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Small untranslated BC1 and BC200 RNAs are translational regula-
tors that are selectively targeted to somatodendritic domains of
neurons. They are thought to operate as modulators of local
protein synthesis in postsynaptic dendritic microdomains, in a
capacity in which they would contribute to the maintenance of
long-term synaptic plasticity. Because plasticity failure has been
proposed to be a starting point for the neurodegenerative changes
that are seen in Alzheimer’s disease (AD), we asked whether
somatodendritic levels of human BC200 RNA are deregulated in AD
brains. We found that in normal aging, BC200 levels in cortical
areas were reduced by >60% between the ages of 49 and 86. In
contrast, BC200 RNA was significantly up-regulated in AD brains,
in comparison with age-matched normal brains. This up-regulation
in AD was specific to brain areas that are involved in the disease.
Relative BC200 levels in those areas increased in parallel with the
progression of AD, as reflected by Clinical Dementia Rating scores.
In more advanced stages of the disease, BC200 RNA often assumed
a clustered perikaryal localization, indicating that dendritic loss is
accompanied by somatic overexpression. Mislocalization and over-
expression of BC200 RNA may be reactive–compensatory to, or
causative of, synaptodendritic deterioration in AD neurons.

dementia � non-protein-coding RNA � RNA transport

BC1 and BC200 RNAs (1, 2), collectively called BC RNAs, are
small untranslated RNAs that modulate gene expression at

the level of translation (3–6). BC RNAs are selectively expressed
in neurons and are delivered to synaptodendritic compartments
(1, 2, 7–9), where they are thought to contribute to the regulation
of local protein synthesis (3, 4, 6).

Increasing evidence suggests that dendritic protein synthesis is
instrumental in the implementation of long-term plastic changes
at the synapse (10–14) and that small untranslated RNAs are
intimately involved in such local translational control (6, 15).
On-site translation of locally available mRNAs could provide a
means for the input-specific modulation of synaptic strength,
thus allowing for adaptive responses to external stimuli. This
model relies on the targeted transport of select mRNAs to
synaptic sites of translational competence. A further prerequisite
is the dendritic delivery of protein synthetic machinery, including
translational modulators such as BC RNAs (15).

Mechanisms and infrastructure of neuronal molecular trans-
port have been suggested to be impaired in AD (16–20). Would
transport or expression of dendritic RNAs be compromised
under such conditions, possibly resulting in inadequate RNA
delivery to synapses and thus, potentially, in ‘‘plasticity failure’’?
In an effort to address this question, we examined expression and
localization of human BC200 RNA, a dendritic translational
repressor (3, 5), in normal aging and in AD.

Results
Neocortical Expression of BC200 RNA Is Differentially Regulated in
Normal Aging and in AD. We analyzed BC200 expression in
Brodmann’s area 9, a prefrontal association region located in the
superior frontal gyrus (21). This neocortical area was chosen

because it is severely affected in AD (22, 23). BC200 expression
was first examined by Northern hybridization in 10 normal cases,
ages 44–93, with no history of AD or other neurological disease.
We noted a steady decline of BC200 expression in area 9 (a
decrease of 65% between the ages of 49 and 86; Fig. 1A). To
control and compensate for any possible cell loss in analyzed
brain tissues, care was taken to load equal amounts of RNA in
all cases. To ascertain equal loading and RNA integrity, 18S and
28S rRNAs were monitored on the same gels by ethidium
bromide staining (Fig. 1B). We performed such calibration to
ensure that samples contained equivalent amounts of RNA (24,
25) and that loaded RNAs were intact and thus represented
viable cells (note that 28S rRNA is exquisitely sensitive to
degradation in dying cells; see ref. 26).

In AD brains, we observed, to our initial surprise, that BC200
levels in Brodmann’s area 9 were substantially higher than in
normal brains of comparable age (Fig. 1 A). Ribosomal RNA was
again visualized for calibration (Fig. 1B). The data showed that
BC200 expression is differentially regulated in AD brains and in
normal aging brains and prompted us to expand our analysis and
address, on a quantitative basis, the following two questions. (i)
Can we associate higher regional BC200 expression specifically
with AD involvement? (ii) Do BC200 expression levels in
affected regions of AD brains reflect severity or progression of
the disease?

