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The modification of the neural cell adhesion molecule (NCAM) with polysialic acid (polySia) is tightly linked to neural develop-
ment. Genetic ablation of the polySia-synthesizing enzymes ST8SiaII and ST8SiaIV generates polySia-negative but NCAM-positive
(II �/�IV �/�) mice characterized by severe defects of major brain axon tracts, including internal capsule hypoplasia. Here, we demon-
strate that misguidance of thalamocortical fibers and deficiencies of corticothalamic connections contribute to internal capsule defects in
II �/�IV �/� mice. Thalamocortical fibers cross the primordium of the reticular thalamic nucleus (Rt) at embryonic day 14.5, before they
fail to turn into the ventral telencephalon, thus deviating from their normal trajectory without passing through the internal capsule. At
postnatal day 1, a reduction and massive disorganization of fibers traversing the Rt was observed, whereas terminal deoxynucleotidyl
transferase dUTP nick end labeling and cleaved caspase-3 staining indicated abundant apoptotic cell death of Rt neurons at postnatal day
5. Furthermore, during postnatal development, the number of Rt neurons was drastically reduced in 4-week-old II �/�IV �/� mice, but
not in the NCAM-deficient N �/� or II �/�IV �/�N �/� triple knock-out animals displaying no internal capsule defects. Thus, degenera-
tion of the Rt in II �/�IV �/� mice may be a consequence of malformation of thalamocortical and corticothalamic fibers providing major
excitatory input into the Rt. Indeed, apoptotic death of Rt neurons could be induced by lesioning corticothalamic fibers on whole-brain
slice cultures. We therefore propose that anterograde transneuronal degeneration of the Rt in polysialylation-deficient, NCAM-positive
mice is caused by defective afferent innervation attributable to thalamocortical pathfinding defects.

Introduction
Polysialic acid (polySia) is a posttranslational modification of the
neural cell adhesion molecule (NCAM) and synthesized by the
two polysialyltransferases ST8SiaII and ST8SiaIV (Rougon and
Hobert, 2003; Rutishauser, 2008; Hildebrandt et al., 2010). As
shown in mice with genetic ablation of both enzymes, polySia is
essential for brain development (Weinhold et al., 2005; Angata et
al., 2007). Among other abnormalities, these mice display hyp-
oplasia of major brain axon tracts like anterior commissure, cor-
pus callosum, and internal capsule (Weinhold et al., 2005;
Hildebrandt et al., 2009). Axonal defects develop because of a
gain of polySia-negative NCAM, as they are not observed in
NCAM-negative mice and correlate precisely with the level of

NCAM erroneously devoid of polySia during development
(Hildebrandt et al., 2009). Thalamocortical and corticothalamic
projections form a major part of the internal capsule and numer-
ous studies deal with their formation (for examples, see Métin
and Godement, 1996; Métin et al., 1997; Molnár and Cordery,
1999; Ma et al., 2002; Molnár et al., 2003; Andrews et al., 2006;
López-Bendito et al., 2007; Wright et al., 2007; Demyanenko et
al., 2010). As shown before, polySia is crucial for branch forma-
tion of thalamocortical axons within cortical layer 4 (Yamamoto
et al., 2000). In contrast, the role of polySia or NCAM in early
thalamocortical development has not yet been addressed. In the
current study, we asked whether polySia deficiency causes inter-
nal capsule hypoplasia by affecting the development of connec-
tions between cortex and thalamus. We also analyzed a possible
developmental relationship with the reticular thalamic nucleus
(Rt), since all thalamocortical and corticothalamic projections
pass through and give off collaterals within this structure (Mitro-
fanis and Guillery, 1993; Deng and Elberger, 2003).

The Rt forms a sheet of GABAergic neurons at the interface
between thalamus and internal capsule (for review, see Guillery et
al., 1998; Pinault, 2004). Its neurons originate from the ventral
thalamus and migrate dorsally to envelop the dorsal thalamus.
The Rt consists of GABAergic inhibitory neurons, which are
characterized by the expression of the calcium-binding protein
parvalbumin (PV) (Csillik et al., 2006) and receive major excita-
tory input from thalamocortical and corticothalamic axon collat-

Received Oct. 26, 2010; accepted Nov. 19, 2010.
This work was funded by Deutsche Forschungsgemeinschaft and Deutsche Krebshilfe (H.H.). M.S. received a

Georg-Christoph-Lichtenberg fellowship by the Zentrum für Systemische Neurowissenschaften Hannover. The
monoclonal antibodies 2H3, 4D5, and 4D7 developed by Thomas M. Jessell, Jane Dodd, and Miyuki Yamamoto were
obtained from the Developmental Studies Hybridoma Bank developed under the auspices of the National Institute of
Child Health and Human Development and maintained by the Department of Biology of University of Iowa (Iowa
City, IA). The polyclonal antibody against mouse L1 was a kind gift from Fritz Rathjen (Berlin, Germany). We thank U.
Bernard, E. Kats, and D. Wittenberg for expert technical assistance.

Correspondence should be addressed to Herbert Hildebrandt, Institute of Cellular Chemistry (4330), Hannover
Medical School, Carl-Neuberg-Strasse 1, 30625 Hannover, Germany. E-mail: hildebrandt.herbert@mh-
hannover.de.

M. Schiff’s present address: Department of Neuroscience, Karolinska Institute, SE-171 77 Stockholm, Sweden.
DOI:10.1523/JNEUROSCI.5609-10.2011

Copyright © 2011 the authors 0270-6474/11/311302-11$15.00/0

1302 • The Journal of Neuroscience, January 26, 2011 • 31(4):1302–1312



erals (Harris, 1987). Unlike most thalamic nuclei, the Rt does not
project to the cerebral cortex. Instead, its axons terminate within
the Rt itself and, in a highly topographical manner, project to all
thalamic nuclei (Pinault, 2004). Providing a powerful means for
inhibiting thalamocortical activity, the Rt is involved in sensory
processing (McAlonan and Brown, 2002; Nagaeva and Akh-
madeev, 2006) and, as first hypothesized by Crick (1984), seems
to mediate attentional modulation of thalamic neurons (McAlo-
nan et al., 2008). Moreover, dysfunction of the Rt in gating tha-
lamic transmission has been postulated to contribute to the
emergence of hallucinations in schizophrenia (Behrendt, 2006;
Byne et al., 2009).

Here, we first demonstrate that defects of thalamocortical and
corticothalamic axons contribute to the hypoplasia of the inter-
nal capsule in polysialylation-deficient mice. Asking for possible
consequences of the deficient projections, we found a substantial
loss of neurons in the Rt, which occurred subsequent to the
prominent reduction and defasciculation of thalamocortical and
corticothalamic fibers. In addition, massive apoptosis of Rt neu-
rons could be induced by deafferentation lesions in whole-brain
slice cultures. We therefore propose that degeneration of the Rt
occurs because of defective input by thalamocortical and cortico-
thalamic axon collateral projections.

