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Formation of Whisker-Related Principal Sensory Nucleus-
Based Lemniscal Pathway Requires a Paired Homeodomain
Transcription Factor, Drg11
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Little is known about the molecular mechanisms underlying the formation of the principal sensory nucleus (PrV) of the trigeminal nerve,
a major relay station for somatotopic pattern formation in the trigeminal system. Here, we show that mice lacking Drg11, a homeodomain
transcription factor, exhibit defects within the PrV, which include an aberrant distribution of Drg11�/� cells, altered expression of a
molecular marker, unusual projections of primary afferents from trigeminal ganglion cells, and, subsequently, increased cell death. In
addition, surviving PrV cells exhibit delayed and more spatially restricted ascending projections to the ventral posterior medial nucleus
of the thalamus (VPm). These early embryonic abnormalities in the PrV lead to the failure to develop whisker-related patterns in the PrV,
VPm, and somatosensory cortex. By contrast, somatotopic patterns exist in the spinal trigeminal subnuclei interpolaris (SpVi) and
subnuclei caudalis (SpVc) and the dorsal column nucleus-based lemniscal and cortical pathway. Thus, the deficits in the trigeminal
system of Drg11�/� mice are specific to the PrV. Our results demonstrate that Drg11 is essential for proper cellular differentiation and,
subsequently, for the formation of the whisker-related lemniscal and cortical structures.
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Introduction
The somatosensory map of the periphery is represented at differ-
ent levels of the brainstem, thalamus, and somatosensory (S1)
cortex. On the face of rodents, whiskers are organized in a reliable
array. This pattern is relayed via the axons of trigeminal ganglion
(TG) neurons to the cells in the trigeminal brainstem nuclei,
which in turn project to the thalamus and to the S1 cortex via the
thalamocortical afferents (TCAs) (Woolsey and Van der Loos,
1970; Woolsey, 1990). The sensory map of the rest of the body is
relayed by afferents of dorsal root ganglion neurons to the dorsal
column nucleus (DCN), which projects to the contralateral ven-
tral posterior lateral (VPl) nucleus of the thalamus and to the S1
cortex via TCAs (Killackey et al., 1990; Willis and Coggeshall,
1991; Tracey and Waite, 1995). In the trigeminal system, the
whisker-related patterns occur in the principal sensory nucleus
(PrV), subnuclei interpolaris (SpVi), and subnuclei caudalis
(SpVc). The PrV-based lemniscal pathway and the SpVi-based
paralemniscal pathway represent two parallel pathways that relay

whisker-related information from the periphery to the cortex
(Bates and Killackey, 1985; Diamond et al., 1992).

The well described somatotopic pattern in the trigeminal brain-
stem complex and its convenient detection make it one of the most
attractive systems for studying fundamental mechanisms that con-
trol neuronal connection and pattern formation. Insofar as the whis-
ker-related patterns are clearest during early postnatal periods,
much of our knowledge regarding the formation of whisker-related
patterns has been obtained by surgical manipulation of the periph-
ery in postnatal animals (Woolsey, 1990). These studies indicate that
the periphery plays an instructive role in somatotopic pattern for-
mation (Killackey et al., 1990; Woolsey, 1990). Moreover, because
lesions of the PrV lead to an absence of whisker-related patterns at
higher levels of the brain, and lesions of the SpVi do not, the PrV has
an indispensable role in thalamic and cortical patterning (Killackey
and Fleming, 1985). Extrinsic factors, such as periphery-derived fac-
tors, as well as retrogradely transported factors, also play a role in the
development of the PrV (Bates et al., 1982; Chiaia et al., 1991; Jhaveri
et al., 1998). NMDA activity-dependent processes have been pro-
posed to account for whisker-related pattern formation in the PrV
(Li et al., 1994). However, genetic studies in mice suggest that
NMDA-mediated activity probably plays a role in the consolidation
of whisker-related pattern formation (Erzurumlu and Kind, 2001).
Other than suspected N-methyl-D-aspartate (NMDA) NMDA-
mediated neural activity and NGF (Henderson et al., 1994), no mol-
ecule has been found to account for the development of the PrV-
based lemniscal pathway.
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Drg11, a paired homeodomain transcription factor, is neces-
sary for the assembly of the nociceptive circuitry in the dorsal
spinal cord (Saito et al., 1995; Chen et al., 2001). In the present
study, we set out to test the hypothesis that Drg11 is essential for
the development of the PrV-based lemniscal pathway.

Materials and Methods
Generation, maintenance, and genotyping of Drg11 mutant mice.
Drg11�/� and Drg11�/� mice were generated and genotyped as de-
scribed previously (Chen et al., 2001). The date when the plug is found is
considered to be embryonic day (E) 0.5. The Drg11�/� mice are main-
tained in the mouse facility according to protocols approved by the Di-
vision of Comparative Medicine at the Washington University School of
Medicine.

Histochemical staining. For cytochrome oxidase (CO) and NADPH
stains, animals were perfused with 4% paraformaldehyde (PFA) at E18.5,
E19.5, postnatal day (P) 1, P3, P7, or P14, and the brains were removed.
After cryoprotection with 20% sucrose in 0.1 M PBS, pH 7.4, the brains
were sectioned transversely at 50 �m or at 35 �m thickness tangentially
(for viewing the barrels) in the S1 cortex, and then subjected to CO
(Wong-Riley and Welt, 1980) or NADPH (Ding et al., 1993) staining. For
CO staining, the sections were incubated with PBS containing 0.24
mg/ml cytochrome C (Sigma, St. Louis, MO; type III), 0.5 mg/ml DAB
(Sigma), and 44 mg/ml sucrose (Sigma) for 2– 4 hr at 37°C under gentle
shaking. For NADPH staining, the sections were incubated with 0.1 M

Tris-HCl buffer, pH 8.0, containing 1 mg/ml NADPH (Sigma; type I), 0.8
mg/ml nitroblue tetrozolium (Sigma), and 0.3% Triton X-100 for 2 hr at
37°C. The sections were mounted onto gelatin-coated glass slides and
observed under an Olympus microscope (BX51).