BC200 Expression Is Increased in Brain Areas That Are Involved in AD.
To address the first question, we examined Brodmann’s area 9 in
comparison with Brodmann’s area 17 (primary visual cortex), a
region that is typically spared in AD (22, 27). In all AD cases
analyzed, noninvolvement of area 17 in the disease was verified
by neuropathological examination. We initially analyzed four
AD cases that showed Clinical Dementia Rating (CDR) scores
of 4/5 in comparison with two normal cases (CDR 0). We found
that in AD brains, BC200 levels were considerably higher in area
9 than in area 17 (Fig. 2). BC200 levels in area 9 of AD cases were
also notably higher than in area 9 or 17 of normal cases. BC200
levels were quantified by using phosphorimaging (PI), and
statistical analysis revealed that the observed differences were
highly significant (Fig. 2). In contrast, BC200 levels in area 17 of
AD cases did not significantly differ from those in area 9 or 17
of normal cases.

In addition, expression levels of 7SL RNA, the RNA compo-
nent of the ubiquitous signal recognition particle (28), were
quantified by PI after reprobing the same blot. Expression levels
of 7SL did not significantly differ between brain areas and
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between AD and normal brains (Fig. 2). In subsequent experi-
ments, we therefore used 7SL levels in each analyzed area to
normalize BC200 PI data from the same area.

In summary, the combined data thus indicate that in AD,
BC200 levels are specifically elevated in area 9, which is involved
in the disease, but not in area 17, which is generally not.

Relative Levels of BC200 RNA in Affected Areas Increase in Parallel
with the Severity of the Disease. We next asked whether in AD,
BC200 expression levels in affected areas reflected the severity
of the disease. This analysis was designed to include a spectrum
of cases ranging from normal, nondemented brains (CDR 0) to

terminal AD brains (CDR 5). In addition to Brodmann’s area 9,
which is known to be progressively affected as dementia worsens
(23), the hippocampus was included as a brain area with early
and significant involvement in AD (22). Results from these
experiments are presented in two formats: representative pri-
mary data from a set of Northern hybridization experiments
(Fig. 3) and quantitative analysis of the entire data set, with 7SL
expression used for calibration (Table 1 and Fig. 4).

The results show that BC200 expression was significantly
elevated in the hippocampus and area 9 of AD brains but not in
area 17 of the same brains. In contrast, no such elevation was
detected in the hippocampus or area 9 of non-AD brains (CDR
0). In cases with CDRs ranging from 0 to 5, BC200 levels were
characterized by continually increasing gradients (Fig. 4). In
contrast, CDR score was not associated with expression levels of
7SL RNA (Fig. 3).

The data set presented in Fig. 4 was subjected to statistical
analysis (see also Table 1). One-way ANOVA revealed signifi-
cant differences as a function of CDR score, in BC200 expression
in area 9 and hippocampus but not in area 17. Nonparametric
Spearman’s correlations showed a clear association of progress-
ing CDR status with increasing BC200 expression in area 9 (rs �
0.855) and in the hippocampus (rs � 0.917) but not in area 17 (rs
� 0.455) (see Table 1). The data indicate that BC200 expression
is correlated with the severity of dementia and therefore with the
progression of the disease. It is notable that both in the hip-
pocampus and area 9, BC200 levels have already risen signifi-
cantly at CDR 1 (Table 1), which suggests that up-regulation of
BC200 expression is triggered early during the onset of the
disease.

Somatodendritic Distribution of BC200 RNA Is Altered in Severe AD
Cases. How are the elevated BC200 levels in affected AD brain
areas reflected in the RNA’s somatodendritic distribution pat-
tern? To address this question, we probed distribution of BC200
RNA in those areas by in situ hybridization. Analyzing BC200
levels in profound and terminal AD, we first confirmed that
BC200 levels in area 9 were substantially higher than in area 9
of non-AD cases (nine AD cases and eight non-AD cases were
analyzed) (Fig. 5). In contrast, we did not observe any significant
elevation of BC200 levels in area 17 of AD brains, nor did we
observe significantly changed levels of 7SL RNA in any area of
AD brains, in comparison with normal brains (data not shown).