Materials and Methods
Mice. C57BL/6J and transgenic mice were bred at the central animal facility at
Hannover Medical School. All protocols for animal use were in compliance
with German law and approved by the responsible animal welfare officer.
St8siaII, St8siaIV, and NCAM1 single knock-out strains, which have been
backcrossed with C57BL/6J mice for six generations, were crossbred to
obtain double (St8siaII�/�St8siaIV�/�; II�/�IV�/�) or triple knock-out
animals (St8siaII�/�St8siaIV�/�NCAM1�/�; II�/�IV�/�N�/�) (Wein-
hold et al., 2005). Genotyping was performed by PCR as described previously
(Weinhold et al., 2005). For staging of embryos, the morning of the vaginal
plug was considered as embryonic day 0.5 (E0.5). Mice of both sexes were
used for analyses of juvenile stages up to postnatal day 20 (P20). Unless stated
otherwise, males were used for analyses at P30.

Immunohistochemistry. Mice were deeply anesthetized with 200 mg/kg
ketamine, 8 mg/kg xylazine in 0.9% NaCl and transcardially perfused
with 4% paraformaldehyde (PFA) in 0.1 M phosphate buffer, pH 7.4,
before brains were removed and postfixed overnight. Embryonic brains
were directly fixed by immersion of the head in 4% PFA. Fifty microme-
ter serial coronal sections were cut on a vibrating microtome. Free-
floating sections were permeabilized with 0.4% Triton X-100 for 15 min
and blocked with 10% fetal calf serum for 1 h. The following monoclonal
(mAb) or polyclonal (pAb) antibodies were used: polySia-specific
mouse mAb 735 (IgG2a; 5 �g/ml) (Frosch et al., 1985), Islet-1-specific
mouse mAb 4D5 (IgG2b; 1:500), neurofilament (NF)-specific mouse
mAb 2H3 (IgG1; 1:500), TAG-1-specific mouse mAb 4D7 (IgM; 1:100; all
three from Developmental Studies Hybridoma Bank), PV-specific
mouse mAb (1:5000; IgG1; Swant), L1-specific rabbit pAb (1:1000; kind
gift from F. Rathjen, Berlin, Germany), Pax-6-specific rabbit pAb (1:300;
Covance), GABA-specific rabbit pAb (1:200; Sigma-Aldrich), and
cleaved caspase-3-specific rabbit pAb (1:200; Cell Signaling Technology).
Rabbit and mouse IgG-specific, IgM-specific, and subtype-specific Cy3-
(Millipore Bioscience Research Reagents), Alexa 488-, Alexa 555-, Alexa
568-, and Alexa 647- (Invitrogen) conjugated antibodies were used at
1:500 for IgG-specific and 1:200 for subtype- and IgM-specific antibod-
ies. Perineuronal nets were labeled with biotinylated Wisteria floribunda
agglutinin (1:1000; Sigma-Aldrich). Biotinylation was detected with
Cy3-conjugated streptavidin (1:1000; Rockland Immunochemicals). As
first layer controls, sections were incubated in blocking solution lacking
primary antibody. In double-stained immunofluorescence samples, cross-
reactivity of secondary antibodies was controlled by omitting either of the
two primary antibodies. Stained sections were washed with ddH2O and
mounted on glass object slides (SuperFrostPlus; Menzel) using Vectashield

mounting medium with 4�,6-diamidino-2-phenylindole (DAPI) (Vector
Laboratories).

Terminal deoxynucleotidyl transferase-mediated dUTP nick end label-
ing. DNA strand breaks were detected by terminal deoxynucleotidyl
transferase-mediated digoxigenin-dUTP nick end labeling (TUNEL) as
described by Herzog et al. (2007). After preincubation in 1� terminal
deoxytransferase (TdT) buffer containing 0.2 M cacodylate, 25 mM Tris-
HCl, 1 mM CoCl2, and 0.01% Triton X-100 (Fermentas), sections were
labeled using 1� TdT buffer, 4 U of TdT, 1 �M DigdUTP, and 0.1 mM

dTTP for 1 h at 37°C. The reaction was stopped by washing with 2� SSC
(sodium citrate buffer) and PBS plus 0.4% Triton X-100. For Islet-1
double staining, DigdUTP-labeled sections were incubated with Islet-1-
specific mouse mAb 4D5 overnight. Subsequently, sections were washed
with PBS plus 0.4% Triton X-100, and digoxygenin was visualized using
an anti-Dig-rhodamine antibody (1:100; Roche). The secondary anti-
body against Islet-1-specific mouse mAb was used as described for im-
munohistochemistry and incubated simultaneously with the anti-Dig-
rhodamine antibody.

Axonal tracing from the thalamus with carbocyanine dye. Coronal sec-
tions of 300 �m thickness of P30 control and II �/�IV �/� mice were cut
on a vibrating microtome. Small crystals of the fluorescent carbocyanine
dye 1,1�-didodecyl-3,3,3�,3�-tetramethylindocarbo-cyanine perchlorate
(DiI) (Invitrogen) were placed unilaterally into the thalamus to label
thalamocortical projections. The sections were covered with 0.1 M phos-
phate buffer, pH 7.4, and incubated for 10 d at 37°C.

Whole-brain slice cultures. Slice cultures were obtained from 4-d-old
C57BL/6J mice. Mice were decapitated; brains were transferred to
ice-cold HBSS (Invitrogen) and cut into 300-�m-thick sections using
a vibrating microtome. Slice cultures were prepared to retain thalamo-
cortical and corticothalamic projections, as discussed by Agmon and
Connors (1991). Slices were transferred to Millicell culture inserts (Mil-
lipore) in six-well culture plates. A scalpel (no. 15; Feather) was used to
create a unilateral lesion of �1 mm between cortical plate and Rt. The
contralateral side served as a control. In addition, slices with lesions that
leave thalamus– cortex connectivity unaffected were used as sham-
lesioned controls. Slices were incubated at 37°C in MEM (Invitrogen)
with 25% heat-inactivated horse serum (Invitrogen) as originally de-
scribed by Stoppini et al. (1991). Cultures were maintained for 22 h, since
deafferentation of cortical sensory neurons resulted in a maximum of
apoptotic cell death after this period (Capurso et al., 1997). After fixation,
TUNEL staining combined with Islet-1 immunohistochemistry was per-
formed as outlined above. A minimum of five slice cultures per condition
were quantitatively evaluated. TUNEL-positive cells within the Rt (iden-
tified by Islet-1 staining and morphological criteria) were counted and
plotted relative to the Rt area.

