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Abstract
Motor dysfunction, cognitive impairment and regional cortical atrophy indicate cerebral cortical
involvement in Huntington disease (HD). To address the hypothesis that abnormal corticostriatal
connectivity arises from polyglutamine-related alterations in cortical gene expression, we isolated
layer 5 cortical neurons by laser-capture microdissection and analyzed transcriptome-wide mRNA
changes in them. Enrichment of transcription factor mRNAs including foxp2, tbr1, and neuroD6,
and neurotransmission- and plasticity-related RNAs including sema5A, pclo, ntrk2, cntn1 and
lin7b were observed. Layer 5 motor cortex neurons of transgenic R6/2 HD mice also demonstrated
numerous transcriptomic changes, including decreased expression of mRNAs encoding the lin7
homolog b, (lin7b, also known as veli-2 and mals2). Decreases in LIN7B and CNTN1 RNAs were
also detected in human HD layer 5 motor cortex neurons. lin7b, a scaffold protein implicated in
synaptic plasticity, neurite outgrowth and cellular polarity, was decreased at the protein level in
layer 5 cortical neurons in R6/2 mice and human HD brains. Decreases in Lin7b and Lin7a
mRNAs were detected in R6/2 cortex as early as 6 weeks of age, suggesting that this is an early
pathogenetic event. Thus, decreased cortical LIN7 expression may contribute to abnormal
corticostriatal connectivity in HD.
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INTRODUCTION
Huntington disease (HD) is an autosomal dominant polyglutamine disease characterized
clinically by motor and cognitive dysfunction. The clinical features of HD have been
attributed to neurodegeneration of subcortical basal ganglia circuits (1), but there is
increasing evidence that the cerebral cortex may play a primary role in the pathobiology of
HD. There are numerous structural and physiologic abnormalities in various cortical
subregions, even in asymptomatic gene carriers (2). Transcranial magnetic stimulation,
somatosensory evoked potentials and long latency reflexes show changes that suggest
abnormal information processing and decreased excitability in motor and sensory cortices
(3,4). Morphometric MRI studies also show that regionally selective thinning of the cortex
occurs early in HD and correlates with cognitive impairment (5,6). At the cellular level,
neuronal intranuclear inclusions (NIIs) indicate that mutant huntingtin protein (mt htt)
accumulates in cortical projection neurons of layers 5 and 6 (7–9). We and others have
shown that degeneration of pyramidal neurons in layers 3, 5 and 6 also occurs in HD
(10,11). Interestingly, regionally selective layer 5 pyramidal neuron degeneration correlates
with clinical heterogeneity in HD symptom profiles (12).

R6/2 mice express the N-terminal portion of human htt with ~150 CAG repeats, driven by
the human huntingtin promoter (13). They exhibit severe learning and motor deficits, have
NII from 3.5 weeks of age and have a limited lifespan of 12 to 17 weeks.
Electrophysiological recordings of striatal medium spiny neurons from R6/2 animals reveal
frequent large-amplitude synaptic events that indicate dysregulation of cortical inputs (14),
which is consistent with the presumed corticostriatal dysfunction in HD. R6/2 mice also
exhibit the striatal and cortical gene expression changes that occur in HD (15–17). Indeed,
12-week-old R6/2 mice bear greater striatal transcriptomic similarity to that of HD than any
mt htt-expressing mice that have been studied to date (18).

We hypothesize that gene expression changes in corticostriatal projection neurons contribute
to their dysfunction and that cortical mechanisms contribute to the selective
neurodegeneration of striatal projection neurons due to disturbed connectivity. Therefore,
we isolated layer 5 neurons of motor cortex (M1 and M2) from R6/2 and wild type (WT)
mice by laser-capture microdissection (LCM) and compared their gene expression profiles
using high-density microarrays. Layer 5 pyramidal cells were selected because the majority
of corticostriatal projections originate from this layer (19,20), and because of the
involvement of these cells in HD (10–12). To test the plausibility of this explanation for the
selective striatal vulnerability characteristic of human HD, we subsequently assessed
whether the changes observed in HD mice could also be detected in Brodmann areas 4 and 9
of human HD brain. To our knowledge, this is the first study to provide transcriptome-wide
gene expression analyses of layer 5 neurons of the motor cortex and to assess the gene
expression dysregulation in these cells in HD.

MATERIALS AND METHODS
Animals

Female R6/2 mice and WT littermates were purchased from Jackson Laboratories (Bar
Harbor, ME) and killed at 12 weeks of age. Repeat length of the R6/2 mice used was
approximately 141 to 152. Brains for LCM studies of R6/2 and WT littermates (4/group)
were snap-frozen and stored at −80°C. Brains for homogenate studies were dissected from
the skull and cortices of both hemispheres were immediately removed and snap-frozen.
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RNA Samples and LCM
Eight-µm-thick sections from mouse brains and from human tissue blocks were cut on a
cryostat (Shandon, Cheshire, UK) and thaw-mounted on uncoated glass slides (Gold Seal®