For X-gal staining, embryos (E10.5–E13.5) were fixed with 4% PFA for
5 min, rinsed in PBS for 10 min, and incubated in PBS containing 0.15 M

NaCl, 1 mM MgCl2, 0.003% Triton X-100, 0.001% potassium ferricya-
nide, 0.001% potassium ferrocyanide, and 1 mg/ml X-gal at 37°C for
1.5–2 hr. Some of embryos were sectioned at a thickness of 12 �m, and
the sections were observed under the light microscope.

In situ hybridization, immunocytochemistry, and cell counting. For in
situ hybridization, embryos (E10.5–E15.5, E18.5) were fixed in 4% PFA
overnight and sunk in 15% sucrose. The embryos were frozen, sectioned,
and kept on frosted slides. In situ hybridization was performed according
to a procedure described previously (Birren et al., 1993). To detect ex-
pression of neomycin phosphotransferase II (Neo), immunocytochem-
istry was performed in both Drg11 heterozygous and null mutants as
described (Chen et al., 2001). The sections were sequentially incubated
with rabbit anti-Neo antibody (Cortex Biochem, San Leandro, CA;
1:1000) in PBS containing 2% normal donkey serum and 0.3% Triton
X-100 overnight, biotinylated donkey anti-rabbit (Jackson Immuno Re-
search, West Grove, PA; 1:200) for 2 hr, and Cy3-congugated streptavi-
din (Molecular Probes, Eugene, OR; 1:1000) for 1 hr. After washing with
PBS, the sections were counterstained with Hoechst (Acros Organics,
Morris Plains, NJ) for localizing Neo-positive cells in the PrV. The num-
ber of Neo-positive cells in the PrV were counted in one series of sections
from each embryo. These serial sections (four to five sections) covered
the whole extent of the PrV. Data were indicated as mean � SEM. Four
Drg11�/� and three Drg11�/ � embryos were used at each stage (E13.5,
E14.5, E16.5), and Student’s t test was used for statistical comparisons of
the number of cells between Drg11�� and Drg11�/ � embryos.

Terminal deoxynucleotidyl transferase-mediated biotinylated UTP nick
end labeling (TUNEL) staining. After fixation with 4% PFA, the embryos
(E14.5, E15.5, E16.5, E17.5, E18.5) were cryoprotected with 15% sucrose
overnight, and serial 12-�m-thick sections were cut with a cryostat. The
sections were directly mounted onto glass slides and then subjected to
TUNEL examination (Gavrieli et al., 1992). After blocking endogenous
peroxidases by incubation with 10% methanol and 3% H2O2 in PBS for
30 min at room temperature, the sections were incubated in a permeabi-
lization solution (0.1% Triton X-100 in 0.1% sodium citrate) for 10 min.
The sections were preincubated with terminal deoxynucleotidyl tran-
ferase (TDT) buffer (1�; Promega, Madison, WI) for 5 min and then
were incubated with the TDT buffer containing 0.5 mM TDT (Promega)

and 40 �m biotin-dUTP (Roche, Indianapolis, IN) for 1 hr at 37°C. After
being washed with PBS for 20 min, the sections were incubated with Elite
ABC kit (Vector Laboratories, Burlingame, CA) for 30 min at 37°C,
followed by an incubation with PBS containing 0.02% DAB and 0.003%
H2O2 for 30 min for visualization. The positive cells (dying cells) were
counted in the PrV, and comparisons between wild-type and Drg11�/�

embryos were performed (for counting method, see above).
DiI and DiI/DiA labeling. Embryos at different stages and postnatal

mouse brains were fixed with 4% PFA. For the study of projections from
the whisker follicle to the PrV, a small amount of 1,1�-dioctadecyl-
3,3,3�,3�-tetramethylindocarbocyanine perchlorate (DiI) or 4-[4-
(dihexadecylamino)styryl]-N-methylpyridium iodide (DiA) (Molecular
Probes) crystals were placed in the follicle(s). Tissues were kept in fixative
at 37°C for 3– 4 d (E12.5), 2 weeks (E13.5–E15.5), or 3– 4 weeks (E16.5–
E18.5). After the removal of the brainstems, they were vibratome sec-
tioned transversely at 100 �m. Labeling was observed under an epifluo-
rescent or laser confocal microscopy. The projections from the TG to the
vibrissae follicles were examined by DiI labeling (E12.5–E15.5). DiI crys-
tals were placed into the TG and kept between 5 d and 1 week. The
projection from the PrV to the ventrobasal thalamus was studied at dif-
ferent stages as well (E14.5–E18.5). After the removal of the brains, they
were cut in half at the level of the caudal pole of the PrV. DiI crystals were
inserted into the PrV and stored for �1 week (E15.5) or 2–3 weeks
(E16.5–E18.5). Placement of DiI crystals into the ventrobasal thalamus
was performed in a similar way, and the materials were kept for 5–7 d
(E14.5, E15.5) or 1–2 weeks (E18.5, P3, P10) for tracer diffusion.

