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Abstract

The spatiotemporal expression patterns of the NR2C subunit of the NMDA receptor and PKC+y isoform during cerebellar development
suggests that both proteins are involved in the molecular mechanisms of synaptogenesis. However, the topographic distribution of
WGA-HRP labeled spinocerebellar mossy fiber terminals in NR2C/PKCy double mutants (n = 4) appears similar to controls (n = 3).
While the results do not rule out a role for NR2C receptor subunits and the PKCy isoform in cerebellar synaptogenesis, they indicate that
neither is necessary for the formation or maintenance of normal spinocerebellar mossy fiber afferent maps.
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Mossy fibers project to the cerebellar cortex in distinc-
tive topographic projection patterns. Although mossy fibers
ultimately synapse on granule cell dendrites, the available
evidence suggests that the topography of mossy fiber
projections is initially organized by Purkinje cells [24].
Mossy fibers first appear in the cerebellum by E13-14 [13]
and initially segregate into protocolumns that align with
clusters of Purkinje cells [3,18]. After granule cells migrate
into the internal granule cell layer, mossy fibers begin to
synapse on the maturing granule cells [20]. The formation
of granule cell-mossy synapses may be important in the
stabilization of mossy fiber terminals; if the formation of
the internal granule cell layer is disrupted by partial abla-
tion of the external granule cell layer with MAM, mossy
fiber terminals become more homogeneously distributed
within the vermal lobules {17]. Neuronal activity, and in
particular activation of NMDA receptors, may play an
important role in synapse stabilization in the cerebellum
since both the removal of climbing fiber polyneuronal
innervation of Purkinje cells and the refinement of mossy
fiber terminal fields may be disrupted by chronic blockade
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of cortical activity with the competitive NMDA receptor
antagonist AP5 [21,25].

To analyze the role of activity-dependent mechanisms
for synapse stabilization in the formation and maintenance
of mossy fiber topographic projections, we have analyzed
the distribution of spinocerebellar mossy fiber terminals in
mutant mice with genetic knockouts of the NR2C subunit
of the NMDA receptor [11] and the y subtype of calcium-
phospholipid-dependent protein kinase (PKCy) [1].
Synapse stabilization is thought to involve NMDA recep-
tor stimulation caused by coincident activation of the
postsynaptic cell by neighboring afferents [8]. NMDA
receptor stimulation increases intracellular calcium levels
and activates second messenger systems which lead to
synapse stabilization. The mechanisms of synapse stabi-
lization may be similar to the mechanisms proposed for
long-term potentiation (LTP). LTP induction is believed to
involve the modulation of NMDA receptors by protein
kinase C (PKC) [5].

We have chosen to focus our analysis on deletions of
NR2C and PKCvy isoforms because their spatiotemporal
expression patterns in the cerebellum suggest that they
may be involved in cerebellar synaptogenesis [16,23,28].
The NR2C subunit is preferentially expressed in granule
cells in the postnatal cerebellum, with levels of NR2C
increasing from P11 to P20 concomitant with decreases in
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the levels of NR2B. The physiological properties of gran-
ule cells change as they mature, and the postnatal replace-
ment of NR2B subunit expression by NR2C subunit ex-
pression may underlie these changes [12]. In the NR2C
knockout mutant, the excitatory postsynaptic currents of
mature granule cells are similar to those in immature
granule cells indicating that NR2C subunit expression is
important in granule cell maturation [11]. PKCy is prefer-
entially expressed in Purkinje cells, but it may also be
transiently expressed in cerebellar granule cells during
early cerebellar development with increased activity levels
in cerebellar synaptosomes [15,16,23]. LTP is greatly di-
minished in PKCy knockouts mutants, although not com-
pletely blocked, which suggests that PKCy may be in-
volved in the regulation of LTP but not the actual molecu-
lar mechanisms for generating LTP [1]. There is evidence
that the removal of climbing fiber-Purkinje cells polyneu-
ronal innervation is impaired in PKCy knockout mice
[19]. The distribution of mossy fibers in NR2C /PKCy
knockout mutants was analyzed in this study to determine
if PKCwy activity is necessary for the formation of mossy
fiber projection patterns and if the change in the properties
of NMDA receptor currents in maturing granule cells is
necessary to stabilize mossy fiber terminals.