In area 9 of a subset of the analyzed AD cases (44%), the
distribution of BC200 RNA appeared atypically clustered in
addition to being elevated (Fig. 5). In neocortical areas of
normal, non-AD brains, BC200 RNA is known to be distributed
in a characteristically diffuse manner, resulting from its local-
ization to dendritic domains in neuropil (Fig. 5B) (2). In contrast,
in area 9 of terminal AD brains, the BC200 signal often appeared
in conspicuous high-intensity clusters. Are these clusters, which
are particularly prominent in layer V, associated with neuronal
somata? Counterstaining with H&E revealed a perikaryal dis-
tribution of such BC200 clusters (Fig. 5 C and D), a result that
was further corroborated by using DAPI nuclear fluorescence
labeling (Fig. 5 E and F). At the same time, levels in some
neuropil areas appeared depressed compared with normal
brains (Fig. 5). In the majority of neurons examined (74%),
perikaryal accumulation was associated with nonpyknotic nuclei,
suggesting that such accumulation preceded final-stage cell
degeneration.

In summary, the results indicate that in these cases, elevated
overall BC200 levels are primarily attributable to increased
somatic expression.

Discussion
AD is a neurodegenerative disease of complex etiology (29, 30).
The formation of neurofibrillary tangles (NFT), neuropil

Fig. 1. Differential expression of BC200 RNA in normal aging (10 left lanes)
and in AD (two right lanes). Total RNA from Brodmann’s area 9 was probed by
using Northern hybridization. (A) A substantial relative decrease in BC200
levels is observed after age 49. In contrast, no such decrease is apparent in AD
brains. Relative signal intensities are indicated for each lane (intensity at age
49 set to 100 in the left lanes). (B) 18S and 28S rRNAs were monitored to ensure
uniform sample loading.

Fig. 2. BC200 expression in Brodmann’s areas 9 and 17 in normal and AD
brains. Quantitative analysis showed that in AD, BC200 levels were signifi-
cantly elevated in area 9, but not in area 17, compared with either area in
normal brains. [One-way ANOVA, P � 0.001, n � 12; Scheffé’s multiple
comparison post hoc analysis (comparison with normal area 9), P � 0.001 for
AD area 9]. Levels of 7SL RNA showed no significant differences. Ages (left to
right): 77 and 78 (normal); 90, 88, 62, and 79 (AD).

10680 � www.pnas.org�cgi�doi�10.1073�pnas.0701532104 Mus et al.
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threads, and senile plaques have been implicated in the onset and
development of the disease, but the relative causal weight of
these and other factors in sporadic AD continues to be debated
(30, 31). Although initiation and progression of AD may thus be
multifactorial, it has been noted that incidence and regional
distribution of NFT are most closely associated with the clinical
manifestations of the disease (32, 33). NFT formation is the
result of the accumulation of altered components of the neuronal
cytoskeleton (34), and it has been suggested that ‘‘clogging’’ of
neuronal processes and disruption of long-distance transport
may underlie at least some of the cytopathological changes that
characterize the disease (19).

We suggest that such cellular changes on one hand and
deregulated expression and transport of dendritic RNAs on the
other may be causally interrelated in AD. It has recently been
speculated that non-protein-coding RNAs may be involved in
AD (35), and we now show that expression of dendritic BC200
RNA, which is a translational repressor (3, 5), is differentially
regulated in normal aging and in AD. In normal aging, BC200

levels in the neocortex decrease substantially after age 50.
Because BC RNAs are prominently located throughout den-
drites and at synapses (1, 2, 8), the substantial decline of BC
levels may reflect the progressive atrophy of synaptodendritic
structures that has previously been observed in normal aging
(23, 36–39).

In AD, synapse loss and dendritic regression are substantial
(40), but these degenerative changes are accompanied by sig-
nificant dendritic sprouting and remodeling, often in the same
neuron (30, 41, 42). Such reactive developments may be of a
compensatory nature, directed at maintaining connectivity and
plasticity. In one possible scenario, we therefore suggest that the
substantially higher BC200 levels in AD, as compared with those
in normal aging, may represent a molecular compensatory effort.
If BC200 RNA is needed at the synapse for local translational
control, its loss from synaptodendritic domains as the result of
dendritic regression and clogging in AD may trigger compensa-
tory mechanisms that result in the increased production of
the RNA.