Results
Drg11 exhibits spatially restricted expression in the
trigeminal brainstem complex
To determine the spatiotemporal pattern of Drg11 expression in
the developing trigeminal system, we examined the expression of
Drg11 in the trigeminal nuclei at different embryonic stages by in
situ hybridization or X-gal staining. An IRES-tau-lacZ marker
was previously introduced into the Drg11 locus (Chen et al.,
2001). Expression of the tau-lacZ gene was detected in the tri-
geminal pathway. A comparison of Drg11 expression by in situ
hybridization and by X-gal staining showed an identical staining
pattern, indicating that the expression of the tau-lacZ gene mim-
ics the expression of Drg11. The presumptive PrV cells first
emerge from the ventricular zone of the ventral aspect of the
hindbrain around E10.5 (Fig. 1A). One day later, the number of
Drg11-expressing cells increased, and these cells migrated ventro-
laterally toward the region that is adjacent to the TG (Fig. 1B). TG
neurons also began to express Drg11 at E11.5 (Fig. 1B). By E12.5,
many early-born cells have reached the most ventrolateral part of
the hindbrain and continue to express Drg11 (Fig. 1C). By E15.5,
Drg11 expression appears to distribute uniformly in the PrV (Fig.
1D). Drg11 is also expressed in the subnuclei oralis (SpVo) and
SpVc at this stage (Fig. 1F) (data not shown for SpVo). However,
in the SpVc, Drg11 expression is notably absent in laminae III–IV
(Fig. 1F), in which a whisker-related pattern develops (Hender-
son et al., 1992). Drg11 expression is absent in SpVi (Fig. 1E),
DCN, thalamus, or cortex (data not shown). Expression of Drg11
in the PrV persists to postnatal stage (data not shown). Therefore,
Drg11 expression specifically marks a subset of PrV neurons from
the time when they first emigrate from the ventricular zone of the
ventral hindbrain and is also the earliest known gene to be ex-
pressed in PrV cells. Moreover, Drg11 is the first identified gene
whose expression distinguishes the PrV from the SpVi, raising the
possibility that Drg11 may have a subnuclear-specific role in tri-
geminal patterning.
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Abnormal distribution of Drg11�/�

cells and increased cell death in the PrV
of Drg11�/� mice
To study the role of Drg11 in the develop-
ment of the PrV, we first stained the PrV of
Drg11�/� and Drg11�/� embryos with
X-gal at different stages. Up to E12.5, no
difference in the staining pattern of mi-
grating PrV cells was detected between
Drg11�/� and Drg11�/� embryos (data
not shown). Over the next few days, pre-
sumptive PrV cells continued their ventro-
lateral migration, as described previously
(al-Ghoul and Miller, 1993). Beginning at
E14.5, the PrV began to exhibit its charac-
teristic half-moon shape in transverse sec-
tions, as indicated by clusters of densely
populated cells in the most ventrolateral
hindbrain. Morphological differences in
the PrV of Drg11�/� and wild-type con-
trols detected by Nissl staining were not
seen up to E16.5 (data not shown).

To assess the distribution of Drg11�/�

cells in Drg11�/� mutants, Drg11�/� cells
in the PrV were monitored by the use of
anti-Neo immunocytochemistry (Chen et
al., 2001). Between E11.5 and E13.5, neo expression in Drg11�/�

mutants was homogenous in the PrV, resembling its expression
in Drg11�/� embryos (data not shown). At E14.5, neo expression
in the PrV of the Drg11�/� embryo maintained its widespread
expression throughout the PrV (Fig. 2A,C). However, in
Drg11�/� mutants, an abnormal distribution of Drg11�/� cells
was detected: few neo� cells were found in the most ventrolateral
region of the PrV, despite the presence of numerous PrV cells in
this region (Fig. 2B,D). Counting of neo� cells in the PrV re-
vealed no significant difference between Drg11�/� and Drg11�/�

embryos (Fig. 2E). At E16.5, an aberrant aggregation of
Drg11�/�/ neo� cells became more prominent in the PrV (Fig.
2F,G). Similarly, no significant difference in the number of neo�

cells in the PrV was found between Drg11�/� and Drg11�/� em-
bryos at this stage (Fig. 2H). By E18.5, the PrV in the mutant was
smaller than the control (data not shown).

To ascertain whether an abnormally increased cell death oc-
curs in the PrV of Drg11�/� embryos, TUNEL staining was per-
formed. Whereas TUNEL staining was normal before E18.5 (data
not shown), the number of TUNEL� cells in the mutant PrV was
significantly increased in the mutants at E18.5 (Fig. 2 I–K). By
contrast, no abnormal cell death was noted in the SpVi and in the
deep laminae of the SpVc of Drg11�/� embryos at this stage (data
not shown). Therefore, the earliest stage when we could identify a
morphological abnormality in the PrV is at E14.5, and abnormal
PrV cell death was first detected at E18.5.

Loss of Ebf1 expression in the PrV of Drg11�/� mice
To determine whether Drg11 is required for expression of other
transcription factors in PrV cells, a panel of molecular markers
were examined in the PrV of Drg11�/� embryos. Early B-cell
factors (Ebf)/olfactory factor 1 are members of the helix-loop-
helix transcription factors and play multiple roles in a variety of
developmental processes (Dubois and Vincent, 2001). Three
members of the Ebf family, Ebf1, Ebf2, and Ebf3, are expressed in
the developing PrV cells (Wang and Reed, 1993; Wang et al.,
1997). In situ hybridization studies indicated that, up to E13.5,

expression of these markers in the PrV of Drg11�/� embryos was
normal (data not shown). However, beginning at E14.5, expres-
sion of Ebf1 was abolished in the PrV of Drg11�/� embryos (Fig.
3A,B), whereas expression patterns of Ebf2 and Ebf3 were unal-
tered (Fig. 3C--F). Thus, Ebf1 appears to act downstream of
Drg11. Rnx is a member of the Tlx homeodomain-containing
gene family and is expressed in many brainstem nuclei, including
the PrV, during development (Logan et al., 1998; Qian et al.,
2002). In the PrV of Rnx mutants, the initiation of Drg11 expres-
sion is normal, however, its expression is absent at a later stage,
suggesting that Rnx is required for maintaining Drg11 expression
in the developing PrV (Qian et al., 2002). We found that in the
PrV of the Drg11 mutant, Rnx expression was not affected (Fig.
3G,I). Among these markers examined, Ebf1, Ebf2, and Rnx were
also expressed in SpVi. However, their expression was not
changed in the SpVi of Drg11�/� mice (data not shown). These
results suggest that Drg11 acts downstream of Rnx and is required
for maintaining expression of Ebf1 in the PrV.