RITE-ON micro slides, Thermo Fisher Scientific Inc., Rockford, IL). Sections were stained
with methylene blue (Sigma, Steinheim, Germany), as previously described (21). Deep layer
cortical neurons (mainly layer 5 but potentially including some layer 6) were selected from
primary and secondary motor cortices (M1 and M2) of coronal mouse brain sections
between +1.5 mm and +0.8 mm from Bregma (22). These lamina were defined in scanned
images of each stained section by direct comparison to a mouse cytoarchitectonic atlas (22).
Human deep layer cortical neurons were also selected by anatomical location in the lower
third of the cortical ribbon in consultation with a neuropathologist Dr. M.P. Frosch
(Massachusetts General Hospital, Boston, MA). Larger, triangular-shaped cell bodies of
pyramidal cells were easily distinguishable from glia and interneurons on the basis of size
and morphologic criteria (Fig. 1). Cells were selected using the PixCell II LCM instrument
(Arcturus, Mountain View, CA), diameter 7.5 µm, onto CapSure™ HS caps covered with a
thermoplastic film.

The harvested cells were solubilized from the film in extraction buffer provided in the
Arcturus Pico Pure™ RNA isolation kit for 30 minutes at 42°C and stored at −80°C. The
solubilized cells underwent RNA extraction according to the Pico Pure™ RNA isolation kit
instructions (Arcturus), including a DNAse treatment step (Qiagen, Valencia, CA). Total
murine cortex samples were homogenized and RNA was extracted using TRI reagent
(Sigma) followed by RNeasy column clean up (Qiagen) using the manufacturers’ protocols.
RNA from both laser-dissected and homogenized samples was precipitated to achieve
volume reduction.

Microarray Sample Processing
To establish conditions for the processing of total RNA isolated by LCM for microarray
hybridization, we tested known concentrations of striatal homogenate RNA (1, 10, 50 ng)
and LCM samples comprising 5000 striatal neurons of WT and R6/2 mouse brain in parallel
following the GeneChip® Eukaryotic Small Sample Target Labeling Assay (Affymetrix,
Santa Clara, CA, version 2). Analysis of the amplified samples on the Agilent Bioanalyzer
(Agilent Technologies Inc., Santa Clara, CA) after the first round of amplifications showed
typical cRNA size distributions (ranging between 400 and 2500 bp) and hybridization of
second round cRNA showed the expected differential gene expression profiles (data not
shown). 3’/5’ ratios of Affymetrix control probe-sets revealed equivalent quality for 5 to 10
ng of homogenate and 5000 striatal neurons, although these ratios were systematically larger
than for 1-cycle amplification. Because cortical pyramidal neurons are larger than striatal
neurons (diameter 9–12 µm vs. 7.5–10 µm), we started with 4000 cortical neurons per
animal, which we estimated to be equivalent to 5 ng of total RNA (21).

For layer 5 neurons, 20 ng of total RNA from each homogenized sample and RNA from
4000 laser-dissected neurons per sample were used to prepare biotinylated fragmented
cRNA according to the GeneChip® Eukaryotic Small Sample Target Labeling Protocol with
products from Affymetrix. Mouse Genome 430 2.0 Affymetrix GeneChip® Arrays were
hybridized for 16 hours, washed, stained, and scanned using an Affymetrix Fluidics Station
and Scanner (Biopolymers Facility, Harvard Medical School, Boston, MA).

Microarray Analysis
Selected array measures were reported from Affymetrix GCOS software; microarray data
analyses were performed using R and Bioconductor packages (www.bioconductor.org). To
compare gene expression in deep layer cortical neurons from R6/2 vs. WT animals, we
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normalized 8 microarrays together (4 WT LCM and 4 R6/2 LCM) and quantified gene
expression using robust multi-array analysis implemented in the R package affy (23–25).
We identified differentially expressed genes in R6/2 LCM vs. WT LCM by computing
empirical Bayes t-statistics with the R package limma (26). P values were corrected for
multiple testing using the False Discovery Rate method (27). We used the same approach to
assess gene enrichment in LCM vs. homogenate samples, normalizing and subsequently
testing data from the 4 WT LCM vs. 4 WT homogenate microarrays. Microarray annotation
was performed using the R package annotation tools (28) and Affymetrix annotation data.

Human Brain RNA Samples
Frozen blocks of motor cortex (BA4) and prefrontal association cortex (BA9) were obtained
from Dr. J–P Vonsattel, New York Brain Bank, Columbia University, New York, NY.
Pathological grading had been performed according to the Vonsattel scale (29) (Table 1).
RNA quality was assessed by capillary electrophoresis with a Bioanalyzer 2100 (Agilent)
using 500 ng of total RNA. RNA samples without sharp ribosomal RNA peaks were
excluded from further processing steps; sample processing was performed as for mouse
tissues.

