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Abstract
Neurofibrillary tangles comprised of the microtubule-associated protein tau are pathological
features of Alzheimer's disease and several other neurodegenerative diseases, such as progressive
supranuclear palsy. We previously overexpressed tau in the substantia nigra of rats and mimicked
some of the neurodegenerative sequelae that occur in humans such as tangle formation, loss of
dopamine neurons, and microgliosis. To study molecular changes involved in the tau-induced
disease state, we used DNA microarrays at an early stage of the disease process. A range of adeno-
associated virus (AAV9) vector doses for tau were injected in groups of rats with a survival
interval of two weeks. Specific decreases in messages for dopamine related genes validated the
technique with respect to the dopaminergic cell loss observed. Of the mRNAs upregulated, there
was a dose-dependent effect on multiple genes involved in immune response such as chemokines,
interferon-inducible genes and leukocyte markers, only in the tau vector groups and not in dose-
matched controls of either transgene-less empty vector or control green fluorescent protein vector.
Histological staining for dopamine neurons and microglia matched the loss of dopaminergic
markers and upregulation of immune response mRNAs in the microarray data, respectively. RT-
PCR for selected markers confirmed the microarray results, with similar changes found by either
technique. The mRNA data correlate well with previous findings, and underscore microgliosis and
immune response in the degenerative process following tau overexpression.
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Introduction
A number of neurodegenerative diseases are characterized by microtubule-associated protein
tau pathology, or tauopathy, such as Alzheimer's disease (AD), frontotemporal dementia and
parkinsonism linked to chromosome 17 (FTDP-17), progressive supranuclear palsy (PSP),
and corticobasal degeneration (CBD). There are a range of clinical symptoms across the
tauopathy diseases including dementia, changes in personality, parkinsonism, aphasia and
speech apraxia, and signs of bulbar degeneration (Kumar-Singh & Van Broeckhoven, 2007;
Ludolph et al., 2009). While neurofibrillary tangles are an end stage, post-mortem marker,
the earlier stage neuropathology and dysfunction of tau may initially trigger the degenerative
process. Disruption in tau's dynamic phosphorylation-dependent interaction with
microtubules, leading to hyperphosphorylated tau and small oligomer formation, may
destine the neuron to tangles and death later on (Buée et al., 2000; Golde, 2006; Gendron
and Petrucelli, 2009 for review). We viewed mRNA changes at an early stage in tau-induced
neurodegeneration in a rat model to make hypotheses about early events in tau's
neurodegenerative mechanism, before all the neurons are lost, in hopes of speculating a
preventative strategy.

Delivery of the human tau gene directly to the rat substantia nigra (SN) yields a range of
neuronal loss that is time- and dose-dependent, and regulated by the animal's age and the
efficiency of gene transfer (Klein et al., 2008; 2009). The SN is relevant for diseases
involving tau pathology and neurofibrillary tangles where there is degeneration of the
pigmented dopamine neurons and the potential for parkinsonism, such as PSP (Poorkaj et
al., 2002), FTDP-17 (Mirra et al., 1999), and CBD (Wakabayashi et al., 1994; Di Maria et
al., 2000). Tauopathy is also prevalent in the SN in AD (Schneider et al., 2002). The SN in
the rat is small and therefore provides a facile index for loss of a specific neuronal
population. The tau overexpression in rats with the adeno-associated virus (AAV) vector
produces mature neurofibrillary tangles viewed by electron microscopy or Gallyas staining
(Klein et al., 2005), although the number of confirmed neurons with tangles is small relative
to the number of neurons expressing hyperphosphorylated tau, or the number of
dopaminergic neurons that are lost. Since the hyperphosphorylated tau expression (i.e., pre-
tangle pathology) matches better with degree of the neuronal loss, the rat model is a good
way to study neuron loss induced by early stage tau pathology. With control over tau vector
expression onset, a gradient of intensity of the tau disease state can be produced to mimic
either early or later stages.

Here, we inspected an early time in the tau vector induced disease state for mRNA profiles.
We tested for differences between a tau group and a control green fluorescent protein (GFP)
group, and also compared changes at three tau vector doses. Other controls included sham
vehicle and empty vector to attribute message changes specifically due to tau
overexpression, and hopefully enrich our knowledge about the tau disease process.
Histological analysis after tau gene transfer to the SN of either young or aged rats (Klein et
al., 2009) suggested that microgliosis was an early and possibly causative event in the
ensuing loss of dopaminergic neurons. Both microgliosis and neuron loss were augmented in
aged rats, with the peak microgliosis preceding the peak cell loss. The microgliosis in the rat
model could be relevant to microgliosis in tau diseases such as PSP (Ishizawa et al., 2000);
its early occurrence in the degenerative sequence is consistent with tau transgenic mice
where tangles formed after microgliosis (Yoshiyama et al., 2007). We therefore
hypothesized that mRNAs for markers of microgliosis and inflammation, such as pro-
inflammatory cytokines and their receptors, would be specifically elevated by tau at an early
stage of the disease state, and that mRNAs for dopaminergic markers would be lost in a tau
vector dose-dependent manner.
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Materials and Methods
Vectors and injections