Abnormal central projections of TG afferents in
Drg11�/� mice
To assess the central projections of TG afferents, rows of vibrissal
follicles of Drg11�/� embryos were labeled with DiI. At E11.5,
afferents in Drg11�/� embryos have reached the brainstem on a
normal time schedule (data not shown). On arriving at the brain-
stem, TG afferents bifurcate: the rostral branches enter the PrV,
whereas the caudal branches innervate the trigeminal spinal nu-
clei. By E14.5, both wild-type and mutant TG afferents from the
b2 vibrissae follicle penetrated the PrV, and no major difference
in the projection pattern was found between wild-type and
Drg11�/� mice (Fig. 4A,B). One day later, afferents from the c2
and d2 vibrissal follicles grow toward the more inner medial re-
gion of the PrV (Fig. 4C,D). The density and morphology of
DiI-labeled collaterals in the mutant PrV were indistinguishable
from those in the wild-type controls. By E16.5, in wild-type em-
bryos, DiI-labeled fibers from the b2 and b3 follicles were much
more abundant and have reached the inner portion of the PrV
(Fig. 4E). However, in the mutants, the projections of TG affer-

Figure 1. Expression of Drg11 in the PrV, SpVi, and SpVc. Drg11 expression detected by X-gal staining ( A, B) and in situ
hybridization ( C–F) in transverse sections through the hindbrain. A, At E10.5, Drg11 is expressed in presumptive PrV cells that
begin to emerge from the ventricular zone of the ventral hindbrain (arrow). B, At E11.5, Drg11 expression increases as more PrV
cells emerge from the ventricular zone (arrow). C, At E12.5, Drg11 expression is concentrated in the presumptive PrV region. D, At
E15.5, Drg11 expression encompasses PrV. E, No Drg11 expression is detected in the SpVi. F, Drg11 is expressed in laminae I–II but
not in III–IV of the SpVc. Mo, Motor trigeminal nucleus, t: spinal trigeminal tract. Scale bars, 100 �m.
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ents were abnormal (Fig. 4F). Most fibers had unusual orienta-
tions for the b row axons in having more ventromedial trajecto-
ries in the PrV than normal controls. A few fibers had aberrant
dorsolateral trajectories (Fig. 4F). At E18.5, wild-type fibers from
the c2 vibrissae follicle gave rise to collaterals that aggregated into
a single cluster that is confined to the ventromedial region of the
PrV (Fig. 4G). In the mutant, consistent with the aforementioned
E16.5 projection pattern, DiI-labeled fibers from the c2 follicle
did not enter the inner medial region of the PrV (Fig. 4H).
Rather, they were confined to a ventrolateral position (Fig. 4H).
These aberrant projections suggest that there are pathfinding er-
rors for immature trigeminal afferents in the mutants. In con-
trast, mutant TG afferents appeared to innervate the SpVi in a
normal manner at this stage (Fig. 4 I, J).

We also assessed the projections of TG afferents to the vibris-
sae follicles by labeling of TG cells with DiI crystals. Between
E12.5 and E14.5, TG axons appeared to normally grow toward

the periphery in Drg11�/� embryos (data not shown). By E15.5,
DiI tracing revealed mutant afferents encircling individual folli-
cles as in wild-type afferents (Fig. 4K,L). The density of TG affer-
ents enveloping vibrissal follicles also appeared similar between
wild-type and Drg11�/� embryos. In addition, X-gal staining also
failed to distinguish wild-type and mutant projections (data not
shown). These results suggest that the peripheral projections of
TG afferents are grossly normal in Drg11�/� embryos.

Site-specific deficits in somatotopic pattern formation in
Drg11�/� mice
The abnormal development of the PrV promoted examination of
whisker-related pattern formation in Drg11�/� mice by CO
staining. Histochemical staining of CO activity in somata, den-
drites, and axonal terminals in different subcortical and cortical
regions identifies individual cell aggregates, or patches, each
corresponding to single whiskers in rodents (Wong-Riley and
Welt, 1980; Killackey et al., 1990). In wild-type mice, five rows

Figure 2. Immunocytochemical staining of neo� cells and TUNEL studies of the PrV in wild-
type and Drg11�/� mice. A, B, Neo staining (red) and Hoechst countstaining (green) of the PrV
in wild-type ( A, C) and Drg11 ( B, D) mutants at E14.5. Arrowheads indicate the region where
few Drg11�/�/neo� cells were found. C,D, Higher magnification of A, B. E, Comparison of the
number of Drg11�/� and Drg11�/� cells in the PrV at E14.5. Neo � cells in Drg11�/� em-
bryos at E14.5, 143.7 � 8.1; in Drg11�/� embryos, 135.4 � 5.2; p � 0.061 ( p � 0.05). F, G,
Neo staining (red) in the PrV of the wild-type embryos ( F) and the mutant ( G) at E16.5, Note
that in the most ventral aspect (arrowheads) of the mutant PrV, Drg11�/� cells appear to avoid
certain regions. H, Comparison of the number of Drg11�/� and Drg11�/� cells in the PrV at
E14.5. Neo � cells in Drg11�/� embryos at E16.5, 153.6 � 8.7; in Drg11�/� embryos,
160.3 � 13.7; p � 0.72 ( p � 0.05). I, J, At E18.5, TUNEL studies revealed increased cell death
in the mutant PrV (J, arrow) compared with the wild-type PrV (I, arrows). K, Comparison of the
number of apoptotic cells in the PrV between wild-type and Drg11 mutant embryos at E18.5.
The average number of apoptotic cells in the PrV. Wild-type embryo, 5.3 � 1.4; Drg11 mutant,
15.0 � 2.3; p � 0.015 ( p 	 0.05). Scale bars, 100 �m.