Quantitative PCR Assays
Reverse transcription of RNA from human laser-dissected cortical neurons in BA4 and BA9
was conducted with a SuperScript™ First Strand Synthesis System for RT-PCR (Invitrogen,
Carlsbad, CA), using random hexamer primers according to the manufacturer’s instructions.
Quantitative real-time PCR (q-PCR) assays were performed with a Bio-Rad iCycler
(Hercules, CA) using SYBR-Green PCR Master Mix (Applied Biosystems, Foster City, CA)
carrying out 50 PCR cycles as described (21). Each cDNA sample (equivalent to RNA from
50 laser-dissected neurons) was run in triplicate for the target and the normalizing gene in
the same 96-well plate. Amplicon specificity was monitored by melt curve analysis at the
end of the run, gel electrophoresis and DNA sequencing. Human primer sequences were as
follows: LIN7B/MALS2 (NM_022165) CGCCCATCTACATCTCCC,
AGCTCCACCGCCTTCTC; 28s rRNA (M11167) (30) AAACTCTGGTGGAGGTCCGT,
CTTACCAAAAGTGGCCCACTA; CNTN1 (NM_001843)
TGGCAAGCTGTATTCAACTCAC, GAGCCGCAGAAATTGGAAG; SYNCRIP
(NM_006372) AGGTGCCCAACAACAAAGAG, CGCCGCTTGGAATCTG); ATP2B2
(NM_001001331) TCCTGGGCCATGCTGTCTAC, GGATCTTGCGGGCGTTG; VAMP1
(NM_199245) TGGGAACAGAGCGGAGAATG, TGGGAAACAAGGGCGAAAG,
KCNK3 (NM_002246) GTGCTCATCGGCTTCTTCTC, TGCAGCGCCACGTAGTC;
KCNA1 (NM_000217) AGATCGTGGGCTCCTTGTGT, AACTGCGGCGACTGAGGT;
mGlUR2 (NM_000839) GGTGTTATTGGCGGTTCCTA, ATGTTGCGGGCACGA;
GABRD (NM_000815) CCGAGACCTGCACAGATG, CCAGGCCAAGGCTTTATTTC;
these were designed using Oligo 6.7 software (Molecular Biology Insights, Cascade, CO,
USA). Primers for mouse Lin7 RNAs were as follows: Lin7a (NM_001039354)
TTTCGAGAAGCTGCG GACA, TTCGAGCGCCTATGACATGTG); Lin7b
(NM_011698) TAAGGCCACAGTGGCTGCTTT, CCCATGATGTTGAAGCCCAA;
Lin7c (NM_011699) ATATCGCGGATAATTCCAGGTG, ATGGTG
CTCCCCTTCAACACTC.

q-PCR Data Analysis
Expression of the mRNA of interest in each sample was calculated for q-PCR by
normalization of Ct values to the reference RNA (28S rRNA) using the equation:
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to correct for potential differences in PCR amplification efficiencies (21,31). V = relative
value of target gene normalized to reference (28S rRNA), E = PCR amplification efficiency,
Ct = threshold crossing cycle number. Differences between genotypes for human layer 5
cortical neurons were assessed using an unpaired, two-tailed Student t-test.

Immunoblotting
Sodium dodecyl sulfate polyacrylamide gel electrophoresis and transfer of separated
proteins to PVDF membranes were performed as previously described (32). For protein
electrophoresis, 15% polyacrylamide gels were employed. The concentration of lin7
antibody (Sigma) used for immunoblotting was 1 µg/ml. For quantification of lin7 protein,
equal amounts (10 µg) of proteins from each group (6 R6/2 and 6 WT littermates) were
loaded into each lane of the gel. Fyn kinase antibody was used as a loading control. Bands
were visualized on film by enhanced chemiluminescence and their net intensities were
quantified using computer-assisted densitometry (Kodak 1-D System, Rochester, NY). The
net intensities of the bands were expressed as a percentage of that in control cortex and the
resulting values were used to calculate group means. Differences between groups were
analyzed using ANOVA with post hoc tests (Scheffe test). Statistical significance was taken
to be p < 0.05.

Immunohistochemistry of Mouse Brain Sections
Six-µm-thick paraffin sagittal mouse brain sections from 4 R/2 and 4 WT littermates were
run through xylene (Merck, Darmstadt, Germany) and a series of graded alcohols to
phosphate buffered saline (PBS). Sections were then incubated in 10 mM Sodium Citrate pH
6.0 for 10 minutes, washed 3× 5 minutes in PBS, and incubated in 40% methanol and 1%
H2O2 for 10 minutes to block endogenous peroxidase. Following washing (3× 10 minutes)
in PBS, the sections were incubated in blocking solution (5% rabbit serum + 0.3 Triton
X-100 in PBS) for 30 minutes at room temperature (RT), washed (3× 10 minutes) in PBS
and then incubated overnight with the primary antibody (goat anti-lin7b; ab5967, Abcam,
Cambridge, UK; 1:300) on a shaker at 4°C. The sections were then washed (3× 5 minutes)
in PBS and incubated in a biotinylated anti-goat Ig (H+L) secondary antibody (Vector
Laboratories Ltd., Peterborough, UK; 1:200) for 30 minutes at RT. Following additional
washing (1× 5 minute, PBS), the sections were incubated in ABC reagent (metal enhanced
DAB substrate kit, Thermo Fisher Scientific) for 30 minutes at RT and then exposed to
DAB solution for 5 minutes. The sections were then washed in PBS, dried and dehydrated
through a graded alcohol series to xylene and coverslipped with DPX mountant (Sigma
Aldrich/Fluka, Steinheim, Germany).