AAV9 vectors for human wild type tau including exons 2, 3 and 10 (the longest form of
tau), GFP control, or empty control with no transgene, were prepared as described (Klein et
al., 2009). The expression cassette included AAV2 terminal repeats, the cytomegalovirus/
chicken beta-actin promoter, and a polyadenylation sequence. The AAV purification method
involved transfecting 293-T cells, harvesting and lysing the cells 3 days later, running an
iodixanol gradient, washing and concentrating on filter units, sterilizing through a syringe
tip, aliquoting, and freezing (Klein et al., 2009). The AAV9s were dose matched by diluting
with lactated ringer's buffer, the vehicle solution. Preps were titered for vector genomes
(vg)/ml by a dot-blot method. Samples from each prep were directly loaded on protein gels
and immunoblotted with an AAV capsid monoclonal antibody B1 from Meridian (Saco,
ME; 1:750), to confirm the dot-blots and ensure equal dosing.

Male Sprague-Dawley rats (3 months of age, from Harlan, Indianapolis, IN) were
anesthetized intramuscularly with a 1 ml/kg cocktail containing 3 ml xylazine (20 mg/ml,
from Butler, Columbus, OH), 3 ml ketamine (100 mg/ml, from Fort Dodge Animal Health,
Fort Dodge, IA), and 1 ml acepromazine (10 mg/ml, from Boehringer Ingelheim, St. Joseph,
MO). Virus (3 μl) was injected with a 27-gauge cannula connected via 26-gauge
polyethylene tubing to a 10 ul Hamilton syringe mounted to a microinjection pump (CMA/
Microdialysis, North Chelmsford, MA) at a rate of 0.25 μl/min on one side of the brain.
Stereotaxic coordinates for the SN were 5.3 P, 2.1 L, and 7.6 V (Paxinos and Watson, 1998).
The needle remained there for an additional minute before being slowly withdrawn from the
animal (over 2 min). The skin was then sutured and the animal placed on heating pads until
conscious before being returned to its cage. All procedures were done in accordance with
our institutional ACUC and the NIH Guide for Care and Use of Laboratory Animals.

Treatment groups, dosing, and comparisons
There were three vector groups, tau, GFP, empty, and a sham vehicle injection group, with
five rats per groups. Tau or GFP were applied at two equal doses 2.4 × 109 and 1.2 × 1010

vg, and the empty vector was applied at the 1.2 ×1010 vg dose. The tau vector was also used
at a higher dose, 3.6 × 1010 vg; this group had only four rats. We attempted to pinpoint an
early stage in the disease process with low to mid range doses of the tau vectors and an
interval of 2 weeks. We chose the lowest tau vector dose to produce a baseline of expression
without lesion, based on previous doses (Klein et al., 2009). At the higher doses of the tau
vector, we targeted stronger lesioning effects. Another study with AAV9 tau showed that
losses in striatal dopamine content begin to occur by 2 weeks (Klein et al., 2008). By
studying a 15-fold range of tau vector doses at 2 weeks, we aimed to generate mild to mid
level disease states.

We were most interested in comparing tau versus GFP at the mid dose (1.2 × 1010 vg), with
the tau, but not the GFP, vector causing a partial dopaminergic lesion. The low dose of
either tau or GFP (2.4 × 109 vg) was not expected to cause as many changes either
histologically or by microarray, and served as a baseline. While GFP controls for the
purpose of expressing a foreign transgene other than tau, an empty vector could avoid GFP-
specific effects, so we also analyzed tau versus empty at the mid dose. Next, we looked for
dose-dependent effects, comparing the 3 doses of tau against the vehicle solution. Other
comparisons were of interest, such as GFP versus empty (GFP effects), and empty versus
vehicle (AAV effects).