Microscopy, area measurements, cell counting, and statistics. Micros-
copy, area measurements, and counting of Islet-1-, TUNEL-, and PV-
positive cells was performed with a Zeiss Axiovert 200 M equipped with
MosaiX and ApoTome module, AxioCam MRm digital camera, and Ax-
ioVision software (Carl Zeiss). Out of serial sections of brains, every third
section was Islet-1, PV, or TUNEL stained and per animal four of these
spaced-serial sections containing the Rt were evaluated. Optical sections
of 5.1 �m thickness located �10 �m above the bottom (caudal level) of
each of the 50-�m-thick sections were obtained by ApoTome technology
using a 10� Plan Apochromat objective with 0.45 numerical aperture
(Zeiss). Micrographs of entire sections were acquired using the MosaiX
module of the AxioVision software. Thus, counting covered 100% of the
sample area within each section, and therefore there was no need to make
use of a counting frame, which is typically used in the optical dissector
method. On each optical slice, the number of Islet-1-, PV-, or TUNEL-
positive cells within the Rt was counted. As the aim of this study was not
the determination of absolute cell numbers or densities, but a compari-
son between polySia-positive and polySia-deficient animals, there was no
need to correct for the overcount produced by counting rather big ob-
jects in relatively thin optical sections [as discussed by, for example,
Guillery (2002)]. Statistical evaluation was performed using Prism soft-
ware (GraphPad). Differences between two groups (as for Islet-1- and
TUNEL-positive cells) were analyzed using Student’s t test (two-tailed).
Values of p � 0.05 were considered significant. Multiple comparisons

Schiff et al. • Loss of PolySia Leads to Rt Degeneration J. Neurosci., January 26, 2011 • 31(4):1302–1312 • 1303



were evaluated using one-way ANOVA with
Newman–Keuls multiple comparison post hoc
test (two-tailed). Values of p � 0.05 were con-
sidered significant.

Results
Misrouting of thalamocortical and
corticothalamic fibers in II �/�IV �/�

mice
The connectivity between thalamus and
cortex was investigated during embryonic
and postnatal development. PolySia-
negative, NCAM-positive II�/�IV�/� mice
and polySia-negative, NCAM-negative
II�/�IV�/�N�/� triple knock-out mice
were compared with C57BL/6J wild-type or
II�/�IV�/� controls with normal levels of
polySia and NCAM (Weinhold et al., 2005).
In mice, the first thalamocortical fibers start
to grow out of the thalamus at E13 (Molnár
and Blakemore, 1995). NF staining at E14.5
revealed abundant thalamocortical fibers
crossing the presumptive internal capsule in
control and II�/�IV�/�N�/� mice (Fig.
1A,B,D). In II�/�IV�/� mice, a highly fas-
ciculated bundle of thalamofugal fibers
turned ventrally, and therefore these axons
failed to find their way toward the cortical
plate (Fig. 1C). Axons within the internal
capsule as well as cell surfaces in the thala-
mus and surrounding structures are
polySia-positive (Fig. 1 E), whereas poly-
Sia staining was absent in II�/�IV�/� and
II�/�IV�/�N�/� mice (Fig. 1F,G). In
controls, thalamocortical axons, labeled
by the cell adhesion molecule L1 (Denaxa
et al., 2001; Molnár et al., 2003) and axons
from the cortical plate, labeled by TAG-1
(Del Río et al., 2004), met in the basal tel-
encephalon, as described before (Fig.
1A,H) (Blakemore and Molnár, 1990;

Figure 1. Malformation of reciprocal connectivity between cortex and thalamus in II �/�IV �/� mice at E14.5. A, Schematic
drawing of a coronal section through the E14.5 mouse brain at the rostrocaudal level analyzed in B–P. B–P, MosaiX images of
5.1-�m-thick optical sections matched for rostrocaudal level showing NF, polySia, L1, TAG-1, Islet-1, and Pax-6 immunohisto-
chemistry of wild-type controls (ctrl), II �/�IV �/�, and II �/�IV �/�N �/� mice at E14.5. B–D, NF labeling. Thalamocortical
axons project through the internal capsule (ic) toward the cortical plate in control (ctrl) (B) and II �/�IV �/�N �/� mice (D), but
do not cross the internal capsule in II �/�IV �/� mice (C, arrow). E–G, PolySia labeling. In controls, axons within the internal
capsule as well as cells in the thalamus and surrounding structures are polySia positive (E). In II �/�IV �/� and II �/�IV �/�N �/�

animals, polySia staining is completely absent (F, G). H–J, L1 and TAG-1 labeling of thalamocortical and corticothalamic

4

axons. Thalamocortical axons meet corticothalamic axons in
the basal telencephalon in control mice (H, arrowhead). In
II �/�IV �/� mice, these axons do not meet. Instead,
thalamocortical axons turn ventrally and intermingle (I, ar-
row). In II �/�IV �/�N �/� mice, thalamocortical axons turn
toward the cortical plate at E14.5 but do not yet meet the
corticothalamic axons (J). H�–J�, Higher magnification of
TAG-1 staining corresponding to the sites boxed in H–J show-
ing a clear reduction of corticothalamic axons exclusively in
II �/�IV �/� mice. K–M, Double immunohistochemistry for
Islet-1 and NF. In contrast to controls, NF-positive fibers in
II �/�IV �/� mice turn ventrally (L, arrow) and fail to extend
toward the Islet-1-positive corridor of the striatum (L, arrow-
heads). Similar to the control, the NF-positive fibers approach
the Islet-1-positive corridor in II �/�IV �/�N �/� animals
(M, arrowheads). N–P, Pax-6 immunohistochemistry. Stain-
ing pattern was indistinguishable between ctrl, II �/�IV �/�,
and II �/�IV �/�N �/� mice. III, Third ventricle; DT, dorsal
thalamus; EN, entopeduncular nucleus; TE, thalamic emi-
nence; ic, internal capsule; NF, neurofilament; VT, ventral
thalamus. Scale bars: B–G, N–P, H�–J�, 100 �m; H–J,
K–M, 200 �m.
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Molnár and Blakemore, 1991). The encounter of thalamocortical
and corticofugal fibers did not take place in II�/�IV�/� mice at
this developmental stage (Fig. 1 I). In II�/�IV�/�N�/� mice,
thalamocortical axons turned correctly toward the cortical plate,
but at E14.5 these fibers had not yet extended toward the pallial–
subpallial boundary (Fig. 1 J). Corticothalamic axons approach-
ing the basal telencephalon were labeled by TAG-1. Compared with
the controls (Fig. 1H,H�), the number of these TAG-1-positive fi-
bers was clearly reduced in II�/�IV�/�, but not in II�/�IV�/

�N�/� mice (Fig. 1 I�,J�). At E14.5, corticothalamic and
thalamocortical axons were investigated in seven control, four
II �/�IV �/�, and three II�/�IV�/�N�/� mice, and defects were
found with 100% penetrance in only the II�/�IV�/� animals. Dou-
ble immunohistochemistry for Islet-1 and NF was performed to
study the misrouted trajectories of thalamocortical fibers in II�/

