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Neurotrophin-3 (NT-3) is a member of the neurotrophin fam-
ily, which includes nerve growth factor (NGF), brain-derived
neurotrophic factor (BDNF) and neurotrophin-4/5 (NT-4/5).
These factors are crucial for development of the peripheral
nervous system!, but not the central nervous system (CNS),
except that NT-3 and BDNF have been implicated in the post-
natal development of the cerebellum?®>. Here we created a con-
ditional NT-3-deficient mutant, which showed abnormal
cerebellar morphology.

Postnatal cerebellar development, which involves active
proliferation and migration of neuronal precursors, is com-
plete by postnatal day 21 (P21) in the mouse*. During this
period, the neurotrophins BDNF and NT-3 are highly
expressed in the cerebellum™°. BDNF-deficient mutants gen-
erally die within the first two weeks of life, but cerebellar devel-
opment can be assessed during this time window’. NT-3
-deficient mutants, on the other hand, rarely survive past P1
(ref. 8), preventing a meaningful assessment of postnatal cere-
bellar development. To circumvent this problem, we used the
phage P1 cre recombinase-loxP system® to create an NT-3 con-
ditional mutant that was viable, yet lacked NT-3 expression
in the CNS.

A targeting vector (Fig. 1a) designed to introduce loxP sites
around the NT-3 coding exon (exon I1)!? was transfected into
embryonic stem cells. The selection cassette was removed from
homologously targeted clones by transient transfection of a cre
recombinase expression vector, leaving loxP sites surrounding
exon II (Fig. 1¢; data not shown). Embryonic stem cells carry-
ing this new allele of NT-3, referred to as NT-32%, were used to
generate a mouse line (data not shown). Mice bearing the NT-
32l0x allele were intercrossed, generating viable and fertile NT-
32lox/2lox h omozygotes, without behavioral abnormalities (data
not shown). To delete NT-3 in the CNS, we crossed NT-32lox/+
mice to a transgenic strain bearing the cre recombinase gene
expressed under the control of the rat nestin promoter/intron
2 enhancer (A.T., unpublished data). Nestin-cre-mediated
recombination resulted in the deletion of NT-3 exon 1II, leav-
ing a single loxP site remaining in the genome (Fig 1c). As exon
IT contains the entire coding sequence of the protein, this
NT-3"% gllele is equivalent to the NT-3-null mutation®. South-
ern blot analysis detected cre-mediated recombination in whole
embryos as early as 9.5 days post coitum (E9.5). Recombina-
tion increased during embryonic development such that it was
nearly complete in brain and spinal cord by E15.5, whereas
other tissues showed a much smaller extent of recombination
(Fig. 2a). In adults, incomplete recombination was detected in
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a number of tissues, but the NT-3%% allele was almost fully
recombined in the CNS (Fig. 2b) and in the germ line of mice
that carried the nestin-cre transgene (data not shown). There-
fore, to generate NT-3 conditional mutants, NT-32%+ males
bearing the nestin-cre transgene were crossed to NT-32/ox/+
nontransgenic females. Conditional mutants generated from
this cross carried the transgene and had the genotype NT-
3llox/2lox at the NT-3 locus. Conditional mutants were produced
in the expected numbers and were fertile (data not shown),
indicating that the conditional mutation did not lead to peri-
natal lethality, unlike the NT-3-null mutation®. Northern blot-
ting revealed no NT-3 mRNA in the brain and developing
cerebellum of conditional mutants (Fig. 2c and d), demon-
strating that the NT-32 allele was fully recombined and no
NT-3 was produced.