NR2C and PKC+y knockout mutant mice were gener-
ated as described previously using standard techniques for
homologous recombination. with ES cell technology [1,11].
To generate the NR2C null mutant, one of the four puta-
tive transmembrane segments was replaced with a
neomycin resistance cassette [11]. The PKCy null mutant
was generated by replacing the exon containing the nu-
cleotide-binding domain required for catalytic activity [1].
Mice homozygous for the NR2C and PKCy mutations
were mated to generate NR2C/PKC+y double mutants.
The distribution of spinocerebellar mossy fiber terminals
was analyzed as described previously [26]. Adult mutant
(n =4) and wild type adult mice (n = 3) were anesthetized
with i.p. injections of Avertin. 0.2—0.5 ul of wheat germ
agglutinin conjugated horseradish peroxidase (WGA-HRP;
2% in distilled water) was bilaterally injected into the
lower thoracic-upper lumbar spinal cord following a dorsal
laminectomy. The animals were killed 18-24 h later by
cardiac perfusion under deep Avertin anesthesia with 30-50
ml of 0.9% warm saline followed by 50-80 ml 4% cold
paraformaldehyde in 0.1 M phosphate buffer solution
(PBS). Cerebella were cryoprotected in 20% sucrose-PBS
overnight and then serially sectioned at 32 pum in coronal
cryostat sections. Orthogradely labeled mossy fiber termi-
nals were visualized using the deOlmos et al. [10] modifi-
cation of the TMB incubation procedure.

The NR2C/PKCy double mutant mice showed no
gross ataxia, but behavioral tests have shown that motor
coordination and spatial and contextual learning is affected
in PKCy mutants [2,6], so the double mutant mice may
have similar defects. NR2C/PKCy double mutant cere-
bella were similar in size to wild type cerebella and

foliation patterns did not differ between wild type and
mutants. Spinocerebellar mossy fibers from the lower tho-
racic-upper lumbar level of the spinal cord in the mutants
terminated in the normal spinocerebellar projection fields
(Fig. 1): lobules I-V in the anterior cerebellum and VIII
and the dorsal half of lobule IX in the posterior cerebellum
[27]. Although the strength and density of the labeling
varied from one animal to another, the general topographic
distribution pattern of WGA-HRP labeled terminals in the
mutants was similar to that in wild type mice. Mossy fiber
terminals segregate into parasagittal bands that can be
followed through anterior and posterior vermal lobules
along the anterior-posterior axis of the cerebellum. Fig. 2
shows columns of mossy fiber terminals in coronal sec-
tions at two levels of the anterior cerebellum (A, B, D, E)
and one level of the posterior cerebellum (C, F) in both a
control cerebellum (left column, A—C) and a double mu-
tant cerebellum (right column, D-F). The mossy fiber
columns in both control and mutant cerebella are symmet-
rical about the midline, with a relatively weakly labeled
midline band compared to the more densely labeled medial
and lateral bands on either side. The position and width of
the bands in mutants are similar to those of the control. In
the posterior lobe, lobule VIII is the main projection area
for spinocerebellar terminals area. At the anterior-posterior
level of the coronal sections shown in Fig. 2C, there are
two symmetrical compartments on the right and left sides
(indicated by asterisks) of the vermis, flanked by a more
lateral patch of terminal labeling in the vermis. In addition
to the medial and lateral vermal bands shown in Fig. 2C,
there is a midline band in control and mutant lobule VIII
that is not detectable at this level. Lobule IX normally
receives a smaller projection to its dorsal half that is split
at the midline along part of its anterior-posterior extent

A. B. C.

Fig. 1. Diagrammatic representation of the lobular distribution of
spinocerebellar mossy fiber terminals in the vermis of wild type cerebella.
Mossy fiber terminals are found in lobules I-V, VIII, and the dorsal half
of IX. The bars labeled A, B, and C show the planes of section for the
coronal views of mossy fiber terminal labeling in Fig. 2.
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Fig. 2. Spinocerebellar mossy fiber topographic patterns compared between a control cerebellum (left column) and a NR PKCy mutant (right column)
in darkfield photomicrographs. The asterisks indicate columns of WGA-HRP labeled spinocerebellar mossy fiber terminals in the granule cell layer. The
arrows in the posterior sections (C) indicate the single, midline column of labeled terminals characteristic of the dorsal aspect of lobule IX. Coronal
sections were selected from levels A and B of the anterior cerebella and C of the posterior cerebella as shown in Fig. 1. Scale bar, S00 pm.
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[27]. A similar pattern of mossy fiber terminal distribution
was observed in the mutant lobule IX.