The tau expression and effects on dopaminergic markers and microglia were viewed in sister
animals (2 per group), using described immunohistochemistry methods (Klein et al., 2009).
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We monitored markers for dopaminergic neurons (tyrosine hydroxylase, TH; Pel-Freez,
Rogers, AR, 1:2000), human tau (E1, provided by Leonard Petrucelli, Mayo Clinic,
Jacksonville, FL, 1:2000), and hyperphosphorylated tau (CP13, provided by Peter Davies,
Albert Einstein College of Medicine, New York, NY, 1:2000) in sister animals at 2 weeks,
and for microglia (Cd11b, Chemicon, Temecula, CA, 1:1000) and astroglia (glial fibrillary
acidic protein, GFAP, Chemicon, 1:1000) over a 14 day time-course (1, 3, 7, 14 days).
Because microgliosis appears to be an early and therefore perhaps causative phenomenon in
the tau vector induced disease state, which we predicted to be evidenced in mRNA profiles,
we viewed immunoreactivity for microglia at intervals preceding the microarray in tau
vector and control rats.

Microarray and statistics
Two weeks after gene transfer, the SN was dissected with the aid of a brain block and
biopsy punch (both from World Precision Instruments, Sarasota, FL) and stored in 1 ml of
RNAlater (Ambion, Austin, TX) overnight at 4°C. Tissue was homogenized in 1 ml RNA
STAT-60 (Tel-Test Inc, Friendswood, TX). RNA was extracted with chloroform/
isopropanol, washed with ethanol, and dissolved in RNase-free water (Ambion). RNA was
then further purified using the RNeasy MinElute Cleanup Kit (Qiagen, Valencia, CA) and
stored at -80°C.

RNA concentration was measured using a spectrophotometer while integrity was assessed
by electrophoresis on the Agilent 2100 Bioanalyzer (Agilent Technologies, Palo Alto, CA).
Double-stranded cDNA was synthesized from approximately 7 μg total RNA using a
Superscript cDNA Synthesis Kit (Invitrogen, Carlsbad, CA) in combination with a T7-
(dT)24 primer. Biotinylated cRNA was transcribed in vitro using the GeneChip IVT
Labeling Kit (Affymetrix, Santa Clara, CA) and purified using the GeneChip Sample
Cleanup Module (Affymetrix). Purified cRNA (20 μg) was incubated in fragmentation
buffer (200 mM Tris-acetate, pH 8.1, 500 mM potassium acetate, 150 mM magnesium
acetate) at 94°C for 35 minutes and chilled on ice. Fragmented biotin-labeled cRNA (10 μg)
was hybridized to the Rat Genome 230 2.0 Array (Affymetrix), interrogating 31,099 rat
genes. Arrays were incubated for 16 hr at 45°C with constant rotation (60 rpm), washed and
then stained for 10 min at 25°C with 10 μg/ml streptavidin-R phycoerythrin (Vector
Laboratories, Burlingame, CA) followed by 3 μg/ml biotinylated goat anti-streptavidin
antibody (Vector Laboratories) for 10 minutes at 25°C. Arrays were scanned using an
Affymetrix GeneChip Scanner 3000 7G. Pixel intensities were measured, expression signals
were analyzed and features extracted, mined, and exported using the manufacturer's software
packages.

Arrays were globally scaled to a target intensity value of 2500 in order to compare
individual experiments. Whether each mRNA was present in each sample, as well as the
direction of change, and fold change of gene expressions between samples were determined
by the software. Statistical analyses were performed with GeneSifter™ software
(http://www.genesifter.net). Individual pairs of dose-matched groups were compared by
student t-tests with Benjamini and Hochberg correction for multiple comparisons.

RT-PCR
RT-PCR was performed using the Taqman Universal PCR Master Mix with the 7900HT
Real-Time PCR System (Applied Biosystems, Foster City, CA) to confirm microarray
results. cDNA was transcribed from 1 ug of RNA using the iScript cDNA Synthesis Kit
(Invitrogen, Carlsbad, CA) and stored at -20°C. Cycling parameters were 50°C for 2
minutes, 95°C for 10 minutes, and 40 cycles of 95°C for 15 seconds then 60°C for 1 minute.
Reactions were run in triplicate in a 96-well fast optical plate (Applied Biosystems) and
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contained 20 ng of cDNA along with 1 μl of 20× primer/probe from the Taqman Gene
Expression Assays (Applied Biosystems) for each gene probed. These included: interleukin
1-beta (IL1B; Catalog number Rn00580432_m1), tumor necrosis factor (TNF;
Rn99999017_m1), RT1 class II locus Db1 (RT1-Db1; Rn01429350_m1), solute carrier
family 6 (neurotransmitter transporter, dopamine) member 3 (SLC6A3; Rn00562224_m1),
and TH (Rn00562500_m1). Glyceraldehyde 3-phosphate dehydrogenase (GAPDH;
Rn99999916_s1) was used as a housekeeping gene. Primer/probe pairs were purchased from
Applied Biosystems. Ct (cycle threshold) values were generated by the software, and
represent the cycle time it takes for the fluorescence to reach a designated threshold (up the
linear portion of the sigmoidal PCR amplification); the more starting mRNA for that specific
probe there is, the lower the Ct value. Data for each specific target is represented as ΔCt, the
Ct value of the housekeeping gene GAPDH minus that of the specific target. Thus, while all
ΔCt values are negative due to the relatively large amount of GAPDH mRNA (low Ct value)
compared to the target mRNAs (higher Ct value), an increase in the ΔCt in treated groups
signifies an increase in target mRNA amount.