Fig. 3. Expression levels of BC200 RNA in association with CDR status in AD brains. Results are shown for six patients with CDRs ranging from 0 (no dementia)
to 5 (terminal dementia). BC200 expression was analyzed in Brodmann’s area 9 (prefrontal association cortex), area 17 (primary visual cortex), and the
hippocampus for each patient (18 samples total). BC200 expression is significantly increased in area 9 and in the hippocampus, but not in area 17, and the degree
of this increase correlates with CDR status. Ages (in order of ascending CDR scores): 96, 93, 94, 77, 85, and 67. See Table 1 for a quantitative analysis of the entire
data set.

Table 1. BC200 expression and CDR status

Brain
areas

CDR

0 0.5 1 2 3 4 5

9 1 � 0.1 1.2 � 0.1 1.5 � 0.3 1.9 � 0.5 2.5 � 0.4 3.5 � 0.9 3.0 � 0.3
17 1 � 0.2 1.2 � 0.2 1.2 � 0.4 1.3 � 0.5 1.4 � 0.4 1.7 � 0.7 1.3 � 0.4
Hip 1 � 0.2 1.2 � 0.4 1.8 � 0.4 1.6 � 0.6 2.3 � 0.5 4.0 � 0.6 2.8 � 0.3

Signal intensities were obtained by using PI analysis of Northern hybridization data. Expression levels of BC200
RNA and 7SL RNA were determined in parallel in each tissue sample (Fig. 3). For each sample, BC200 levels were
normalized to 7SL levels. For each of the three brain areas analyzed [Brodmann’s areas 9 and 17 and the
hippocampus (Hip)], a relative signal intensity of 1.0 was assigned to CDR 0. The data set shown represents analysis
of samples from 27 patients, ages 64–96. The CDR distribution was as follows: CDR 0, six patients; CDR 0.5, three
patients; CDR 1, four patients; CDR 2, four patients; CDR 3, three patients; CDR 4, three patients; and CDR 5, four
patients. For each brain area from each patient, RNA filter hybridization experiments were performed at least
four times. Data are shown in the format mean � SEM. The raw data set was statistically analyzed by one-way
ANOVA and nonparametric Spearman’s � correlation. One-way ANOVA for area 9: P � 0.003; Scheffe’s multiple
comparison post hoc analysis (comparison against CDR 0), P � 0.001 for CDR 2-5, P � 0.01 for CDR 1, and P � 0.05
for CDR 0.5. One-way ANOVA for hippocampus: P � 0.002; Scheffe’s multiple comparison post hoc analysis
(comparison with CDR 0), P � 0.001 for CDR 2-4, P � 0.005 for CDR 1 and CDR 5, and P � 0.05 for CDR 0.5. One-way
ANOVA revealed no significant differences between 17 samples of different CDR status (P � 0.1). Spearman’s �

for area 9, rs � 0.855; for hippocampus, rs � 0.917; and for area 17, rs � 0.455. Correlations were significant at the
0.01 level (two-tailed).
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Increased synthesis of key synaptodendritic components may
be an appropriate response in situations in which cargoes are not
effectively delivered to postsynaptic sites. It may, at least initially
or partially, be successful in overcoming moderate dendritic
clogging that is caused by altered cytoskeletal components. Over
time, however, such response may prove inadequate if further

accumulation of cytoskeletal debris creates ‘‘roadblocks’’ that
RNAs with dendritic destinations are no longer able to traverse.
At this point, relative BC200 levels would begin to decrease in
dendrites but increase in somata. In such cases, efforts to
compensate would have failed because even increased produc-
tion could no longer ensure that the RNA reaches its dendritic
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Fig. 4. Increase of BC200 expression levels relative with CDR status. The bar diagram is based on the same data set as Table 1, and it was derived from the data
shown in the table by normalizing BC200 expression levels in area 17 to a relative value of 1.0 for each CDR data set.