�IV�/� animals in relation to the permis-
sive corridor of Islet-1-positive cells in the
striatum that is essential for thalamocortical
axon pathfinding (López-Bendito et al.,
2006). The distribution of Islet-1-
positive cells appeared mostly unaltered in
II�/�IV�/� and II�/�IV�/�N�/� mice at
E14.5, but thalamocortical fibers did not ap-
proach the Islet-1-positive corridor in the
II�/�IV�/� animals (Fig. 1K–M). As mice
deficient for the transcription factor Pax-6
show defects of thalamocortical axons
(Kawano et al., 1999; Simpson et al., 2009),
Pax-6 expression was analyzed. Compara-
ble with Islet-1 immunohistochemistry,
the Pax-6 staining pattern was unaltered
in II�/�IV�/� and II�/�IV�/�N�/�

mice (Fig. 1N–P).
At P1, NF staining highlights the typical

horseshoe shape of thalamocortical and cor-
ticothalamic fibers within the internal cap-
sule in control and II�/�IV�/�N�/� brains
(Fig. 2A,B,D). In II�/�IV�/� mice, fibers
originating from the thalamus did not cross
the internal capsule (Fig. 2C). In addition,
corticofugal fibers were completely absent
from the internal capsule of II�/�IV�/�

mice at this rostrocaudal level. TAG-1 im-
munohistochemistry confirmed the ab-
sence of corticothalamic axons exclusively
in II�/�IV�/�, but not II�/�IV�/�N�/�

mice at P1 (Fig. 2E–G). At P1, the fiber tract
defects were found in 7 of 7 II�/�IV�/�

mice that were compared with 10 control
and 3 II�/�IV�/�N�/� animals. To cor-
roborate the persistence of this misrout-
ing in II�/�IV�/� mice, anterograde
tracing of thalamocortical and retrograde
tracing of corticothalamic projections was
performed on fixed brain sections of P30
mice by placing DiI into the dorsal thalamus
(Fig. 2H,I). In controls, all projections
turned dorsally toward the cortex (Fig. 2H),
whereas the vast majority of labeled fibers in
II�/�IV�/� mice did not cross the internal
capsule and failed to turn dorsally (Fig. 2I).
Together, these observations reveal severe
guidance defects of thalamocortical and

corticothalamic axons in specifically the polySia-negative, NCAM-
positive II�/�IV�/� mice and demonstrate that the loss of these
fibers contributes substantially to the hypoplasia of the internal cap-
sule described previously in P1 and in 4- to 6-week-old II�/�IV�/�

but not II�/�IV�/�N�/� mice (Weinhold et al., 2005; Hildebrandt
et al., 2009).

Reduction and defasciculation of fibers traversing the ventral
thalamus at P1
Comparable with the situation at E14.5, thalamocortical fibers
traversed the Islet-1-positive area in the ventral thalamus and passed
the diencephalic–telencephalic boundary in P1 II�/�IV�/� mice
before they failed to turn (Fig. 3A,B). In control mice, NF-
positive fibers cross this Islet-1-immunoreactive area as tightly
fasciculated bundles (Fig. 3C). Together with the prominent re-

Figure 2. Aberrant trajectory of thalamocortical and corticothalamic fibers in II �/�IV �/� mice. A, Schematic drawing of a
coronal section through the P1 mouse brain at the rostrocaudal level analyzed in B–G. B–D, NF labeling of thalamocortical and
corticothalamic axons at P1. Fibers reciprocally connect cortex and thalamus in control mice (exemplarily shown for II�/ �IV�/ �

with normal levels of polySia and NCAM (B) but do not cross the internal capsule in II �/�IV �/� mice (C, arrow). In II �/�IV �/�

N �/� mice, NF staining was indistinguishable from controls (D). E–G, TAG-1 immunohistochemistry at P1 demarcates cortico-
thalamic axons in control mice that arrive in the thalamus (E). In II �/�IV �/� mice, no TAG-1-positive corticothalamic axons are
present (F). In II �/�IV �/�N �/� mice, TAG-1-labeled corticothalamic axons arrive in the thalamus (G). H, I, A small crystal of the
lipophilic tracer DiI was placed into the thalamus in 300-�m-thick sections of P30, perfused animals. The white frames indicate
adjustment of brightness to avoid overshadowing of labeled fibers. H, In control mice, DiI-labeled fibers turn dorsally toward the
cortex. The brightness of the image in the boxed area was reduced compared with the rest of the picture. I, In II �/�IV �/� mice,
some of these fibers turn ventrally instead (I, arrow). The brightness of the image in the boxed area was increased
compared with the rest of the picture. DT, Dorsal thalamus; ic, internal capsule; fi, fimbria; NF, neurofilament. Scale bars:
B–D, 100 �m; E–I, 200 �m.
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duction of traversing fibers, this fasciculated pattern was dis-
rupted in II�/�IV�/� mice, and fibers were highly disorganized
(Fig. 3D). As shown on mRNA and protein level, the transcrip-
tion factor Islet-1 is expressed by neurons of the developing ven-
tral thalamus and the adult Rt in mice and rats (Nakagawa and
O’Leary, 2001; Wang and Liu, 2001). To substantiate the assump-
tion that the Islet-1-immunoreactive cells of the ventral thalamus
constitute the Rt, double immunolabeling of PV and Islet-1 was
performed. Since Rt neurons express PV not before P10 (Mitro-
fanis, 1992) and because Islet-1 immunoreactivity was almost
undetectable at P30 (data not shown), this was done in P20 wild-
type mice (Fig. 4). Islet-1 was detected in all PV-positive cells of
the Rt (Fig. 4A–D), and, as expected, higher magnification re-
vealed Islet-1 immunoreactivity in the nucleus, whereas PV stain-
ing was located in the cytosol (Fig. 4B�–D�). Thus, Islet-1 staining
in the ventral thalamus marks the developing Rt and the obvious
reduction and defasciculation of traversing fibers point toward
defective innervation of the Rt by thalamocortical and cortico-
thalamic axon collaterals.