Results
Quality control for viral protein

We compared amounts of viral capsid proteins in the preps to confirm equal dosing based on
dot-blot titers of encapsidated DNA. Each AAV showed bands of consistent size (60-90
kDa) and stoichiometry (1:1:20) for VP1, VP2, and VP3 proteins. The B1 antibody detected
the empty vector, AAV9 GFP, and AAV9 tau equally well, and different doses of each
vector stained at different intensities accordingly (Fig. 1). The dot-blot titers for vector DNA
matched well for levels of capsid proteins (equal vector genome comparisons in consecutive
lanes on the right side of Fig. 1). There were lower molecular weight bands, which we
assume to be degradation products, in all of the preps.

mRNA profiles after tau or GFP gene transfer
To identify differentially expressed messages in the SN of rats overexpressing tau, we used
Affymetrix rat genome microarray chips to probe changes in 31,099 different mRNAs or
expressed sequence tags. The groups (n=5) were set up as follows: lactated ringers vehicle,
empty transgene-less AAV9 (1.2 × 1010 vector genomes), and 2 groups of dose-matched
AAV9 GFP or AAV9 tau (2.4 × 109 or 1.2 × 1010 vector genomes). A third dose of AAV9
tau (3.6 × 1010 vector genomes) was also studied (n=4). A two week time-point was chosen
to reflect changes occurring early in the neurodegenerative process, before maximal loss of
neurons occur. Overexpression of tau or GFP did not change the overall number of messages
detected in the rat SN relative to all of the probes present on the array, as approximately
55-60% of the total array were detected in each group (not shown). Direct comparisons
between selected groups were made using the student's t-test with Benjamini and Hochberg
correction. Differences in expression of at least 2-fold in either direction with P value < 0.05
were treated as significant.

We probed for potential effects specific to the virus or the GFP using several controls
(vehicle injections, empty AAV9 and AAV9 GFP). Comparing vehicle to the empty AAV9
vector, only 24 messages were affected (10 mapped to known genes), with upregulation of
11 and downregulation of 13, the greatest effect a 3.35 fold decrease (osteoglycin, a bone
associated glycoprotein). No increases in messages related to immune response were seen.
AAV9 GFP, when compared to the empty vector at an equal dose of 1.2 × 1010 vg, produced
more changes: 228 messages changed (142 mapped to identified genes), upregulating 80 and
downregulating 148, with the greatest effect a 31.85 upregulation of forkhead box g1
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(Foxg1), a transcription factor involved in brain development (Martynoga et al., 2005). The
data suggest more changes due to GFP than the AAV9 under these conditions.

At the lowest dose of tau and GFP vectors (2.4 × 109 vg), tau produced few effects
compared to GFP. Only 10 messages (5 mapped to identified genes) were altered when
compared to AAV9 GFP, with 5 being upregulated and 5 downregulated and the largest
change a 3.46 fold decrease. The identified messages and change in the tau group relative to
GFP were as follows: killer cell lectin-like receptor, subfamily D, member 1, down 3.46-
fold; discoidin domain receptor tyrosine kinase 2, down 2.57-fold; budding uninhibited by
benzimidazoles 1 homolog, down 2.29-fold; forkhead box S1, up 2.44-fold; and
spermatogenesis associated 2-like, up 2.22-fold. Message changes seen at this lowest dose
were dissimilar from those at the higher doses, perhaps consistent with a lack of lesioning
effect from the lowest dose of tau.