A

C

B

F

D

E

Fig. 5. Altered distribution of BC200 RNA in terminal AD. In situ hybridization reveals differential expression of BC200 RNA in Brodmann’s area 9 of terminal
AD brain (A and C–F) and normal brain (B). (A–C and E) Autoradiographic signal appears as white-silver grains in darkfield photomicrographs. (B) In area 9 of
normal brain, BC200 signal was found diffusely distributed, reflecting a somatodendritic distribution, as has been reported earlier (2). (A and C–F) In contrast,
in area 9 of terminal AD brains, labeling often appeared in high intensity clusters. (A) A low-magnification overview. (C) An area 9 region at higher magnification.
(D) A brightfield photomicrograph showing H&E counterstaining of the region shown in C. (E) A high-magnification darkfield photomicrograph. (F) An
epifluorescence photomicrograph showing DAPI-counterstained nuclei of the region shown in E. Outside of high-intensity BC200 clusters, regions in Brodmann’s
area 9 frequently showed lower BC200 levels than average levels in non-AD cases. (Scale bars: A and B, 100 �m; C and D, 30 �m; E and F, 15 �m.)

10682 � www.pnas.org�cgi�doi�10.1073�pnas.0701532104 Mus et al.
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target sites. Transport deficits have previously been implicated
in the progression of AD (18–20), and impaired microtubule-
dependent transport, coupled with beginning axonal and den-
dritic blockage, may be an early event in AD that could
eventually result in the local generation of amyloid-� peptides
and thus in amyloid deposition (17).

Alternative scenarios are possible or even likely. Instead of, or
in addition to, being reactive–compensatory to cytoskeletal
degeneration, imbalances in the somatodendritic distribution of
BC200 RNA could be causative because they may lead to
aberrant local translational control. BC200 RNA contains a kink
turn motif of the KT-58 subtype that has been implicated in
dendritic transport of BC RNAs (9, 43). Because only slight
perturbations of the kink turn motif architecture are sufficient to
disrupt targeting (9), it is conceivable that single-nucleotide
mutations in this region may prevent delivery of the RNA along
the dendritic extent. Consequences would be twofold: compen-
satory elevation of BC200 transcription in an attempt to over-
come dendritic delivery block and poor translational control in
synaptodendritic domains. Consistent with this model, altered
relative BC200 levels become manifest at a very early time point
in the course of AD, possibly before clinical signs become
detectable (44, 45).

A gradual worsening of somatodendritic BC200 imbalances
may over time set off a self-reinforcing feed–forward cycle.
Inadequate translational regulation in dendrites may lead to
cytoskeletal overproduction and local dysfunction (16), which in
turn would hinder the transport of mRNAs and protein synthetic
machinery to postsynaptic target sites. In line with this concept,
levels of somatodendritic RC3 mRNA have been shown to be
significantly diminished in dendritic regions of AD brains (46).
Having been disrupted in this manner, the system would find
itself on a slow but accelerating course toward eventual catas-
trophe, manifesting as synaptic or plasticity failure (17, 30,
47–49). At the same time, increased perikaryal levels of BC200
RNA may inappropriately repress somatic protein synthesis and
thus precipitate or exacerbate degenerative changes. We
anticipate that future work, directed at the understanding of
neuronal RNA transport and local translational control mech-
anisms, will be able to establish the respective contributions of
the causative and reactive–compensatory scenarios.

Materials and Methods
Tissue Acquisition and Processing. Brain material for autopsy was
provided by the Alzheimer’s Disease Research Center at
Mount Sinai School of Medicine and by the Department of
Psychiatry, University of Geneva (Geneva, Switzerland).
Brains were processed within a postmortem interval of �10 h.
Neuropathological evaluation was performed at the Depart-
ment of Psychiatry, University of Geneva, and at the Depart-
ment of Pathology, Division of Neuropathology, Mount Sinai
School of Medicine. AD status was established on the basis of
regional NFT density and amyloid deposits as described (50).
CDR scores were ascertained as described previously (51, 52).
Dementia was rated on a scale from 0 to 5 (CDR 0, no
dementia; CDR 0.5, very mild; CDR 1, mild; CDR 2, moder-
ate; CDR 3, severe; CDR 4, profound; and CDR 5, terminal
dementia) (23). All procedures involving human subjects were
reviewed and approved by the respective ethical committees
and Institutional Review Boards.

