importantly epistasis testing is required for final 
confirmation), our results obtained during the past year (see task one) and anticipated results during the 
final year might finally demonstrate that this hypothesis is true. An understanding of the signals 
regulating the activity of Neurofibromin will not only add to our general knowledge of nerve growth 
control, but also improve our ability to select useful pharmacological agents for treatment. 
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1) Abstract of presentation to the NNFF Consortium on NF1 and NF2 (Aspen, CO, May, 2004). 
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Drosophila peripheral nerves comprise a layer of motor and sensory axons, wrapped by an inner 
peripheral glia (analogous to the mammalian Schwann cell) and an outer perineurial glia (analogous to 
the mammalian perineurium). We have been using these nerves as an assay platform to test the effects 
of mutations and transgenes on perineurial glial growth. It was previously shown that perineurial glial 
growth in third instar larval nerves is regulated by a number of genes including push, which encodes a 
large Zn2+-fmger-containing protein, amn, which encodes a putative neuropeptide related to PACAP, 
and NFL We found that expression of the constitutively active RasV12 transgene specifically in 
peripheral glia increased growth within the perineurial glia. This result demonstrates that Ras activity is 
sufficient to promote perineurial glial growth, and that Ras can act cell nonautonomously. Surprisingly, 
we found that the NF1P2 null mutation suppresses these effects of Rasvn, suggesting that NF1 has a 
relevant activity that promotes, rather than inhibits, perineurial glial growth. The possibility that 
activation of adenylate cyclase represents this second activity is supported by the observation that 
expression within peripheral glia of any of three genes expected to increase protein kinase A (PKA) 
activity (a constitutively active PKA, the amn-encoded PACAP-like neuropeptide, or a constitutively 
active G„s) strongly enhances the growth promoting effects elicited by RasV12 alone. These results are 
consistent with the possibility that a signalling pathway from the Amn neuropeptide through Gas, 
Neurofibromin, and PKA strongly potentiates the effectiveness of constitutive Ras activity on " ' 
perineurial glial growth. 

To identify the downstream components that mediate the effects of Ras, we tested the effects of 
constitutively active Raf and PI3 Kinase transgenes on perineurial glial growth. We found that 
expression of a constitutively active PI3 Kinase, but not a constitutively active Raf, strongly increased 
perineurial glial growth, suggesting the possibility that PI3 Kinase is an important mediator of the 
growth-promoting effects of Ras in peripheral nerves. 
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