Figure 3. Expression of molecular markers in the PrV detected by in situ hybridization. Trans-
verse sections of the E14.5 PrV of wild-type ( A, C, E, G) and Drg11�/� ( B, D, F, H ) embryos. A, B,
Ebf1 expression is detected in the wild type ( A), but not in the mutant ( B). No significant
changes are found in the expression pattern of Ebf2 (C,D), Ebf3 ( E, F ), and Rnx (G,H ) between
the wild-type and mutant PrV at E14.5. Scale bar, 100 �m.
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of CO-stained patches corresponding to
five rows of whiskers were present in the
PrV, SpVi, SpVc (barrelettes), VPm
(barreloids), and S1 cortex (barrels)
(Fig. 5 A, C, E, G,I ). No such patterned
CO-stained patches were discernable in
the PrV, VPm, or S1 cortex of Drg11�/�

mice (Fig. 5 B, D,F ). However, robust
patterns were detected in the SpVi and
SpVc of Drg11�/� mice (Fig. 5 H, J ).
Whereas robust whisker-related pat-
terns were detected in the SpVi and
SpVc, the patterns appeared to be in-
complete in some cases, and individual
patches were smaller than those in the
wild-type controls (Fig. 5 H, J ). This may
be a consequence of pervasive cell death
in the PrV, which is a major target of the
patterned SpVi and SpVc cells (Jacquin
et al., 1990).

The lack of patterning in specific por-
tions of the barrel neuraxis, as revealed by
CO staining, could also be because of a lack
of CO activity or a metabolic abnormality
in CO synthesis, as opposed to a lack of
neuronal patterning. To assess this possi-
bility, we used an alternative staining
method: expression of NADPH (Mitrovic
and Schachner, 1996; Pereira et al., 2000),
a synthase for nitric oxide that stains neu-
ropil in the PrV and S1 cortex and is nor-
mally equivalent to that revealed by CO
(Mitrovic and Schachner, 1996; Pereira et
al., 2000). Whereas distinct patterns of
NADPH staining were detected in the PrV,
VPm, and layer IV of the S1 cortex of wild-type mice, no such
patterns were observed in the mutants (Fig. 5M–P) (data not
shown). Similarly, somatotopic NADPH patterns were found in
the SpVi and SpVc of both wild-type and Drg11�/� mutants (data
not shown). Thus, whisker-related patterns fail to form specifi-
cally in the PrV-based lemniscal pathway in Drg11�/� mice.

To assess whether lack of CO and NADPH patterning was
because of a failure in either pattern formation or pattern main-
tenance in Drg11�/� mutants, we performed CO and NADPH
histochemistry from the earliest stage at which patterns are nor-
mally visible. In wild-type controls, the patterns first emerge in
the brainstem at E18.5, as detected by CO staining, in the VPm at
P2 and in the S1 cortex at P3 (Ma, 1993). No patterns were de-
tected in the PrV, VPm, and S1 cortex of Drg11�/� mice at any
stages examined (data not shown). Therefore, the lack of patterns
in Drg11�/� mice is because of a failure in pattern formation,
rather than in its maintenance.

We next assessed pattern formation in the DCN-based lem-
niscal pathway. In wild-type mice, forepaw and hindpaw digits
were recognizable as discrete patches in the VPl and S1 cortex by
CO staining (Fig. 5C,E) (data not shown). Forepaw and hindpaw
digit patches were also identified in the VPl thalamus and S1
cortex of Drg11�/� mice (Fig. 2D,F) (data not shown). The digit
patterns were also present in the gracile nucleus and cuneate
nucleus of the mutant DCN (Fig. 5K, L). Thus, both hindpaw and
forepaw digit patterns developed in Drg11�/� mice.

Delayed thalamic projections of PrV cells in Drg11�/� mice
The abnormal distribution of PrV cells, the loss of Ebf1 expres-
sion, and increased TUNEL staining indicated that the develop-
ment of the PrV is severely impaired in Drg11�/� mice. Do PrV
cells project normally to the contralateral VPm in Drg11�/� em-
bryos? To address this question, PrV axons were anterogradely
labeled with DiI. To exclude the possibility that labeling may
spuriously include the SpVi, the caudal brainstem at the level of
the caudal pole of the PrV was removed before applying DiI to the
PrV. At E17.5, PrV axons have reached the VPm and outline the
contour of the VPm (Fig. 6A). However, at this stage, PrV axons
labeled by DiI were not detected in the VPm of Drg11�/� em-
bryos (Fig. 6B). By E19.5, the mutant PrV axons have reached the
VPm, but the intensity and areal expanse of labeling was much
less (Fig. 6C,D), suggesting that the projections of PrV axons were
greatly reduced in number and area. We next examined the mor-
phology of the VPm by Nissl staining. No difference in the gross
morphology of the VPm between Drg11�/� and wild-type em-
bryos was found up to E18.5 (data not shown). These data dem-
onstrated a delayed projection of PrV efferents to the VPm and a
resultant projection that is reduced in areal extent. Given that
Drg11 is not expressed in the VPm, the projection abnormalities
of PrV cells must reflect an abnormal development of PrV cells,
rather than a target field defect.