Brains were dissected as described previously (23). Brain
tissue was immediately quick-frozen in liquid nitrogen and
stored at �80°C. Tissue samples were code-numbered to
ensure that subsequent experimenters were blind to sample
identity. Sample codes were kept at Mount Sinai School of
Medicine and were disclosed only after completion of the
respective set of experiments at State University of New York
at Brooklyn.

RNA Filter (Northern) Hybridization. Total RNA was isolated from
brain tissues by using a modified guanidinium thiocyanate
procedure as described in ref. 53. RNA was separated on 1%
agarose formaldehyde gels, transferred to GeneScreen Plus
membranes (DuPont, Wilmington, DE), and immobilized by
using UV illumination. Equal loading and unbiased transfer
were ascertained by using UV shadowing of 18S and 28S rRNA
bands. BC200 RNA was probed by using oligonucleotide BC205
and 7SL RNA was probed by using oligonucleotide 7SL36B
under hybridization conditions as described in ref. 53. We found
it important to perform Northern hybridization experiments
using only one type of filter membrane. Although other mem-
brane types were, in our experience, not inferior in quality,
quantitative data were more difficult to standardize and cross-
correlate when more than one type of filter membrane was used.

Northern hybridization data were analyzed and quantified by
using a Storm 860 PI system with ImageQuant software (Mo-
lecular Dynamics, Sunnyvale, CA). Statistical analysis was per-
formed in consultation with the State University of New York
Scientific Computing Center. SPSS (Chicago, IL) software was
used for statistical analyses, including one-way ANOVA and
nonparametric Spearman’s rho correlation.

In Situ Hybridization. Brains from nine AD cases (of persons with
profound or terminal AD) and eight normal cases were analyzed
using in situ hybridization. These cases were in addition to those
that were analyzed by using filter hybridization. Brain tissue was
cryosectioned at a thickness of 10 �m and stored at �80°C until
use. Sections were postfixed with 4% formaldehyde (made from
paraformaldehyde) and immediately processed for hybridization
(1). RNA probes specific for BC200 RNA were generated from
plasmid pVL450-1 (2) or from plasmid pKK536-6 (54). The
latter plasmid is analogous to pVL450-1 except that the insert
corresponds to nucleotides 119–189 of BC200 RNA (2). It is
important that BC200 probes be directed against the unique
segment of the RNA (2) because probes directed against the
Alu-homologous segment will cross-hybridize with a multitude
of RNAs that contain repetitive Alu elements (see ref. 55).

Hybridization using probes derived from pVL450-1 was per-
formed as described in ref. 2. Hybridization using probes derived
from pKK536-6 was performed analogously except that the
temperature of the final high-stringency wash was raised to 50°C.
As described previously (53), 7SL RNA was detected by using
RNA probes generated from plasmid pKK451-1. A small un-
translated RNA that is part of the signal recognition particle
(28), 7SL RNA was used as a reference RNA that undergoes
little change in expression levels in aging or in AD. Established
procedures were used for H&E counterstaining (56) and DAPI
nuclear counterstaining (57).

Digital images of tissue sections were acquired using a Sony
3CCD DKC-5000 camera (Sony, New York, NY) or a CoolSnapHQ
cooled CCD camera mounted on a Microphot-FXA microscope
(Nikon, Melville, NY) as described previously (56).
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Sinai School of Medicine) and Constantin Bouras (Department of
Psychiatry, University of Geneva School of Medicine, Geneva, Switzer-
land) for postmortem human tissue samples and Dr. Jürgen Brosius
(Institute of Experimental Pathology, University of Münster School of
Medicine, Münster, Germany) for plasmid pKK536-6. Statistical con-
sultation was provided by Drs. Hans von Gizycki and Jeremy Weedon at
the State University of New York Scientific Computing Center. This
work was supported in part by the New York City Council Speaker’s
Fund for Biomedical Research (to E.M.), National Institutes of Health
Grants AG02219 and AG05138 (to P.R.H.), the American Foundation
for Aging Research (H.T.), and National Institutes of Health Grant
NS046769 (to H.T.).
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