Immunohistochemistry of Human Brain Sections
Tissues were obtained from the Neurological Foundation of New Zealand Human Brain
Bank in the Center for Brain Research, University of Auckland. Fifty-µm-thick perfused-
fixed, coronal sections of BA4 (motor cortex) were processed free-floating in 6-well tissue
culture dishes. The sections were washed in PBS and 0.2% Triton-x (PBST), incubated for
20 minutes in 50% methanol and 1% H2O2, washed (3×10 minutes) in PBST; they were then
incubated with the same goat anti-lin7b antibody as for mouse tissues (1:250) for 2 to 3 days
on a shaker at 4°C. The sections were then washed (3×10 minutes, PBST) and incubated
overnight in a biotinylated anti-goat Ig (H+L) secondary antibody (Vector, diluted 1:200).
Following washing (3×10 minutes, PBST), the sections were incubated for 1 hour at RT in
ABC mix, exposed to metal enhanced DAB (Thermo Fisher Scientific) for 5 minutes, and
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then washed in PBST and mounted on gelatin-coated slides (Marienfeld Laboratory
Glassware, Lauda-Koenigshofen, Germany; gelatin from Sigma), rinsed, dehydrated and
coverslipped as above.

Image Analysis
Images of immunohistochemistry (IHC)-stained sections were collected and analyzed in a
blinded fashion with respect to the sample genotype. For the human sections, a contour of
the area of interest (layer V) in the primary motor cortex was first drawn at low power (4x)
using Stereoinvestigator program (MicroBrightField, Williston, VT) using an Olympus
BX60 microscope (Olympus Schweiz, Volketswil, Switzerland). Images were taken at 40x
from the area within the defined boundary of each normal human and HD case. For mouse
sections, images were taken at 20x from the striatum and the layer 5 of motor cortex. Images
were analyzed using ImageJ (http://rsbweb.nih.gov/ij/) and Adobe Photoshop to measure the
mean grey value. The difference between the normal and HD samples was assessed using a
two-tailed Student t-test

RESULTS
RNAs Enriched in Layer 5 Cortical Neurons

To identify genes that exhibit enriched expression in layer 5 pyramidal neurons, we
compared LCM and homogenate samples of mouse motor cortex (M1 and M2) in WT
animals. 2943 (of 45037) array probe-sets reported increased expression by the relatively
stringent False Discovery Rate criterion (p < 0.05) (Table 2; Supplementary Data Table 1).
Several of these mRNAs or their corresponding proteins had been detected in cortical
pyramidal neurons in previous studies. We detected the layer 5 enrichment of several
transcription factors including: forkhead box P2 (foxp2) (33), T-box brain gene 1 (tbr1) (34),
neurogenic differentiation 6 (neuroD6/nex-1) (35), FOG-2/Zfpm2 (36), and ets variants 3
and 5.

Selected synaptic and neurotransmission-related mRNAs were also enriched in layer 5
neurons, including vamp1 (vesicle associated membrane protein 1, also known as
synaptobrevin), syncrip (synaptotagmin binding cytoplasmic RNA and interacting protein)
(37,38), and pclo (piccolo) (39). Enrichment of mRNAs implicated in axon formation and
targeting included contactin 1 (cntn1) (40), semaphorins (41) and eph receptors (42).
Neurotrophic tyrosine kinase receptor type 2 (ntrk2, trkB) mRNA was also enriched in layer
5 cortical neurons compared to whole cortex, consistent with trkb protein localization in
cortical axons, dendrites and glutamatergic synapses (43).

Dysregulated mRNA Expression in HD Mice
4732 (of 45037) array probe-sets indicated differential mRNA expression between deep
layer cortical neurons from R6/2 vs. WT mice. Of the largest fold changes (1.75-fold or
higher), 246 probe-sets detected decreases and 81 probe-sets detected increases in mRNA
levels. Selected mRNAs showing differential expression in layer 5 R6/2 cortex are presented
in Tables 3 and 4. Complete lists are in Supplementary Data Table 2.

Gene expression changes detected in the LCM array analysis included several mRNAs
previously shown to be decreased in R6/2 cortex, including cplx2, dbp, sst, penk, arpp19,
dusp1, and igfbp5 (16). The mRNA encoding igfbp4, which modulates the IGF/AKT
prosurvival pathway (44), was also downregulated by more than 2-fold in R6/2 vs. WT layer
5 neurons. mRNAs encoding the GABAA receptor (GABRD) and Shaker-related member 1
of the voltage-gated potassium channel superfamily (kcna1) also showed 2-fold
downregulation in R6/2 vs. control pyramidal cells (Table 3).
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Some unanticipated changes in gene expression were also observed, including decreases in
corticotropin releasing hormone (CRH) and its binding protein crhbp; this parallels a
decrease in pituitary gland CRH levels in R6/2 mice (45). Other interesting changes revealed
by this analysis included a decrease in the pyramidal cell enriched protease prss23 and
several genes involved in immune system function (Tables 2–4). Intriguingly, there was
upregulation of several mRNAs encoding transcriptional regulatory proteins previously
linked to the biology of huntingtin (Table 4;Supplementary Data Table 2). These include the
known huntingtin-interacting protein NCor1 (nuclear co-repressor 1) (46) and the repressor
element 1 silencing transcription factor co-repressor 3 (RCoR3), a co-regulator of the NRSF/
REST transcriptional silencing complex (47). mRNA expression of the ubiquitous co-
repressor sin3b (which is known to be sequestered in polyglutamine aggregates) was also
increased.