Lack of a barrel-like distribution of TCAs in Drg11�/� mice
To determine whether TCAs project to the S1 cortex and form
whisker-like patterns in Drg11�/� mice, the projections of TCAs
to the cortex were examined by applying DiI crystals to the ven-

Figure 4. Central and peripheral projections of TG afferents in wild-type and Drg11 mutant embryos as revealed by DiI staining.
A, B, At E14.5, both wild-type ( A) and mutant ( B) TG afferents enter the PrV (arrows). Note that DiI crystals were applied to the b2
vibrissal follicle. C,D, At E15.5, more DiI-labeled axons are observed within the wild-type ( C) and mutant ( D) PrV. Most afferents
have a dorsomedial trajectory (C,D, arrows). No major abnormality is noted in the mutant ( D). Note that DiI crystals were applied
to the c2 and d2 vibrissal follicles. E, F, At E16.5, DiI-labeled wild-type afferents further reach the inner region of the PrV with a
dorsomedial trajectory (E, arrow). The mutant afferents display ventromedial trajectories (F, arrow). A few afferent fibers grow
aberrantly in a dorsolateral direction (F, arrowheads). Note that DiI crystals were applied in the b2 and b3 vibrissal follicles. G,H, At
E18.5, TG afferents become clustered (G, arrow) in the inner region of the PrV in wild-type mice (G, arrow). By contrast, mutant
afferent clusters are located in more ventrolateral regions (H, arrow). Note that DiI crystals were placed in the c2 vibrissal follicle.
These images were obtained through the use of a laser confocal microscope. I, J, No difference in the projection patterns of TG
afferents is found between the SpVi of wild-type (I, arrow) and mutant (J, arrow). Note that DiI crystals were placed in the b2 and
b3 follicles. K, L, DiI tracing of TG afferents to the vibrissal follicles of E15.5 wild-type (K, arrow) and mutant (L, arrow). Note that
DiI-labeled fibers surround the base of the follicles and exhibit a circumferential profile ( K, L, arrows). Scale bars, 100 �m.
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trobasal thalamus and anterogradely labeling their projections
during development. TCAs originating in the ventrobasal thala-
mus grow ventrally, project through the internal capsule, and
then turn dorsally to reach the neocortex before they branch off
to the nascent layer IV of the S1 cortex (Bernardo and Woolsey,
1987; Braisted et al., 1999). TCAs first arrive at the cortex on
E14.5 in mouse but do not branch in layer IV until after birth
(Senft and Woolsey, 1991; Agmon et al., 1993; Cohen-Tannoudji
et al., 1994). At E15.5, labeled TCAs were clearly present in the
cortex of wild-type mice with a few branching toward nascent
layer IV (Fig. 6E). TCAs behaved similarly in Drg11�/� embryos
(Fig. 6F).

TCAs branch to layer IV of the S1 cortex initially in a uniform
distribution pattern and later are sculpted into whisker-related
patches (Rebsam et al., 2002). To determine whether TCAs form
a barrel-like pattern in layer IV of S1 cortex in Drg11�/� mice, DiI
anterograde labeling experiments were performed in postnatal
mice. At P10, patches corresponding to individual barrels were
present in layer IV of the wild-type cortex. In contrast, DiI-
labeled fibers, although of similar labeling intensity, did not form

barrel-like patches in the mutant. Rather,
DiI-labeled TCAs were distributed uni-
formly in layer IV of the S1 cortex (Fig.
6G,H).

Normal gross topography of TG
afferents in Drg11�/� mice
Somatotopic pattern formation in subcor-
tical regions requires topographic projec-
tions of primary afferents. Although pat-
terns first develop during the late
embryonic stages or early postnatal peri-
ods, the topography of afferent projections
is established much earlier (Erzurumlu
and Jhaveri, 1992). A lack of whisker-
related patterns in Drg11�/� mice
prompted examination of a potentially al-
tered topography of TG afferents. DiI and
DiA crystals were applied to distinct re-
gions of the whiskerpad of E12.5 embryos,
and their projections were examined in TG
neurons and the brainstem. Two labeled
clusters were routinely distinguishable in
TG neurons (Fig. 7A,B) and in their pro-
jections within the brainstem nuclei (Fig.
7C,D). DiI was then applied into the b2
and d2 whisker follicles of E15.5 embryos.
In the wild-type and mutant PrV, two
widely separated patches of DiI-labeled
terminal clusters were clearly present (Fig.
7E,F). Similarly, two distinct patches were
also observed in the SpVi of both wild-type
and Drg11�/� embryos (Fig. 7G,H). These
results demonstrated that there was a
grossly normal topography of TG projec-
tions in the Drg11�/� mice.

Discussion
The molecular mechanisms underlying
the development of the PrV-based lemnis-
cal pathway are poorly understood. In this
study, we have characterized the develop-
ment of the PrV in Drg11�/� mice and
found that in the absence of Drg11,

Drg11�/� cells distribute abnormally and PrV efferents project to
VPm aberrantly, followed by an increase of abnormal cell death
in the PrV. Moreover, the projections of TG afferents to the PrV
are aberrant. As a result, whisker-related patterns fail to form in
the PrV, VPm, and S1 cortex. By contrast, such patterns form in
the SpVi, SpVc, DCN, and associated VPl and limb cortex. To-
gether, our results demonstrate that Drg11 is essential for the
proper development of the PrV cells and is the first identified
molecule that distinguishes the PrV-based lemniscal pathway
from the SpVi-based paralemniscal pathway.