The middle dose of AAV9 tau was compared to AAV9 GFP (1.2 ×1010 vg). Compared to
GFP, the middle dose of tau vector resulted in 299 message changes (166 mapped to known
genes), with the majority of them (216) upregulated. The top 50 changes based on intensity
are listed in Table 1, with the cutoff being a 2.73-fold change. The list is completed for all
significant changes over 2-fold in Supplemental Table 1. Of the 166 message changes
mapped to known genes, 47/166 (28.3%) were genes involved in immune response,
including the most affected message, a 16.05-fold upregulation in chemokine (C-X-C motif)
ligand 10 (Cxcl10), involved in T-cell generation and trafficking (Dufour et al., 2002). Forty
four of the forty seven immune related messages were upregulated, signifying a pro-
inflammatory response to tau. Other messages increased by tau were comprised of
transcription factors (16/166, 9.6%) such as activating transcription factor 3 (Atf3) involved
in neuronal stress response and survival (Song et al., 2008), cytoskeletal proteins (14/166,
8.4%) such as the microtubule subunits beta 4 and beta 6 tubulin (Tubb4, Tubb6), cell cycle
regulation (8/166, 4.8%) such as the cell cycle inhibitor cyclin-dependent kinase inhibitor
1A (Cdkn1a, also known as p21; Delobel et al., 2006), and protein degradation (6/166,
3.6%) such as ubiquitin conjugating enzymes E2L 6 and E2N (Ube2l6, Ube2n) and
proteasome subunit beta 9 (Psmb9; Oddo, 2008 for review). Decreased messages were
comprised of synaptic proteins (5/166, 3%) such as alpha-synuclein (Snca) and
synaptotagmin I (Syt1), receptors (3/166, 1.8%) such as cholinergic receptors, nicotinic,
alpha 5&6 (Chrna5, Chrna6), and transporters (3/166, 1.8%) such as solute carrier family 6
(neurotransmitter transporter, dopamine) member 3 (Slc6a3, also known as dopamine
transporter, or DAT). Markers of dopaminergic neurons, such as tyrosine hydroxylase (TH)
and dopa decarboxylase (Ddc), were hypothesized to decrease due to tau, but did not show
up in the comparison against GFP. AAV9 tau only decreased these mRNAs 1.51 and 1.77-
fold, respectively when compared to AAV9 GFP. One of the messages for cytoskeletal
proteins was for endogenous rat tau, which was increased in the tau group compared to GFP
by 2.30-fold. Based on the hybridization probes used in the microarray, we are confident
that the increase did not incorporate the recombinant human tau mRNA from the vector. We
therefore re-examined the data and found a 1.89-fold decrease in rat tau in the GFP group
relative to the empty vector (P < 0.05), which likely explains the lowered rat tau message in
the GFP group compared to the tau group, and indicates a specific side effect of the GFP.

AAV9 tau was also compared to a dose-matched, transgene-less empty AAV9 vector.
AAV9 tau produced fewer changes here than when compared to the AAV9 GFP group.
AAV9 tau produced 137 changes (90 mapped to known genes), and similarly, the majority
were upregulated (115). The top 50 changes based on intensity are listed in Table 2, with the
cutoff being a 2.36-fold change. The list is completed for all significant changes over 2-fold
in Supplemental Table 2. Of the 90 messages, again the majority were increases in messages
involved in immune response, accounting for 54/90 (60%) of total changes, including the
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biggest change, a 16.3-fold upregulation in antigen presentation molecule RT1-Aw2
(Rolstad et al., 1997 for review). Other messages increased by tau were similar to changes
seen when compared to GFP, and fell into cell cycle regulation (8/90, 8.9%) such as p21,
protein degradation (4/90, 4.4%) such as ubiquitin-conjugating enzyme E2L 6 (Ube2l6) and
proteasome subunits beta type 8 & 9 (Psmb8, Psmb9), and protein chaperones (3/90, 3.3%)
such as heat shock protein 1 (Hspb1, also known as Hsp27). Messages decreased by tau
were either transporters (6/90, 6.7%) such as DAT and solute carrier family 18 (vesicular
monoamine), member 2 (Slc18a2, also known as vesicular monoamine transporter 2, or
VMAT2), receptors (3/90, 3.3%) such as the alpha-5 nicotinic cholinergic receptor and
dopamine receptor 2 (Drd2), or dopamine synthesis enzymes (2/90, 2.2%) such as TH and
Ddc. These changes are likely due to loss of neurons in the SN due to tau, and validate the
ability of AAV9 tau to produce a robust neuronal lesion. The overlap of tau's patterns
relative to either GFP or empty vector support the argument that these are tau-specific
changes. The significant changes in mRNAs for currently unnamed gene products are listed
in Supplemental Table 3 for comparisons of the middle dose of AAV9 tau to either the
middle dose AAV9 GFP or the AAV9 empty.