Pyramidal Cell-Enriched mRNAs Show Dysregulation in R6/2 Cortex
Previous studies indicate that a defect in neurotransmission could account for cognitive and
motor deficits in HD. Accordingly, we determined whether mRNAs enriched in layer 5
pyramidal cells were dysregulated with polyglutamine disease in brains of R6/2 mice.
Several layer 5-enriched synaptic proteins, including the SNARE complex synaptic vesicle
protein vamp1, were downregulated. Brain-derived neurotrophic factor (BDNF), a
cortically-expressed striatal neuron survival factor, showed a significant downregulation in
HD layer 5 neurons but there was no significant enrichment in layer 5. Lin7b, a PDZ domain
protein initially identified in Caenorhabditis elegans (48), was also decreased in
corticostriatal neurons of R6/2 mice (p < 0.0005; Supplementary Data Table 2).

Similarities and Differences Between Transcriptomic Effects in Layer 5 R6/2 Neurons and
Human BA4 HD Cortex

To assess whether cortical pyramidal mRNA changes in R6/2 mice might recapitulate
mRNA changes in human motor cortex at a transcriptome-wide level, we compared LCM
microarray profiles from R6/2 layer 5 cells to previously established microarray profiles of
human BA4 cortex homogenates (17). Overlapping changes included decreased expression
of mRNAs encoding neurotransmitter signaling pathway components (e.g. gad1, rgs4, itpr1),
potassium channels (kcnc1, kcnc2), and other proteins involved in neurotransmission (e.g.
vamp1, cplx2, arpp19, syt1) (Table 5; Supplementary Data Table 3). Interestingly, these
comparisons also detected overlapping upregulation of mRNAs encoding neuronal signaling
and viability regulators that were not reported in previous studies; these included increases
in notch2 and Sirt1 (Table 5; Supplementary Data Table 3). Surprisingly, however, some of
the above changes, including the apparent decreases in GABRD and plasma membrane
ATPase Ca2+ transporting plasma membrane 2 (ATP2B2) RNAs, did not show a
corresponding change in human HD layer 5 pyramidal cells by q-PCR (see below). This
indicates that the decreases observed in HD BA4 cortex may occur in a different cell type
such as pyramidal neurons of cortical layers 2/3 or GABAergic interneurons.

HD-Related Dysregulation of Gene Expression in Human Layer 5 Pyramidal Neurons
To determine to what extent the polyglutamine-induced mRNA changes in R6/2 pyramidal
neurons might recapitulate the molecular changes that occur in the corresponding cell
population in HD, we examined a subset of these changes in human HD cases and controls
using q-PCR on layer 5 cortical neurons from both Brodmann area 4 (primary motor cortex)
and Brodmann area 9 (prefrontal association cortex) for each HD case or control (Table 1).
Because HD brain revealed a downregulation of β-actin, the ribosomal 28s RNA was used
for normalization.
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Because layer 5 neurons degenerate selectively in HD cortex, we assessed genes enriched in
layer 5 pyramidal cells. A similar hypothesis has been proposed for the selective
degeneration medium spiny neurons in the HD striatum (49,50). However, in contrast to
findings in striatum, only a very small proportion of the tested layer 5-enriched genes were
significantly downregulated in human HD pyramidal cells. mRNAs with normal expression
levels in HD layer 5 neurons included VAMP1, SYNCRIP, voltage gated potassium channel
subfamily members KCNA1 (control 60.1 ± 8.6, HD 42.5 ± 9.9, p > 0.1) and KCNK3
(control 3.9 ± 1.3, HD 2.5 ± 1.3, p > 0.5), ATP2B2 and metabotropic glutamate receptor 2
(control 2.8 ± 0.95, HD: 3.1 ± 1.1, p>0.5). On the other hand, the RNA encoding CNTN1
was significantly decreased in human HD BA4 pyramidal cells (Fig. 2).

We next determined whether differential expression in R6/2 layer 5 motor neurons predicted
corresponding layer 5 changes in human HD cortex. Although RNAs encoding voltage-
gated potassium channels or GABRD subunit were not significantly diminished in either
BA4 (control 0.004 ± 0.001, HD 0.002 ± 0.0007, p > 0.2) or BA9 samples, the RNA
encoding lin7b was significantly decreased in BA4 and showed a non-significant trend
toward decrease in BA9 (Fig. 2). The selective decrease in the expression of this neuronal
connectivity-related molecule in human HD cortex motivated us to verify a change in lin7 at
the protein level and consider is possible functional consequences.