Drg11 is required for the development of the PrV
Drg11 is the earliest known marker that marks the birth of PrV
cells (Fig. 1). Insofar as the onset of Drg11 expression coincides
with the migration of PrV cells, Drg11 could be involved in mi-
gration. By the use of tau-lacZ as a marker, no notable difference
in the migratory behavior of PrV cells was observed in the absence
of Drg11 function between E11.5 and E13.5. Nevertheless, one
cannot completely rule out the possibility that a subset of the

Figure 5. Somatotopic patterns in Drg11�/� and wild-type mice. A–J, CO staining of the whisker-like patterns in the PrV
( A, B), VPm (C,D), S1 cortex ( E, F, tangential section), SpVi (G,H ), and SpVc ( I, J ). Note the absence of CO-stained patterns in the
mutant PrV ( B), VPm ( D), and S1 cortex ( F) but the presence of the patterns in the SpVi ( H ) and SpVc ( J) of Drg11�/� mice. In the
VPl thalamus and S1 cortex of the mutant, forepaw digit patterns were present (C,F, arrows). M, O, NADPH expression exhibits
whisker-like patterns in the PrV ( M ) and S1 cortex ( O) of wild-type mice and their absence in Drg11�/� mice ( N, P). K, L, CO
staining of the hindpaw digit patterns in the gracile nucleus (GN) of wild-type ( K) mice and in the mutant ( L). I–II, laminae I and
II of the SpVc; III–IV, laminae III and IV of the SpVc; wp, whiskerpad representation; fp, forepaw representation. Scale bars, 100 �m.
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mutant PrV cells may migrate aberrantly.
Once the cells have reached their destina-
tion, and begin to form the PrV, several
prominent molecular and cellular abnor-
malities occur in Drg11�/� embryos: an
abnormal distribution of Drg11�/� cells,
the loss of Ebf1 expression, aberrant tha-
lamic projections, and abnormal cell death
(Figs. 2, 3, 6). In addition, aberrant projec-
tions of TG afferents within the PrV are
also found (Fig. 4). The timing of each de-
fect that occurs is significant because it
permits reasonable interpretation of the
primary locus of the action of the muta-
tion. The latter is believed to be PrV mor-
phogenesis in light of the following: the
first sign of abnormal distribution of the
PrV cells and loss of Ebf1 gene expression
are detected at E14.5, abnormal projec-
tions of TG afferents to the PrV at E16.5, a
delayed and reduced thalamic projections
at E17.5, followed by an increased cell
death in the PrV at E18.5. The finding that
there is a segregation of Drg11�/� cells
from non-Drg11-expressing cells in the
outermost PrV, as reflected in neo expres-
sion pattern, strongly suggests that Drg11
is involved in the morphogenesis of the
PrV cells (Fig. 2). This phenotype is remi-
niscent of the abnormal dorsal horn mor-
phology detected in Drg11�/� embryos,
suggesting that Drg11 may control the
similar cellular events in both regions
(Chen et al., 2001). It is interesting to note
that the abnormal distribution of PrV cells
is most prominent in the ventral aspect of
the PrV, in which the whisker-related pat-
terns are detected a few days later (Fig. 2).
By contrast to this early morphogenetic
deficit, abnormal cell death in the PrV en-
sues only 4 d later (E18.5). Thus, it is less
likely that this abnormal cell death in the
PrV is a primary defect.

Because Drg11 is expressed in both the
TG and PrV, one important issue to con-
sider is whether the abnormal projections
of TG primary afferents reflect a primary
requirement for Drg11 in the TG or PrV,
or both. Several lines of evidence support
the notion that a lack of whisker-related
patterning primarily reflects the defects in
the PrV, rather than a defect in the TG.
First, intra-axonal labeling of hundreds of TG afferents revealed
that the same axons of TG neurons always innervate both the PrV
and SpVi (Hayashi, 1980; Shortland et al., 1996). If the primary
defect of the Drg11 mutation lies in these TG neurons, the aber-
rant projections of TG afferents would also be reflected in the
SpVi. However, in Drg11�/� mice, projections of TG afferents in
the SpVi and subsequent pattern formation there appeared nor-
mal (Figs. 4, 5). Second, the PrV-specific expression of Drg11 in
normal development is well correlated with the PrV-specific def-
icits in the Drg11 mutants. Finally, the timing of the abnormal
distribution of cells and the altered molecular expression profile

in the PrV precedes the projection abnormalities of TG afferents.
Taken together, the factors causing the aberrant projection of TG
afferents in their central target of the Drg11 mutants are most
likely to be intrinsic to the PrV cells.

A previous study showed that a homeodomain transcription
factor, Rnx, is required for the maintenance of Drg11 expression
(Qian et al., 2002). The present study indicates that Drg11 is
required for the maintenance of Ebf1 expression (Fig. 3). Exam-
ination of the PrV of Ebf1�/� mice did not reveal any gross defi-
cits, possibly reflecting a functional compensation by Ebf2 and
Ebf3 (Y-Q. Ding and Z-F. Chen, unpublished data). However,

Figure 6. Projections of PrV efferents and TCAs revealed by DiI tracing. A–D, DiI tracing of PrV projections in the VPm. A, B,
Whereas PrV efferents are present in the E17.5 wild-type VPm ( A), no DiI-labeled axons are present in the mutant VPm ( B). C,D,
At E19.5, DiI-labeled PrV efferents are found in both the wild-type ( C) and mutant ( D) VPm, but the extent of DiI labeling in the
mutant is much reduced ( D). E–H, DiI tracing of TCAs in the S1 cortex. E, F, At E15.5, TCAs of wild-type and mutants labeled by DiI
are found in the S1 cortex. Arrows point to the growth cones of TCAs that arrive at S1 cortex. No major difference is found in the
projection patterns. G,H, The projection of TCAs in layer IV of the cortex at P10. In wild-type mice ( G), DiI-labeled axons aggregate
to form individual patches corresponding to single barrels (G, arrows), but in the mutant ( H ), DiI-labeled axons are distributed
evenly. Scale bar, 100 �m.