Because NT-3 is highly expressed during postnatal cere-
bellar development®© (see also Fig. 2d) and can influence the
survival and differentiation of developing cerebellar neurons?,
we examined the development of the cerebellum in the NT-3
conditional mutant. Like BDNF mutants®, NT-3 conditional
mutants had defective cerebellar foliation at P8, distinguished
by the absence of folium VII and the posterior superior fis-
sure, which separates it from folium VI (Fig. 3a and b). This
defect was not simply due to a delay in folding, as folium VII
was also absent at P28 and later (data not shown). Formation
of the characteristic layers of the cerebellum and their asso-
ciated cell types seemed to be unaffected in the conditional
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Fig. I. Targeting strategy and Cre mediated recombination. (a) NT-3
genomic locus (NT-3*), with the homologous targeting vector
depicted below. Filled triangles indicate loxP sites. Hatched rectangle
indicates the cytomegalovirus-promoter-driven hygro"/thymidine
kinase fusion gene used for positive/negative selection. Probes used
for detection of integration and recombination indicated above.
(b) Structure of NT-3 genomic locus after homologous integration of
the targeting vector. This new allele is referred to as NT-33", (c) Top,
NT-3 allele resulting from cre-mediated recombination removing the
selection cassette, referred to as NT-32°¢, Bottom, the result of cre-
mediated recombination of NT-32% referred to as NT-3/"% For (a—c),
restriction sites (B, BamHlI; S, Spe I; Xb, Xba I; C, Cla I; Xh, Xho |) are
shown, with the resulting fragment sizes given in kilobases (kb).
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mutant (Fig 3c and d). The external germinal layer, site of
granule cell precursor proliferation, was present at P8. Cells
in the proliferative zone of this layer incorporated 5-bromod-
eoxyuridine at P8 in wild-type mice and in conditional
mutants (Fig. 3e and f). NT-3 has been implicated in differ-
entiation of developing Purkinje neurons®. Purkinje neurons
were present in the vermis of the conditional mutant, and
although not quantified, they did not appear to be reduced in
number. The elaboration of the Purkinje dendritic tree, as
revealed by staining with an anti-calbindin D28 antibody, also
appeared qualitatively normal (Fig. 3g and h).
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Fig. 2. Cre-mediated recombination and expression of NT-3 in the
conditional mutant. (a) Southern blot of embryonically derived sam-
ples that carried the nestin-cre transgene and had the genotype
NT-320x* at the NT-3 locus. NT-3*, NT-32 and NT-3'"* bands are
indicated. Note the near-complete conversion of NT-32°% into
NT-3'lx by EI5.5 in the brain and spinal cord. Whole emb., whole
embryo; sp.cord, spinal cord; carcass refers to whole embryo minus
head, liver, heart and limbs. (b) Southern blot showing recombina-
tion in an NT-32/X/* adylt. Rem. brain is the portion of the brain
remaining after dissection into the other brain regions shown. Sal.
gl., salivary gland; olf. bulb, olfactory bulb; cereb., cerebellum; cor-
tex, cerebral cortex; sp. cord, spinal cord. (c) Northern blot com-
paring NT-3 mRNA in the whole brain of wild-type (w) and
conditional mutant (m) mice. 28s and |8s indicate the position of the
rRNA markers. Blot stripped and reprobed with GAPDH shown
below. (d) Northern blot comparing NT-3 mRNA in cerebella of
wild-type (w) and conditional mutant (m) mice at various postnatal
time points. Ad, adult. rRNA loading control shown below.

During cerebellar development, excess granule neurons are
produced and subsequently lost via apoptotic cell death. In
the mouse, the peak of apoptosis in the cerebellum occurs
around P8 (ref. 11). At this age, TUNEL staining showed that
conditional mutants had 75% higher density of apoptotic cells
in the granule cell layer (mutant mean =+ standard error,
37.3 £ 11.4 cells/mm?; wild-type, 21.3 £ 6.98 cells/mm?;
p < 0.0001, unpaired student’s ¢-test) During this time, both
astrocytes and granule neurons are undergoing apoptosis in
the granule cell layer'2. However, granule neurons express the
NT-3 receptor TrkC>, and their survival in vivo is enhanced
by NT-3 (ref. 2), suggesting that this increase in apoptosis is
due to granule neuron death. We observed no increase in
TUNEL-positive cells in the external germinal layer, suggest-
ing that granule neuron precursors did not require NT-3
for survival (mutant, 4.1 £ 0.31 cells/mm; wild type,
3.8 £ 0.26 cells/mm; p = 0.38, unpaired student’s ¢-test).