Lin7b Protein Levels
R6/2 cortical protein lysates were analyzed by Western blot with a pan-lin7 antibody. As
shown in Figure 3A, we observed 2 bands of corresponding to apparent molecular weights
of 21–27 kDa representing lin7 isoforms lin7a, b and c / mals1, 2 and 3, consistent with
previous observations (51). Comparison of the abundance of lin7+ species in R6/2 cortex
with control revealed significant decreases in both lin7+ bands (Fig. 3A, B). To investigate
these changes, we also performed IHC analyses of LIN7B protein using a lin7b-specific
antibody. We found that LIN7B was significantly decreased in layer 5 pyramidal cortical
neurons in both R6/2 mice and in human HD brains (Figs. 4A, B, 5). Thus, lin7b RNA
levels are paralleled by decreases in lin7b protein in cortical projection cells.

To assess whether lin7b expression would also be decreased in cortical axons in the
striatum, we performed additional IHC on R6/2 mice. Quantification of lin7b
immunoreactivity in axon fiber-containing striatal white matter tracts also showed decreased
lin7b expression (Fig. 4C, D). Although it is unlikely that all such fibers terminate in the
striatum, these results indicate that a parallel diminution of expression occurs in axonal as
well as cell body compartments of cortical projection neurons. To determine whether
decreased Lin7b expression may contribute to HD-related dysfunction early in the disease
process, we measured cortical RNA levels in younger R6/2 mice by q-PCR. Lin7b RNA was
significantly decreased by 6 weeks of age, coincident with the onset of early motor deficits
in these mice (52). Lin7b RNA was also significantly decreased at 8 and 10 weeks of age.
Consistent with the Western blots in 12-week-old animals (Fig. 3), Lin7a RNA was also
decreased significantly at 6, 8, and 10 weeks of age (Fig. 6). Thus, the early and persistent
decreases in Lin7a and Lin7b expression are consistent with a role in HD etiology. In
contrast, Lin7c RNA showed only a transient increase at 8 weeks, which would be more
consistent with a compensatory effect than an etiologic role in HD (Fig. 6).

DISCUSSION
Diminished expression of LIN7A and LIN7B mRNAs and proteins in HD cortex provides
novel evidence for a role of LIN7 in the pathogenesis of HD. In view of its known role in
neuronal connectivity, we conclude that an HD-associated decrease in LIN7 expression in
cortical projection neurons is a plausible mechanism of corticostriatal dysfunction.
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Cortical Pyramidal Cells and HD
Abnormal connectivity between the cortex and the basal ganglia may account for cognitive
and/or motor manifestations of HD. Dysfunction of corticostriatal projections has been
considered in previous studies of R6/2 mice as electrophysiological recordings reveal
decreased EPSCs in striatal medium spiny neurons and large-amplitude synaptic events that
indicate dysregulation of cortical glutamatergic inputs (14). NMDA receptor currents of
cortical pyramidal neurons from R6/2 mice become smaller than those of WT mice
beginning at 21 days of age (53). Here, we addressed the possibility that transcriptional
alterations contribute to the HD-related dysfunction of corticostriatal projection neurons.

To avoid the confounding effects of cellular heterogeneity and the potential for changes in
cell ratios during the neurodegenerative process, we performed a targeted cellular expression
analysis using LCM. Because most of the projections to the striatum originate from layer 5
(19,20), we collected medium- and large-sized pyramidal cells of this lamina. Pyramidal
neurons within layer 5 form 2 subtypes: type 1 pyramidal neurons projecting to the superior
colliculus, spinal cord, basal pons and striatum and type 2 projecting to the contralateral
cortex and ipsilateral striatum (20,54). Both project to the striatum and we did not
differentiate between these 2 subtypes; presumably both were sampled in their endogenous
proportions. Since layer 6 cortical neurons cannot easily be distinguished from layer 5
neurons, it is also possible that some layer 6 cells were included in our samples; this should
be inconsequential to the interpretation of the data, because layer 6 neurons also project to
the striatum.

The decreased GABAA receptor delta subunit expression observed in R6/2 layer 5 neurons
(Table 3) and in human HD cortex homogenates (17) suggests that neocortical GABAergic
signaling (55,56) might be altered in HD, which would comprise an interesting area of
future investigation. However, based on the human LCM data, additional data are required
to attribute this change to a specific neuronal population in the human HD brain.

Some RNA changes observed in R6/2 layer 5 cells did not show corresponding changes in
human BA4 or BA9. Possible explanations for this are that these changes do not occur to the
same extent in the HD brain, or that they occur in a limited subset of cells that escaped
detection in the current study. These changes may alternatively indicate possible mt htt
effects in other cortical neurons, such as layer 3 pyramidal cells, other layer 5 pyramidal
cells, or GABAergic interneurons. Indeed, comparisons with our previous microarray
analyses of human HD brain also infer that transcriptomic perturbations occur in cortical
cells other than layer 5 pyramidal neurons. For example, whereas human BA4 tissue
homogenates show significant decreases in GABRD and ATP2B2 mRNAs, the present
experiments demonstrate that layer 5 pyramidal neurons in BA4 do not harbor these
changes. Thus, additional anatomical and molecular studies to clarify transcriptional
perturbations in other cortical cell types are warranted

HD-Related Transcriptional Dysregulation in Corticostriatal Neurons
Changes in gene expression shared by R6/2 layer 5 pyramidal cells and human HD BA4
likely represent early, relevant molecular events in HD pathogenesis. The distribution of
mRNA changes (i.e. 3 times more decreases than increases) is in accordance with previous
microarray results from other neurons of R6/2 mice and from LCM samples of human HD
grade 1 brains (17,49).