The results show that the topography of mossy fiber
terminal distribution is maintained despite the deletion of
the genes for the NR2C receptor subunit and PKCy. The
results argue that neither NR2C nor PKC is required for
the formation and maintenance of anatomically normal
mossy fiber topographic maps. Two possible interpreta-
tions are either that: (1) activity-dependent mechanisms are
not necessary for the segregation of mossy fiber terminals,
or (2) activity-dependent mechanisms participate in the
segregation of mossy fiber terminals, but NR2C and PKCy
are either not involved or there are sufficient redundancies
in the molecular mechanisms for synapse stabilization to
compensate for the lack of NR2C and PKC+y. We favor the
second interpretation. Previous studies have shown that
NMDA receptor blockade delays the removal of climbing
fiber polyneuronal innervation [21], and interferes with the
refinement of spinocerebellar mossy fiber projections [25].
In the NR2C/PKCvy double mutants, it is unlikely that
NMDA receptor activation: or PKC activity is completely
blocked. The failure to express the NR2C subunit in
granule cells of — / — NR2C mutants results in the loss of
low conductance NMDA receptors [11]. Granule cells are
still activated by mossy fiber inputs in adult NR2C — / —
mutants, but the composite excitatory postsynaptic currents
(EPSCs) from NMDA and AMPA receptors resemble those
found in immature granule cells. Regardless of whether or
not NMDA receptor activation is critical for in the initial
refinement of mossy fiber projection maps, our results
indicate that NR2C receptor expression is not necessary to
maintain normal projectior: patterns.

With respect to PKC activity, other PKC isomers are
expressed in the cerebellum. Previous studies of knockout
mice have shown that it is important to consider the
possibility that a related enzyme can compensate for the
missing gene [9]. As assayed in whole rat brain ho-
mogenates, PKC type I activity (y sequence) is initially
detected only during the first week of postnatal develop-
ment, but PKC type II activity (from BI and BII se-
quences) is present in the CNS at birth, and increases
rapidly to plateau levels by P14-28 [15]. PKC type II
activity in rat cerebellar tissue and synaptosomal extracts
is higher than PKC type I activity levels at P7, but activity
levels of PKC type II decline with age as tissue extract
levels of PKC type I activity rise [23]. In the adult
cerebellum, PKCy expression is restricted to Purkinje
cells, but enzyme activity measurements [23] and mRNA
expression studies [16] show that PKCy is transiently
expressed at higher levels in presynaptic terminals and
cerebellar granule cells during the period of cerebellar
synaptogenesis, reaching a peak in activity and expression
levels around P15. PKCBI is also expressed in granule
cells and PKC B 11 is preferentially localized to the molecu-
lar layer, possibly in the nerve terminals presynaptic to
Purkinje cell dendrites [4]. Although the deletion of PKCry

does not change expression levels of the «, BI, or BII
isoforms of PKC in the adult [14], if these or other
isoforms can substitute for the absent PKCvy activity, then
activity-dependent mechanisms of synapse stabilization
may still function in the establishment or refinement of
appropriate mossy fiber projections.

The normal appearance of mossy fiber topography in
the NR2C/PKCvy double mutants cannot rule out the
possibility that the NR2C receptor subunit and PKC+y are
involved in other types of synapse stabilization in cerebel-
lar development. For example, PKCy may be involved in
regulating the removal of climbing fiber polyneuronal
innervation of Purkinje cells {19]. There may also be subtle
changes in the functional organization of mossy fiber
projections or synaptic ultrastructure that are not detected
by the anatomical techniques used in this study. Inhibition
of NMDA receptors and /or PKC activity has been shown
to affect synapse stabilization in topographic map forma-
tion in a variety of other experimental systems [7,8,22].
While activity-dependent mechanisms may be important in
the development of afferent projections in the cerebellum,
the results of this study argue against specific roles for
NR2C NMDA receptor subunit or PKC+y expression in the
establishment and maintenance of spinocerebellar mossy
fiber topographic projections.
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