Postnatal degeneration of Rt neurons in II �/�IV �/� mice
Consistent with a general distortion and size reduction of the
brain in II�/�IV�/� mice (Weinhold et al., 2005; Schiff et al.,
2009), the overall shape of the Rt at P1 was more rounded than in
controls (Fig. 5 A, B). Despite this difference in shape, compa-
rable levels of Islet-1 staining were consistently detected on
II�/�IV�/� and control sections displaying the Rt at various ros-
trocaudal positions. Quantitative evaluation confirmed equal
numbers of Islet-1-positive cells in the developing Rt (Fig. 5E). In
addition to Islet-1, the Rt could be specifically labeled by PV
immunofluorescence at P10 (Fig. 5C–D�). Between P10 and P30,

the Rt formed a curved sheet of PV-positive cells around the
dorsal thalamus of control brains (Fig. 5C,F). Compared with the
controls, the PV- and Islet-1-labeled Rt at P10 and the PV-labeled
Rt at P30 was considerably smaller in II�/�IV�/� mice (Fig.
5D,G). Quantitative evaluation of Islet-1-positive cells at P10
revealed a significant reduction in II�/�IV�/� mice (Fig. 5E),
and the dramatic decrease of PV-positive Rt neurons was ob-
served in seven of seven II�/�IV�/� animals at an age between
P10 and P30. PV-containing neurons are surrounded by perineu-
ronal nets that can be labeled with Wisteria floribunda agglutinin
(WFA) (Härtig et al., 1992). Using this lectin, we found a dra-
matic loss of WFA-labeled perineuronal nets in the Rt of
II�/�IV�/� mice (Fig. 5H,I). Together with the decrease of PV
staining, this points toward a loss of Rt neurons. However, develop-
mental maturation of perineuronal nets is activity dependent (Piz-
zorusso et al., 2002), and thus reduced WFA staining not necessarily
indicates a loss of neurons. To further corroborate the loss of neu-
rons as suggested by reduced Islet-1, PV, and WFA staining, GABA
immunofluorescence was analyzed. GABA and PV staining colocal-
ized in the Rt of control and II�/�IV�/� mice and was strongly
diminished in the II�/�IV�/� situation (Fig. 5J–K�).

These results suggest that cells of the Rt are generated in nor-
mal numbers but degenerate rapidly during postnatal develop-
ment of II�/�IV�/� mice. To test this assumption, we
investigated apoptotic cell death in the Rt using TUNEL and
cleaved caspase-3 immunohistochemistry in combination with
Islet-1 staining to identify the Rt. Analyses were performed at P5,
as cell numbers in the Rt of II�/�IV�/� mice declined rapidly
between P1 and P10 and stayed approximately constant from P10
onward (Fig. 5). In control animals, TUNEL staining indicated
almost complete absence of apoptotic cells in the Rt (Fig. 6A). In
clear contrast, II�/�IV�/� mice displayed abundant TUNEL-
positive cells (Fig. 6B,B�). Quantitative evaluation confirmed
significantly higher numbers of TUNEL-positive cells in the Rt

Figure 3. Defasciculation of thalamocortical fibers in II �/�IV �/� mice at P1. A, B, MosaiX
images of 5.1-�m-thick optical sections showing double immunohistochemistry for Islet-1 and
NF. Whereas NF-positive thalamocortical and corticothalamic fibers cross the Islet-1-positive VT
and traverse the internal capsule in control mice (A, arrow), fibers deviate from their normal
trajectory in II �/�IV �/� animals (B, arrow), and no corticofugal fibers approach the VT. C, D,
Higher magnification of the area boxed in A and B. Fibers cross the Islet-1-positive ventral
thalamus in tightly fasciculated bundles in control animals (C) but are disorganized in II �/�

IV �/� mice (D). DT, Dorsal thalamus; NF, neurofilament; VT, ventral thalamus. Scale bars: A, B,
200 �m; C, D, 10 �m.

Figure 4. Islet-1 is coexpressed with PV in the Rt. A, Schematic drawing of a coronal section
through the P20 mouse brain at the rostrocaudal level analyzed in B–D�. B–D�, Double immu-
nohistochemistry for PV and Islet-1 at P20 in control mice. B–D, Low magnification of the Rt. All
PV-positive cells coexpress Islet-1. B�–D�, The 5.1-�m-thick optical sections of P20 control
mice. PV and Islet-1 are colocalized in the same cells; PV is expressed in the cytosol, and Islet-1
in the nucleus of Rt cells. Scale bars: B–D, 50 �m; B�–D�, 10 �m.
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(Fig. 6E). The apoptotic state of TUNEL-positive cells was sup-
ported by the pyknotic nuclei or DNA fragmentation observed in
these cells by DAPI stain. Confirming this observation, cleaved
caspase-3 immunostaining showed abundant positive dots in
II�/�IV�/� mice that were not present in control mice (Fig.
6C,D,D�). Islet-1 labeling was absent in TUNEL- and cleaved
caspase-3-positive cells. This is consistent with the observation
that cell death can be accompanied by the loss of marker proteins.
For example, a similar loss of PV was shown during cardiac
arrest-induced apoptosis in the Rt (Kawai et al., 1995; Böttiger et
al., 1998). In summary, the abundant cell death observed at P5,
together with the dramatic loss of Islet-1- or PV-labeled cells
between P1 and P30, strongly suggests that the Rt degenerates
because of apoptotic cell death during early postnatal develop-
ment of II�/�IV�/� mice.

Figure 5. Time course of Rt disappearance. A, B, P1 brain sections of control (ctrl) and
II �/�IV �/� mice at the level of the Rt, labeled by Islet-1. The Rt displays a more rounded
shape in II �/�IV �/� brains compared with control animals. C, D, Double immunohistochem-
istry for Islet-1 and PV at the level of the Rt at P10. C�, D�, Higher magnification of the areas
boxed in C and D. E, Quantification of Islet-1-positive cells within the Rt of ctrl and II �/�IV �/�

mice at P1 and P10. Per hemisection, Islet-1-positive cells within the Rt of ctrl and II �/�IV �/�

mice were counted (for details, see Materials and Methods). Per animal, four sections were
evaluated and per group, mean values � SEM of n � 3– 4 animals are plotted (ctrl, wild-type
and II�/ �IV�/ � controls with normal polySia levels). n.s., p 	 0.1; ***p � 0.001 (t test). F,

4

G, Brain sections of ctrl and II �/�IV �/� mice at the level of the Rt, labeled by PV at P30. The
number of Rt cells is drastically reduced in II �/�IV �/� mice. H, I, Wisteria floribunda agglu-
tinin staining of P30 mouse brain sections labels perineuronal nets around PV-positive neurons.
J, K, Brain sections of ctrl and II �/�IV �/� mice at the level of the Rt, double labeled by PV and
GABA at P30. J�, K�, Higher magnification of the areas boxed in J and K. DT, Dorsal thalamus.
Scale bars: A–K, 200 �m; C�, D�, J�, K�, 100 �m.