Dose-effects of AAV9 tau were examined across three doses spanning a 15-fold range and
compared to vehicle injections. The lowest dose of AAV9 tau (2.4 × 109 vector genomes)
had a modest effect, producing changes in 48 messages (22 mapped to identified genes),
with the largest change a 4.14 fold decrease. On the other end, the highest dose (3.6 × 1010

vector genomes) had large effects, producing changes in 1679 messages, with the largest
being a 131.84-fold increase. The messages that were affected by both the mid dose and
high dose of AAV9 tau are listed in Table 3. There was no overlap in messages affected by
the low dose and either the middle or high dose, with 45 specific messages affected by both
the middle and high doses of tau (Table 3). Of those affected at both doses, 27 (60%) were
involved in an immune response, and all were increased by tau. Other messages dose-
dependently increased by tau include the microtubule components Tubb6, kinesin family
member 20B (Kif20b), and kinesin family member 22 (Kif22; Mandelkow et al., 1995 for
review), and the ubiquitin system enzymes Ube2l6 and a potential ubiquitin ligase (Herc6;
Hochrainer et al., 2005). Messages decreased by both tau vector doses compared to vehicle
include dopamine synthesis enzymes TH and Ddc, transporters DAT and VMAT2, and the
alpha-6 nicotinic cholinergic receptor.

RT-PCR validated selected mRNAs from the microarray results. Primer/probe pairs were
purchased for TH, DAT, and RT1-Db (antigen presentation molecule; Ettinger et al., 2004),
as well as for pro-inflammatory cytokines interleukin 1 beta (IL-1β) and tumor necrosis
factor-alpha (TNF), with glyceraldehyde 3-phosphate dehydrogenase (GAPDH) as the
housekeeping gene. The groups examined were the vehicle control, the middle and high
dose of AAV9 tau, and empty vector. There were no changes seen between the vehicle and
the empty vector for any of the genes tested (data not shown). Fig. 2 shows mRNA levels
normalized to GAPDH for the empty vector and two doses of tau vector. The data were
analyzed by ANOVA/Bonferroni multiple comparisons (empty vector versus dose matched
tau or mid versus high dose tau). For each target mRNA analyzed by RT-PCR, there were
tau vector dose-dependent changes (P < 0.05-0.001), similar to the microarray results, with
the high dose tau vector decreasing levels of TH and DAT and increasing levels of RT1-Db,
IL-1B, and TNF.

Compared to mRNA changes reported to be caused by tau overexpression in tau transgenic
mice (Chen et al., 2004; Ho et al., 2001), we found more changes, and of greater amplitude,
in the course of two weeks of tau expression in rats. The genes reported from the tau
transgenic mice did not appear on our lists, although differences in a number of factors,
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including the time-course, the host species, the genotype of tau, and the brain region
collected could have contributed.

Concomitant dopaminergic neuronal loss and microgliosis
Histological analysis of transgene expression, and effects on dopamine neurons and glia
were performed with two subjects per group to mirror the microarray results at 2 weeks.
There was visible GFP expression from the lowest dose (2.4 × 109 vg) in the SN pars
compacta (Fig. 3A). Staining for the dopamine neuron marker TH in the substania nigra
(Fig. 3B) appeared normal relative to uninjected controls (not shown). Staining for the
microglial marker CD11b was limited to the needle track (Fig. 3C). With the middle dose
(1.2 × 1010 vg), there was more robust GFP expression in neurons and their processes (Fig.
3D) compared to the low dose (Fig. 3A). Similar to the low dose GFP, the middle dose did
not appear to alter TH staining in the SN (Fig. 3E) and microglial staining was limited to the
needle track (Fig. 3F).