Using LCM, we were able to identify cortical mRNAs that show enriched expression in
layer 5 pyramidal neurons (Table 2). As expected, the expression of most layer 5 enriched
genes did not change in HD-affected neurons; however, CNTN 1 was both enriched in layer
5 and downregulated in human corticostriatal cells (Fig. 2). Contactin 1, an axonal
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glycoprotein belonging to the immunoglobulin family of cell adhesion molecules, was
enriched in layer 5 cortical neurons, which is in line with data from an in situ hybridization
histochemical study that showed expression of this molecule in layers 2, 3 and 5. It is
thought to play an important role in axonal pathfinding in development and its plasma
membrane signal transduction activity has been shown to govern the formation and
maintenance of synapses (40,57). Therefore, we postulate that downregulation of CNTN1 in
human HD BA4 cortex (to 44.4 % of control levels) could contribute to the destabilization
of corticostriatal connections.

Although there are biochemical data to suggest that the general transcriptional machinery is
affected by mutant huntingtin, the discrete subpopulations of neuronal RNAs affected in
model systems suggests a more specific mechanism or set of mechanisms. We observed
aberrant expression of RNAs encoding known huntingtin-interacting transcriptional
regulators. Specifically, NCoR1, and REST corepressor 3 are upregulated in R6/2 cortical
neurons, as well as sin3b, another co-regulator that can be present in either NCoR or REST
complexes. Whereas increased transcriptional repression by these factors has been
previously attributed to direct interactions with mt htt (58), our data raise the possibility that
increased expression levels of these factors contribute to a change in their activities.
However, the extent to which these expression changes have functional relevance to primary
or secondary disease events remains to be determined.

Regional Differences in Human HD Cortex
To assess the potential impacts of gene expression changes on both motor and cognitive
dysfunction, we examined both BA4 (primary motor cortex) and BA9 (prefrontal
association cortex). As expected, cortical neurons from BA4 revealed transcriptomic
dysregulation whereas layer 5 neurons from BA9 showed no significant changes in gene
expression, although there was a trend towards downregulation for some mRNAs (Fig. 2).
This is in accordance with a parallel microarray analysis of HD brain in which BA4 but not
BA9 exhibited significant changes in mRNA levels (17). It is also in agreement with the
findings functional MRI-based volumetric regional thinning in BA4 of HD gene carriers (5).

Decreased Levels of lin7b as a New Potential Mechanism of Corticostriatal Dysfunction in
HD

Neurons are highly polarized cells with intricate functional specifications of presynaptic
axons and postsynaptic dendrites (59); specialized polarity proteins participate in axon
formation, growth and synaptogenesis, in part through signaling to the actin and microtubule
cytoskeletons. The 3 members of the mammalian lin7 family of proteins comprise PDZ
domain-containing scaffolding proteins that have also been previously shown to couple cell
adhesion to intercellular signaling (51,60). Mice harboring null mutations of all 3 lin7
isoforms die perinatally with respiratory problems and deficient synaptic transmission (61).
Our data reveal enrichment of lin7b in layer 5 pyramidal neurons and show that it is
downregulated in both R6/2 mice and in human HD layer 5 neurons. Based on the R6/2
mouse results, it also seems possible that Lin7a expression may be decreased in HD brain.
Reduced levels of either Lin7b or Lin7a might disrupt normal neuronal connectivity and/or
plasticity, either within the cerebral cortex or between the cortex and the basal ganglia.
Therefore we hypothesize that decreased Lin7 levels contribute to functional deficits in HD
brain an issue warranting further assessment in future studies.