Figure 6. Apoptotic cell death in the Rt. A–B�, TUNEL staining combined with Islet-1 immu-
nohistochemistry in control (ctrl) and II �/�IV �/� mice at P5. A, Very few TUNEL-positive cells
were detected in the Rt of control mice at P5 (arrow). B, TUNEL-positive cells were abundant in
the Rt of II �/�IV �/� mice (B, arrows; higher magnification in B�). C–D�, Double immuno-
histochemistry for cleaved caspase-3 and Islet-1 in ctrl and II �/�IV �/� mice at P5. Enhanced
cleaved caspase-3 immunoreactivity in II �/�IV �/� (D, D�) compared with control (C) mice. E,
Per hemisection, TUNEL-positive cells within the Rt were counted and expressed relative to the
Rt area (in square millimeters) (for details, see Materials and Methods). Per animal, four sec-
tions were evaluated and per group, mean values � SEM of n � 3 animals are plotted (ctrl,
wild-type and II�/ �IV�/ � controls with normal polySia levels). ***p � 0.001, t test. Casp3,
Cleaved caspase-3. Scale bars: A–D, 20 �m; B�, D�, 5 �m.
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Dopaminergic innervation of the Rt
Beside the major glutamatergic projections from cortex and thal-
amus, the Rt receives dopaminergic input from collaterals of ni-
grostriatal fibers (Anaya-Martinez et al., 2006). Dopaminergic
innervation of the Rt was investigated by double immunohisto-
chemistry for PV and tyrosine hydroxylase (TH), a marker for
dopaminergic cell bodies and fibers. TH-positive fibers were de-
tected exclusively in the ventral, but not the dorsal part of the Rt
in P30 control brains (Fig. 7A,C,E). Likewise, in II�/�IV�/�

animals, dopaminergic fibers were absent from the area medial to
the internal capsule, where the few PV-positive cells constituting
the remaining Rt were located (Fig. 7B,D). More ventrally and
medial to the globus pallidus, PV-positive cells were completely
absent but dopaminergic fibers were present at a similar density
as in control animals (Fig. 7F). These images suggest uncompro-
mised dopaminergic projections in II�/�IV�/� mice. In addi-
tion, the pattern of TH-positive profiles also provides a
landmark, indicating a complete loss of PV-positive cells in the
ventral parts of the Rt, whereas the remaining PV-positive cells
belong to its dorsal portion.

Loss of Rt neurons occurs only in polySia-negative mice with
internal capsule defects
Defective thalamocortical and corticothalamic projections (this
study) and hypoplasia of the internal capsule (Weinhold et al.,
2005; Hildebrandt et al., 2009) were found specifically in the

polySia-negative, NCAM-positive II�/�IV�/�, but not in the
polySia- and NCAM-deficient II�/�IV�/�N�/� triple knock-
out mice. To correlate this distribution of the internal capsule
defect with the loss of Rt neurons, we evaluated PV-positive Rt
neurons in both polySia-negative animal models at P30 and also
included the strains deficient for only NCAM or one of the poly-
sialyltransferases (N�/�, II�/�, and IV�/�). In II�/�IV�/� ani-
mals, the numbers of PV-positive cells were clearly reduced when
compared with control brains (Fig. 8). Consistent with the lack of
internal capsule defects, no significant reduction of PV-positive
cells was detected in II�/�IV�/�N�/� or N�/� mice. Moreover,
no defects were observed in the single polysialyltransferase
knock-out mice (Fig. 8).

Apoptotic cell death after corticothalamic lesion
The data presented so far indicate that degeneration of the Rt in
II�/�IV�/� mice occurs subsequent to the malformation of af-
ferent innervation by thalamocortical and corticothalamic axon
collaterals. To test whether deafferentation is able to induce ap-
optotic cell death of Rt neurons, axons between Rt and cortex
were lesioned by a unilateral incision into whole-brain slice
cultures from P4 wild-type mice (Fig. 9A). Cultures were main-
tained for 22 h and TUNEL-positive cells within the Islet-1-
positive Rt were counted (see Material and Methods for details).
Islet-1 immunohistochemistry revealed a mostly intact pattern of
Rt staining in the control hemisphere. In contrast, Islet-1 staining
disappeared almost completely from the dorsal Rt of the lesioned
side (Fig. 9B,D–F). On the same sections, TUNEL-positive cells
were scarce in the unlesioned hemisphere, but became abundant
within the Rt after the lesion (Fig. 9C–F). Quantification of
TUNEL-positive cells revealed a significantly increased number
of TUNEL-positive cells after lesion, if compared with the con-
tralateral side as well as compared with control incisions leaving
connections between Rt and cortex intact (Fig. 9G) (for details,
see Materials and Methods). These results provide proof of prin-
ciple that loss of afferent innervation causes apoptotic death of Rt
neurons.

Discussion
In the present work, we demonstrate the postnatal disappearance
of the Rt in polySia-deficient II�/�IV�/� mice because of in-
creased apoptotic cell death. The degenerative process is pre-
ceded by pathfinding defects of thalamocortical axons, which in

Figure 7. No lack of dopaminergic input in the Rt of II �/�IV �/� mice. A–F, PV and TH
immunohistochemistry of P30 mouse brain sections. A, B, Overview of brain sections of control
(ctrl) and II �/�IV �/� mice at the level of the reticular thalamic nucleus. PV � cells are dimin-
ished in II �/�IV �/� brains. C, D, Higher magnification of the top boxed areas in A and B. In
control and II �/�IV �/� mice, the dorsal part of the Rt lacks TH � fibers. E, F, Higher magni-
fication of the bottom boxed areas in A and B. In controls, the ventral part of the Rt is innervated
by TH � dopaminergic fibers (E). In II �/�IV �/� mice, TH � fibers are present but PV � cells
are completely absent from this ventral area (F). CPu, Caudate–putamen; GP, globus pallidus.
Scale bars: A, B, 500 �m; C–F, 50 �m.

Figure 8. Loss of Rt neurons is restricted to polySia-negative, NCAM-positive mice at P30.
Per hemisection, PV-positive cells of the Rt were counted and expressed relative to the total
section area (in square millimeters) (for details, see Materials and Methods). Per animal, four
sections were evaluated and per group, mean values � SEM of n � 3 animals are plotted (ctrl,
wild-type and II�/ �IV�/ � controls with normal polySia levels; all males, except for one fe-
male II �/�IV �/�, N �/�, and IV �/� specimen, respectively). One-way ANOVA indicated
significant differences ( p � 0.01) and Newman–Keuls post test was applied. *p � 0.05 versus
all other groups. N �/�, NCAM deficiency.
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the embryonic and perinatal brain traverse the Rt correctly but
then fail to cross the internal capsule. Thus, degeneration of the
Rt may be a consequence of disturbed afferent pathways.