Figure 7. Topographic organization of the TG projections revealed by DiI and DiA double labeling. A–D, DiI and DiA were
applied in the dorsal and ventral vibrissae follicles of wild-type ( A, C) and mutant ( B, D) embryos, respectively, at E12.5. DiI-
labeled (red; arrows) and DiA-labeled (green; arrowheads) axons are segregated in the TG ( A, B), PrV ( A, B), and SpVi (C,D). No
major difference between the wild type and mutant is noted. E, H, DiI crystals were applied to distinct vibrissae follicles of
wild-type ( E, G) and mutant ( F, H ) embryos, respectively, at E15.5. Two well separated foci of DiI-labeled afferents mark distinct
clusters of TG afferents in the PrV ( E, F, arrowheads) and SpVi (G,H, arrowheads). Note the equivalent locations and densities of
labeled afferents in the wild type and mutants. Scale bar, 100 �m.
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these studies begin to identify a genetic cascade that is essential
for the proper development of the PrV.

Drg11-dependent formation of PrV-based lemniscal pathway
In Drg11�/� mice, somatotopic patterning in the PrV, VPm, and
S1 cortex is disrupted, as demonstrated by histochemical and
Nissl staining and DiI labeling (Fig. 5) (data not shown). Whereas
abnormal morphogenesis of PrV cells and central projection def-
icits in the PrV are first detected in Drg11�/� mice between E14.5
and E16.5, abnormal patterning is only apparent a few days later,
when patterns are first visible normally (Chiaia et al., 1992; Ma,
1993). Because an abnormal distribution of PrV cells precedes the
projection deficit of the TG afferents, normal morphogenesis of
PrV cells may be essential for the normal projections of TG affer-
ents in the PrV. The observation that Drg11 is not expressed in the
thalamus and cerebral cortex indicates that the failure of pattern
formation in the VPm and S1 cortex must be a consequence of the
earlier deficit in the PrV, given the central role for the PrV in
higher-order somatotopic patterning (Killackey and Fleming,
1985). The early embryonic phenotype in the PrV suggests that
altered pattern formation might be an indirect effect of abnormal
morphogenesis and cell death in PrV cells. In this regard, the role
of Drg11 in pattern formation may differ from NMDA receptors,
which appear to have a direct role in the consolidation and re-
finement of somatotopic map (Li et al., 1994; Kutsuwada et al.,
1996; Iwasato et al., 1997). Insofar as Drg11 is also expressed in
the postnatal PrV, analysis of the effects of postnatal conditional
knock-out of the gene would be a useful test of the hypothesis that
Drg11 also has a direct role in somatosensory pattern formation
exclusive of its role in embryonic PrV development. Nevertheless,
our results extend previous study (Killackey and Fleming, 1985)
to a specific molecular deficit in the PrV that interrupts whisker-
related pattern formation in the thalamus and barrel cortex.

The delay in arrival of PrV-thalamic projections must reflect
an intrinsic impairment of PrV cells because Drg11 is not ex-
pressed in the VPm (Fig. 6). Furthermore, the reduced areal ex-
panse of PrV-thalamic projections at E19.5 may simply reflect the
reduced number of PrV cells caused by early cell death (Fig. 2)
(data not shown). Despite the seeming absence of PrV inputs to
the thalamus before E19.5, TCAs do navigate to layer IV of the S1
cortex without delay (Fig. 6). This is consistent with previous
observations that the navigation of TCAs toward the cortex is a
target- and environment-dependent process and does not re-
quire PrV-relayed, whisker-related inputs (Molnar and Blake-
more, 1995; Braisted et al., 1999, 2000). Nevertheless, our studies
render further evidence that the segregation of TCAs into a
barrel-like pattern is a presynaptic signal-dependent process
(Cases et al., 1996; Rebsam et al., 2002).

Drg11: a key molecular determinant that distinguishes the
formation of the PrV-based leminscal pathway from SpVi-
and SpVc-based pathway
An important finding in the present study is that the PrV-based
whisker-related lemniscal and cortical patterns fail to form in
Drg11�/� mice, whereas somatotopic patterns form in the SpVi-
based paralemniscal pathway and in the SpVc. Moreover, fore-
paw and hindpaw digit patterning also develops in the DCN, VPl,
and S1 cortex (Fig. 5). Therefore, the patterning effect in
Drg11�/� mice displays an unprecedented specificity.

The SpVi-based lemniscal and the SpVi-based paralemniscal
pathways are parallel pathways that take origin in patterned nu-
clei. However, their thalamic projection patterns are different:
the PrV cells terminate preferentially in the VPm, whereas the

SpVi thalamic-projecting cells terminate preferentially in the
posterior nucleus of the thalamus (Williams et al., 1994). In ad-
dition, SpVi cells also project to the PrV (Jacquin et al., 1990).
Thus, the PrV and SpVi play different roles in mediating whisker-
related information transmission. The molecular mechanism
that dictates the formation of these two pathways is not known.
In the SpVc, somatotopic patterning is observed only in laminae
III–IV, but not in laminae I–II (Fig. 1). Interestingly, Drg11 ex-
pression is notably restricted to laminae I–II. Therefore, whereas
a somatotopic pattern is present in three trigeminal sunuclei,
Drg11 is uniquely expressed in the PrV. Our study strongly argues
that Drg11 is a key determinant of a molecular machinery that
distinguishes the formation of the PrV-based lemniscal pathway
from that of the DCN-based lemniscal pathway and the SpVi-
based paralemniscal pathway. Although it is not clear to what
extent the molecular machinery among the PrV, SpVi, and SpVc
differ, further unraveling of the molecular cascade in which
Drg11 acts may be one of the first steps to address this question.
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