We have used the cre/loxP system to create a conditional
mutation that eliminated NT-3 expression in the CNS but did
not cause early postnatal death. The absence of NT-3 in the
developing CNS caused abnormal cerebellar development,
providing evidence that it is required for the correct forma-

Fig. 3. Conditional mutants have aberrant cerebellar foliation but normal layering, external germinal layer proliferation and Purkinje arboriza-
tion. (a—d) Paraffin-embedded, cresyl-violet-stained midsagittal sections through the cerebellar vermis of wild-type (a, c) and mutant mice (b,
d) at P8. Triangle in (b) marks the area of the absent folium VIl in the mutant. (c, d) Higher magnification showing the characteristic layers of
the cerebellum at P8. EGL, external germinal layer; ML, molecular layer; PCL, Purkinje cell layer; GL, granule cell layer. Scale bars in (a) and (b),
500 pm; in (c) and (d), 40 pm. (e, f) Granule cell precursor proliferation assessed by injection of 5-bromodeoxyuridine (BrdU). Incorporation
of BrdU is detected by immunohistochemistry using an antibody to BrdU in mutant (f) and wild-type mice (e). Scale bars, 20 pm.
(g, h) Purkinje cells detected with an antibody to Calbindin D28. The mutant (h) appears qualitatively similar to wild-type (g) at P8.
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tion of at least some components of the CNS. Indeed, this
mutation was also associated with behavioral abnormalities,
such as increased gait width and impaired balance (data not
shown), consistent with a role for NT-3 in the development
and maintainence of the cerebellar system. The finding that
cell death was increased in the granule cell layer further sug-
gests that NT-3 may act as a survival factor for a subset of
granule neurons at P8. Because granule neurons express both
NT-3 and TrkC?>%, the factor may be acting in an autocrine or
paracrine fashion. NT-3 is also expressed in the adult cere-
bellum®(see also Fig. 2d), suggesting that it may be involved
in adult cerebellar function and long-term neuronal survival.
Apart from the well characterized activity of NT-3 as a neu-
ronal survival factor, it has other effects on CNS neurons,
including dendritic arborization>!? and synaptic plasticity'4.
This conditional mutant therefore will allow the exploration of
other NT-3 functions in the adult CNS, as well as the effica-
cy of NT-3 substitution therapy.

ACKNOWLEDGEMENTS
The authors thank Peggy Lee and Steven O’Gormann for providing reagents.

nature neuroscience * volume 2 no 2 « february 1999

scientific correspondence

B.B. also thanks Jeanne Reis and Noah Duffey for technical support and
Scharam Akbarian, Larry Schwartz and Kuo Fen Lee for comments on the
manuscript. This research was supported by a grant from NIH/NCI.

RECEIVED 29 OCTOBER; ACCEPTED 18 DECEMBER 1998

—

Conover, J. C. & Yancopoulos, G. D. Rev. Neurosci. 8, 13-27 (1997).

Neveu, [. & Arenas, E. J. Cell Biol. 133, 631-646 (1996).

3. Schwartz, P. M., Borghesani, P. R., Levy, R. L., Pomeroy, S. L. & Segal, R.

A. Neuron 19, 269-281 (1997).

Goldwitz, D. & Hamre, K. Trends Neurosci. 21, 375-382 (1998).

5. Ernfors, P., Merlio, J. P. & Persson, H. Eur. J. Neurosci. 4, 1140-1158
(1992).

6. Rocamora, N., Garcia-Ladona, F. J., Palacios, J. M. & Mengod, G. Mol.
Brain Res. 17, 1-8 (1993).

7. Ernfors, P, Lee, K. E. & Jaenisch, R. Nature 368, 147—-150 (1994).

8. Ernfors, P., Lee, K. F, Kucera, J. & Jaenisch, R. Cell 77, 503-512 (1994).

9. Gu, H., Marth, J. D., Orban, P. C., Mossmann, H. & Rajewsky, K. Science
265, 103-106 (1994).

10. Leingartner, A. & Lindholm, D. Eur. J. Neurosci. 6, 1149-1159 (1994).

11. Wood, K. A., Dipasquale, B. & Youle, R. J. Neuron 11, 621-632 (1993).

12. Krueger, B. K., Burne, J. E. & Raff, M. C. J. Neurosci. 15, 3366-3374
(1995).

13. McAllister, A. K., Katz, L. C. & Lo, D. C. Neuron 18, 767-778 (1997).

14. Kang, H. & Schuman, E. M. Science 267, 1658-1662 (1995).

N

ke

117