To monitor tau expression, we used the CP13 antibody specific for hyperphosphorylated tau,
which provided a consistent subset of the staining for total human tau in this study and
previously (Klein et al., 2009). At the lowest dose, hyperphosphorylated tau expression was
detected in the SN (Fig. 3G), although TH immunoreactivity appeared to be unaffected (Fig.
3H) and microglial staining was limited to the needle track (Fig. 3I), as with the GFP vector
injections. With the middle dose of tau vector, there was robust expression of
hyperphosphorylated tau (Fig. 3J), with a blank area in the SN pars compacta, likely due to
neuronal loss in that area, consistent with earlier findings (Klein et al., 2005; Klein et al.,
2008; Klein et al., 2009). In terms of the transduction pattern, both the AAV9 GFP and
AAV9 tau vectors produced transgene expression that was more limited to the pars
compacta at the low dose and more widespread to the pars reticulata at the middle dose (pars
reticulata GFP expression is not evident in Fig. 3D due to the camera exposure time), with
no evidence of glial transduction, as found previously (Klein et al., 2008). The transduction
pattern was therefore similar for either vector. The middle dose of tau vector resulted in loss
of TH immunoreactivity in the SN (Fig 3K). The middle dose of tau vector induced
microgliosis, with elevated CD11b immunoreactivity away from the needle track in the SN
(Fig. 3L), in contrast to either dose of the GFP vector or the lower dose of tau vector. With
the highest dose of tau vector (3.6 × 1010 vg), the loss of TH staining was more complete
and the microgliosis even more pronounced (not shown). The dopaminergic cell loss and
microgliosis mirrored each other, as only the middle dose of tau vector resulted in loss of
TH immunoreactivity loss and increased microgliosis. Similar to the results with microglial
staining, the middle dose of tau also led to an increase in staining for astroglia in the SN at 2
weeks (not shown). We performed time-course studies for the microgliosis comparing the
middle dose of tau or GFP vectors with lactated ringer's vehicle injections at 1, 3, 7, and 14
days, and found pronounced microgliosis only at 14 days for the tau vector, with no signs of
microgliosis away from the needle track with the controls at any of the intervals tested (Fig.
S1). The microglial marker that we used, CD11b, is known as ITGAM (integrin alpha M) in
the rat, but curiously, changes in ITGAM mRNA were not as consistently robust as
observed with antibody detection of the protein. There was a greater level of ITGAM
message with highest dose of tau vector relative to the mid dose (2.92 fold, P = 0.003),
although when comparing the mid dose of tau to empty vector, there was only 1.60 fold
more with the tau vector (not significant). The fact that the CD11b immunohistochemistry
was noticeably elevated by the mid dose of tau vector at two weeks suggests either a greater
sensitivity of the antibody technique or the possibility of post-transcriptional regulation.
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Discussion
We studied gene transcript levels changed by human tau overexpression targeted to the rat
SN to address processes by which the microtubule-associated protein tau can be toxic to
neurons. Multiple groups, doses, and controls were studied. It was clear that the levels of
transcripts for a number of pro-inflammatory markers were elevated specifically in response
to tau, complementing the existing literature (Ishizawa et al., 2000; Yoshiyama et al., 2007;
Klein et al., 2009) implicating inflammation as an important component of tau induced
neurodegeneration. There were trends for tau vector dose-response in terms of tau
expression, microgliosis, and dopaminergic cell loss, as well as for specific pro-
inflammatory marker mRNAs in the microarray and RT-PCR (e.g., IL-1B and TNF). We
hypothesize that the transcript profile largely reflects the gliosis induced by tau which
peaked at two weeks when the RNA samples were collected, although both the tau
expression and the neuronal loss also increase over this period. We correctly predicted
specific message changes in dopaminergic neurons based on loss of neurons stained for TH
after tau gene transfer (Klein et al., 2009). The lowest dose of AAV9 tau did not cause
neuron loss or glial infiltration and served as a baseline, despite unequivocal tau expression.
The highest dose of tau created a more complete lesion of the SN and the greatest reductions
of dopaminergic mRNAs in the microarray. The tau vector dosing achieved baseline, partial,
and nearly complete lesioning based on TH immunoreactivity. The middle tau vector dose
decreased dopaminergic mRNAs, TH, Ddc, dopamine transporter (DAT), and the dopamine
2 receptor, and axon terminal loss was indicated by decreases for synaptic protein mRNAs
such as synaptotagmin and alpha-synuclein. However, the study could neither determine
changes that took place definitively in neurons versus glia, nor to directly attribute the
inflammatory markers to the tau expression, or the gliosis or the neuronal loss, that was
concomitantly caused by tau. More work would be needed to distinguish changes in neurons
versus glia (i.e., laser capture microdissection) and to discern the sequence relative to
injection, induction of expression, gliosis, and neuron loss.

With respect to the control vectors, the empty vector produced few changes compared to
vehicle controls, affecting only 10 messages mildly, and did not increase any inflammatory
markers. The AAV9 GFP produced more changes and of greater amplitude than the empty
vector, and changes occurred in a variety of pathway categories. The trend of lowered
endogenous rat tau mRNA could reflect neurotoxicity of the GFP, although TH
immunohistochemistry appeared to be unaffected in the GFP group.