The present data add to the growing body of molecular and functional evidence that
corticostriatal communication is abnormal in the HD brain. A recent electrophysiological
study also revealed progressive derailment of long-term depression and short term plasticity
of corticostriatal neurons at perirhinal synapses in HD mice (62). Likewise, Golgi stains of
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human HD brain sections reveal marked recurving of dendritic branches in striatal medium
spiny neurons together with altered dendritic spine density, consistent with decreased
structural or signaling plasticity (63). Still other recent evidence for deficits of BDNF
synthesis and transport along the corticostriatal axons (64) provides an additional candidate
mechanism underlying decreased corticostriatal connectivity. Thus, further investigation is
warranted to determine to what extent the loss of lin7b, lin7a, or contactin 1 or other
etiologic events might account for decreased communication between the cortex and the
basal ganglia in HD.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Visualization of murine and human deep layer cortical neurons for laser capture
microdissection (LCM). (A–D) Sections from cortex of 12-week-old R6/2 mice show the 6
cortical layers (A), neurons chosen for dissection (B), the section after LCM (C) and the
harvested neurons attached to a thermoplastic film (D). (E–H) Cortex from grade 2
Huntington disease show a layer 5,6 in a coronal section (E), layer 5 neurons selected for
LCM (F), the section after LCM (G) and harvested cortical perikarya (H). All are stained
with methylene blue. Bar = 250 µm.
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Figure 2.
Quantitative PCR analysis of mRNA expression levels in layer 5 cortical neurons in
Huntington disease (HD) (n = 9) vs. control (n = 8) samples. Bar graphs show relative
expression measures (i.e. number × 10 −6) normalized to 28S rRNA. White bar: control
cortex BA4, black bar: HD cortex BA4, diagonally striped bar: control cortex BA9, dark
grey bar: HD cortex BA9. Each sample was run in triplicate. Error bars = SEM; *p < 0.05:
n.s. = not significant. (A) lin7b was decreased to 47.8% in HD BA4 vs. control BA4 (p <
0.01). lin7b did not differ between HD and control BA9 (n.s.). Contactin 1 mRNA in deep
layer cortical neurons of BA 4 was decreased to 44.4% in HD vs. control (p < 0.02); there is
no difference in BA9 (n.s.). (B) mRNA expression that is not significantly changed in
human HD cortical layer 5 neurons. SYNCRIP shows a trend to a decrease in HD cortex that
is not significant in either BA4 (p > 0.05) or BA9 (p > 0.5). VAMP1 does not show an HD-
related change in either region (p > 0.2; p > 0.5). ATP2B2 also is not significantly different
between HD and control (p > 0.1; p > 0.2). Additional mRNAs were assayed in BA4 layer 5
neurons but did not show an appreciable difference in HD versus controls (not shown).
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Figure 3.
lin7 protein is decreased in R6/2 transgenic mice. (A) Cortical homogenates from wild type
(WT) and R6/2 mice were analyzed by Western blot with a pan-lin7 antibody and a Fyn
kinase antibody as a loading control. There are 2 bands of immunoreactivity corresponding
to apparent molecular weights of 21–27 kDa. (B) Densitometric analysis of lin7 protein
levels from the blot shown in A, expressed as mean ± SEM percent abundance in R6/2 and
control (100%) mice. Light grey and dark grey bars, WT; black and diagonally striped bars,
R6/2. Error bars = SEM. The values for both bands in R6/2 mice are significantly different
from the WT (p < 0.05; n = 6).
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Figure 4.
Decreased lin7 protein in R6/2 mouse brain. (A) Graph showing the intensity of Lin7b
staining in layer 5 pyramidal neurons of the motor cortex in R6/2 mice vs. wild type (WT)
mice. There is an average reduction of 12% in the R6/2 mice. (B) Lin7b immunostaining in
layer 5 motor cortex pyramidal neurons (arrows) in WT and R6/2 mice. (C) Graph showing
the intensity of Lin7b staining in fiber tracts in striatum of WT and R6/2 mice, with an
average reduction of 17% in the R6/2 mice. (D) Lin7b immunostaining in striata of WT and
R6/2 mice. Asterisks indicate significant differences (p < 0.05) by Student t-test (A, C).
Photomicrograph magnification = 20×; bar = 100 µm (B, D).
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Figure 5.
Lin7b protein is decreased in Huntington disease (HD) brain. (A) Graph showing the
intensity of Lin7b staining in somata and neuropil of layer 5 in BA4 (primary motor cortex)
in 3 HD cases vs. 4 controls. There is a non-significant trend in average reduction of 53% in
the HD cases (p < 0.07). (B) Graph showing Lin7b staining intensity in the BA4 layer 5
pyramidal neuron somata in 3 HD cases vs. 4 controls. There is an average reduction of 20%
in the HD cases. *p < 0.05. by Student t-test. (C) Low- and high-magnification images of
Lin7b immunostaining in control and HD BA4 cortex (left) bar = 500 µm, and BA4 layer 5
pyramidal neurons (right), bar = 40 µm.
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Figure 6.
Time course of Lin7 RNA changes in R6/2 mice. Lin7b RNA levels are significantly
decreased in R6/2 mice at 6, 8, and 10 weeks of age (top panel). Lin7a RNA levels in R6/2
mice show a trend towards a decrease at 4 weeks of age and are significantly decreased at 6,
8, and 10 weeks of age (middle panel). Lin7c RNA levels are maintained in R6/2 mice at 4,
6, and 10 weeks of age, with a transient increase at 8 weeks (bottom panel). Quantitative
PCR expression measures are presented as quotients of R6/2 vs. wild type (WT) values X
100 (% control) ± SEM (same scale). Samples comprised cortical RNA extracts from 4 WT
and 4 R6/2 mice at 4 weeks, 12 WT and 12 R6/2 mice at 6 weeks, 8 WT and 8 R6/2 mice at
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8 weeks, 7 WT and 7 R6/2 mice at 10 weeks. Asterisks represent statistical significance of p
< 0.05 by 2-tailed Student t test.
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Figure 7.
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