In mice, thalamocortical fibers start to grow toward the corti-
cal plate as early as E13 (Molnár and Blakemore, 1995). They
meet axons from the cortical plate in the basal telencephalon at
E14 and intermingle in a process that has been described as the
“handshake” (Blakemore and Molnár, 1990; Molnár and Blake-
more, 1991). This process of selective fasciculation and contact
guidance has been proposed to be required for the highly orga-
nized entry of thalamocortical fibers into the cortical plate as well
as for corticothalamic fibers to be guided toward their targets
(Molnár, 2000; Molnár et al., 2003). Other experimental data,
however, suggest that the reciprocal connections between thala-
mus and cortex can develop independently of each other (Garel et
al., 2002; Torii and Levitt, 2005). In II�/�IV�/� mice, the mis-
guidance of thalamocortical fibers prevents the encounter of
thalamocortical and corticofugal fibers and no entry of NF-
positive corticothalamic projections into the internal capsule was
observed at E14.5 and P1. Thus, the prominent reduction and
defasciculation of axons traversing the Rt seems to be mainly
caused by a lack of corticothalamic fibers. Although the exact con-
tributions of thalamocortical and corticothalamic fiber deficiencies
to the previously observed hypoplasia of the internal capsule remain
open, the glutamatergic innervation of the Rt by collaterals of these
axons is clearly disturbed in II�/�IV�/� mice.

A number of mouse models with thalamocortical projection
defects have been described, but fiber densities and fasciculation
within the Rt as well as potential consequences on Rt integrity
have not been studied. Conditional ablation of Sonic hedgehog
in the developing thalamus and hypothalamus completely pre-
vents the emergence of the ventral thalamus, the largest part of
which is the Rt, as well as the development of thalamocortical
axons (Szabó et al., 2009a,b). In small eye rats and mice harboring
a Pax6 mutation, thalamocortical axons turn ventrally directly
after invading the ventral thalamus (Kawano et al., 1999; Simp-
son et al., 2009). In a number of other mouse models with defec-
tive thalamocortical projections, the developmental pathfinding
errors are comparable with those observed in polySia-deficient
mice. In Mash-1-, Robo1/2-, Slit1/2-, Emx2-, and Sema6A-null
mutants, thalamocortical axons pass the Rt correctly but then
take an aberrant route at the diencephalic–telencephalic junction
(Tuttle et al., 1999; Bagri et al., 2002; López-Bendito et al., 2002,
2007; Plump et al., 2002; Andrews et al., 2006; Little et al., 2009).
Perinatal lethality, however, prevents analysis of postnatal Rt de-
velopment in Mash-1, Emx2, Robo1/2, and Slit1/2 mutants. In
Sema6A-null mutants, thalamocortical connectivity recovers
postnatally, leading to a grossly normal pattern of internal cap-
sule projections (Little et al., 2009). In contrast, the pronounced
deficits of the internal capsule in polySia-deficient mice are main-
tained until the age of 4 – 6 weeks, the latest time point amenable
for analysis before most of the II�/�IV�/� mice die (Weinhold et
al., 2005).

Consistent with the previously observed integrity of the inter-
nal capsule in mice lacking not only polySia but also its major
protein carrier NCAM (Weinhold et al., 2005; Hildebrandt et al.,
2009), trajectories of thalamocortical and corticothalamic fibers
were normal in the II�/�IV�/�N�/� triple knock-out mice. In
line with the proposed mechanism leading to axon tract defects
(Hildebrandt et al., 2009), these findings indicate that thalamo-
cortical misprojection and Rt degeneration are caused by a gain
of non-polysialylated NCAM and not by a loss of polySia-
mediated responses to guidance cues or other polySia-specific

Figure 9. Apoptotic cell death in the Rt after deafferentation on P4 wild-type slice cultures.
A, Schematic drawing illustrating the position of the lesion lateral to the Rt and ventral to the
fimbria. B, Islet-1 immunohistochemistry 22 h after lesioning of axons between cortex and
thalamus. Borders of the Rt and location of the lesion are indicated by white filled and dashed
lines, respectively. C, TUNEL staining 22 h after the lesion. D, TUNEL staining combined with
Islet-1 immunohistochemistry. E, Higher magnification of left boxed area in D (control hemi-
sphere). TUNEL-positive cells are scarce here. F, Higher magnification of right boxed area in D
(lesioned hemisphere), in which TUNEL staining is abundant. G, Per hemisection, TUNEL-
positive cells of the Rt were counted and expressed relative to the Rt area (in square millime-
ters). Per group, mean values � SEM of at least n � 5 slice cultures are plotted. One-way
ANOVA indicated significant differences ( p � 0.001), and Newman–Keuls post test was ap-
plied. ***p � 0.001 versus all other groups. fi, Fimbria; hip, hippocampus. Scale bars: B–D, 500
�m; E, F, 20 �m.

Schiff et al. • Loss of PolySia Leads to Rt Degeneration J. Neurosci., January 26, 2011 • 31(4):1302–1312 • 1309



functions. Furthermore, altered functions of other polySia carri-
ers, such as neuropilin-2 or SynCAM 1 (Curreli et al., 2007; Ga-
luska et al., 2010), appear to be not involved. As polySia was
found on thalamocortical axons and on surrounding structures,
aberrant NCAM interactions caused by the loss of polySia may
occur between axons as well as between an axon and its environ-
ment. Competing interactions, therefore, may either lead to hy-
perfasciculation, as observed for the aberrant thalamofugal
projections or cause defasciculation, as seen for fibers crossing
the Rt. It remains open, which of the homophilic or heterophilic
interactions of NCAM (for review, see Nielsen et al., 2010) may
be affected by the loss of polySia. Remarkably, however, one of
the known binding partners of NCAM, L1, associates with
neuropilin-1 to form a semaphorin 3A receptor implicated in
axon guidance and, as shown recently, cooperates with its close
homolog CHL1 in thalamocortical axon targeting (Castellani et
al., 2000, 2002; Demyanenko et al., 2010). Thus, altered NCAM
interactions with, for example, L1 may affect the response of the
axons to guidance cues in the ventral telencephalon.

As for the defects of the internal capsule, reduced numbers of
Rt neurons were only observed in polySia-negative, NCAM-
positive II�/�IV�/�, but not in polySia- and NCAM-deficient
N�/� and II�/�IV�/�N�/� mice. Since polySia is ubiquitously
expressed in all thalamic nuclei during embryonic and perinatal
development (Mazzetti et al., 2007; and our unpublished obser-
vations), the reasons for the conspicuous degeneration of Rt neu-
rons are puzzling at first sight. Cell death may result from a
pronounced vulnerability of the Rt as described for hypoxia-
induced neuronal damage (Freund et al., 1990; Kawai et al., 1995;
Böttiger et al., 1998). However, it appears unlikely that polySia-
free NCAM interferes directly with the survival of Rt neurons. As
demonstrated previously, a gain of polySia-free NCAM promotes
survival of neuronal precursors. On the contrary, the combined
deletion of NCAM and polySia reduces survival of these precur-
sors (Gascon et al., 2007; Röckle et al., 2008). Islet-1-positive cells
of the Rt are generated in the ventral thalamus and migrate tan-
gentially to form the Rt. Similarly, cells of the Islet-1-positive
permissive corridor migrate tangentially within the ventral telen-
cephalon (López-Bendito et al., 2006). Although polySia is
prominently involved in neuronal migration (for review, see
Hildebrandt et al., 2007; Rutishauser, 2008), the initially normal
localization of Islet-1-positive cells in the Rt of embryonic and
perinatal II�/�IV�/� mice excludes the possibility that the loss of
Rt neurons is caused by defective migration. Moreover, in con-
trast to the pathfinding defects, which together with Rt degener-
ation occur in II�/�IV�/� but not in NCAM-deficient animals,
the features of II�/�IV�/� mice caused by disturbed migration
are also seen N�/� and II�/�IV�/�N�/� animals (Weinhold et
al., 2005).

Together, the data imply that the impact of polySia-deficient
NCAM on Rt neurons is indirect and not caused by a migration
deficit. Instead, we demonstrate pathfinding errors of thalamo-
cortical axons in polySia-negative, NCAM-positive mice, which
contribute to the hypoplasia of the internal capsule and precede
apoptotic cell death in the Rt. As shown in rats, reticulothalamic
projections are formed as early as E14 (Mitrofanis and Baker,
1993), which corresponds approximately to E12 in mice. In con-
trast, collaterals of thalamocortical and corticothalamic axons
within the Rt are not detectable until birth (Mitrofanis and
Guillery, 1993). Thus, degeneration of the Rt in II�/�IV�/� mice
seems to start only after the time point when under normal con-
ditions glutamatergic input is completed. Based on the coinci-
dence of the two defects in specifically II�/�IV�/� mice, the close

integration of Rt neurons into thalamocortical circuits, and the
observed sequence of events, we propose that a lack of excitatory
innervation causes apoptotic death of Rt neurons in polySia-
negative, NCAM-positive mice. Although not as prominent as
retrograde mechanisms after target deprivation (Buss et al.,
2006), there are abundant examples for such a mechanism of
anterograde transneuronal degeneration [as first defined by
Cowan (1970)], which is now widely accepted (Oppenheim,
1991). As discussed by Capurso et al. (1997), anterograde degen-
erative effects have been observed in, for example, auditory and
vestibular nuclei, the visual system, somatosensory cortex, and
the olfactory system. Prominent examples of transneuronal an-
terograde degeneration after experimental deafferentation com-
prise apoptosis of cortical sensory neurons after deafferentation
injury (Capurso et al., 1997) and degeneration of hippocampal
granule cells after loss of input in the pilocarpine model of epi-
lepsy (Marques-Mari et al., 2007). As shown before, PV-
expressing neurons of the superior colliculus and the spinal cord
are particularly vulnerable to afferent lesions (Barker and Dreher,
1998; Dekkers et al., 2002). In the current study, we provide direct
evidence that also the PV-positive neurons of the Rt can be the
target of transneuronal anterograde degeneration. Closely resem-
bling the time course of cell death after deafferentation in vivo
(Capurso et al., 1997), abundant apoptosis occurred within 24 h
after lesioning corticothalamic axons in whole-brain slice cul-
tures. The degeneration of the Rt in II�/�IV�/� mice, therefore,
could indeed be caused by a loss of glutamatergic input because of
malformation of thalamocortical and corticothalamic fibers.

Variations in the Ncam1 and St8siaII gene as well as dysregu-
lation of NCAM protein have been linked to schizophrenia (Vaw-
ter, 2000; Arai et al., 2006; Atz et al., 2007; Sullivan et al., 2007;
Tao et al., 2007). On the one hand, incomplete polysialylation of
NCAM during brain development has been proposed as a mech-
anism for a predisposition to schizophrenia because it causes
defects of cortical connectivity, including internal capsule de-
fects, resembling those seen in schizophrenic patients (Hilde-
brandt et al., 2009). On the other hand, dysfunction of the Rt has
been linked to schizophrenia (O’Donnell and Grace, 1998; Sharp
et al., 2001; Krause et al., 2003; Behrendt and Young, 2004; Beh-
rendt, 2006; Zikopoulos and Barbas, 2007). Since all connections
between thalamus and cortex traverse the Rt, this nucleus is ide-
ally positioned to play a role in feedback control of thalamo-
cortical circuits and sensory gating. Concerning possible
consequences of Rt dysfunction it would be worthwhile to ana-
lyze deficits of, for example, sensory gating in II�/�IV�/� mice.
Unfortunately, the postnatal growth retardation and the cachec-
tic state of even the juvenile II�/�IV�/� mice (Weinhold et al.,
2005) prevent adequate testing of schizophrenia-like behavior. In
conclusion, the current analysis of polysialylation-deficient mice
suggests that Rt neurons are damaged in response to malfor-
mation of their glutamatergic input. This provides a potential
neurodevelopmental mechanism of how sensory processing
involving the Rt may be disturbed in association with internal
capsule hypoplasia as observed in schizophrenia.
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Castellani V, Chédotal A, Schachner M, Faivre-Sarrailh C, Rougon G (2000)
Analysis of the L1-deficient mouse phenotype reveals cross-talk between
Sema3A and L1 signaling pathways in axonal guidance. Neuron
27:237–249.

Castellani V, De Angelis E, Kenwrick S, Rougon G (2002) Cis and trans
interactions of L1 with neuropilin-1 control axonal responses to sema-
phorin 3A. EMBO J 21:6348 – 6357.

Cowan WM (1970) Anterograde and retrograde transneuronal degenera-
tion in the central and peripheral nervous system. In: Contemporary
research methods in neuroanatomy (Nauta WJH, Ebbesson SOE, eds), pp
217–251. New York: Springer.

Crick F (1984) Function of the thalamic reticular complex: the searchlight
hypothesis. Proc Natl Acad Sci U S A 81:4586 – 4590.

Csillik B, Mihaly A, Krisztin-Peva B, Fenyo R, Knyihar-Csillik E (2006)
Calcium-binding proteins in GABAergic calyciform synapses of the retic-
ular nucleus. Neuroreport 17:575–578.

Curreli S, Arany Z, Gerardy-Schahn R, Mann D, Stamatos NM (2007) Poly-
sialylated neuropilin-2 is expressed on the surface of human dendritic
cells and modulates dendritic cell-T lymphocyte interactions. J Biol Chem
282:30346 –30356.

Dekkers J, Greensmith L, Navarrete R (2002) Changes in the expression of
parvalbumin immunoreactivity in the lumbar spinal cord of the rat fol-
lowing neonatal nerve injury. Dev Neurosci 24:283–293.
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Guillery RW, Feig SL, Lozsádi DA (1998) Paying attention to the thalamic
reticular nucleus. Trends Neurosci 21:28 –32.

Harris RM (1987) Axon collaterals in the thalamic reticular nucleus from
thalamocortical neurons of the rat ventrobasal thalamus. J Comp Neurol
258:397– 406.
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