For the middle dose of tau vector, there was upregulation in many mRNAs involved in
inflammation response relative to controls, including transcripts for leukocyte markers,
chemokines, cytokine receptors, complement components, and interferon-inducible proteins.
The control AAV9 injections of either the empty vector or the GFP vector to the SN of rats
did not produce gliosis; there were a total of two immune related mRNA changes in the GFP
group, and none in the empty vector group. We therefore believe that the changes in the
middle and high dose tau vector groups are tau-specific, and not due to the AAV or the GFP.
In terms of the potential relevance, gliosis and inflammation may occur at an early stage in
the pathogenesis of PSP (Ishizawa et al., 2000). In tau transgenic mice, microgliosis
precedes tangles and neuron loss (Yoshiyama et al., 2007), and in a tau transgenic rat model,
inflammatory markers co-localize with degenerating axons (Zilka et al., 2009), suggesting
that gliosis and inflammation may be underlying processes in tau neurofibrillary
degeneration. Our previous study suggested that microgliosis was an early event in the
progressing dopaminergic cell loss and motoric deficit, and was related to an augmented
disease state in aged rats relative to young (Klein et al., 2009). The previous results along
with the gliosis and upregulation of pro-inflammatory mRNAs in this study further implicate
gliosis to be a key part of tau's neurotoxic mechanism. Our data are consistent with several
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models studying the relationship of pro-inflammatory cytokines and tau pathology.
Treatment of cultured neurons with TNF, or co-culturing activated microglia, induced tau
aggregation in neurites (Gorlovoy et al., 2009). AAV-mediated overexpression of TNF in
transgenic AD mice resulted in greater neuronal loss relative to controls (Janelsins et al.,
2008). The anti-inflammatory drug minocycline reduced tau phosphorylation and insoluble
aggregates in tau transgenic mice (Noble et al., 2009).

Upregulation of several components of the ubiquitin-proteasome pathway (see Oddo, 2008
for review) occurred, possibly connected to a compensatory mechanism to clear excess tau.
These included the E2 conjugating enzymes Ube2n and Ube2l6, a potential E3 ligase Herc6,
and proteasome subunits Psmb8 and Psmb9 (Lmp2) in various comparisons of tau versus
controls. The proteasomal subunits Psmb8 and Psmb9 belong to the immunoproteasome
which replace catalytic subunits of the proteasome when cells are exposed to pro-
inflammatory cytokines IFN-gamma or TNF, and can accelerate the degradation of tau
(Cardozo and Michaud, 2002). The immunoproteasome (for which Lmp2 is a marker) was
reported to be upregulated in Alzheimer's and aged brains (Mishto et al., 2006). Another
change that could be related to clearing excess tau was increased heat shock protein 1
(Hsp27), which has potential relevance to tau function (Shimura et al., 2004) and pathology
(Sahara et al., 2007).

Aberrant cell-cycle re-entry has been hypothesized to contribute to tau neurodegeneration
(see Lee et al., 2009 for review). We observed upregulation of mRNA for p21, a cell cycle
inhibitor. In tau transgenic mice, p21 was found in the cytoplasm of neurons containing
inclusions made of hyperphosphorylated tau (Delobel et al., 2006). However, our study
could not distinguish whether the cell cycle mRNA changes occurred in tau transduced
neurons, or the glia.

The tau gene transfer lowered mRNAs for dopaminergic markers and increased mRNAs for
pro-inflammatory markers, which were validated by immunohistochemistry for TH or
microglia, respectively. We titrated expression levels and tau-induced lesioning of
dopaminergic neurons at an early time point of two weeks, which was concomitant with
specific dose-dependent message changes. The profiling efforts after tau gene transfer in rats
found gene expression changes that could be relevant to tau neurodegenerative diseases
(Wakabayashi et al., 1994; Mirra et al., 1999; Di Maria et al., 2000; Poorkaj et al., 2002;
Schneider et al., 2002), and one day lead to a specific gene product that could be rationally
targeted.

Supplementary Material
Refer to Web version on PubMed Central for supplementary material.
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Fig 1.
AAV capsid protein western blot. Each viral dose used in the study was loaded and probed
with an antibody against the AAV viral proteins VP1, VP2, and VP3 (indicated on right side
of panel; size markers in kDa on left side), to ensure equal viral particles for the microarray
study. Each matching dose of specific vectors had similar bands, and the intensity of the
bands matched with the vector genome amounts loaded.
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Fig 2.
RT-PCR validation of selected mRNAs from the microarray study: tyrosine hydroxylase
(TH), dopamine transporter (DAT), RT1-Db (involved in antigen presentation), interleukin
1β (IL 1B), tumor necrosis factor (TNF). The amount of each target mRNA was normalized
by subtracting the signal for a housekeeping mRNA (glyceraldehyde 3-phosphate
dehydrogenase, GAPDH) from an aliquot of the same sample. Data are shown for the dose
matching empty vector and tau groups (1.2 × 1010 vector genomes) and a higher dose of tau
vector (3.6 × 1010 vector genomes) with 3-4 animals per group. In all cases, there were
group differences by ANOVA with dose-dependent differences between the tau groups in
Bonferroni post-tests (TH, DAT, P < 0.05; RT1-Db, P < 0.01; IL-1β, TNF, P < 0.001). High
dose tau vector caused decreases in TH and DAT and increases in RT1-Db, IL-1B, and
TNF, although all of the data are expressed as negative values as a result of the high levels
of GAPDH.
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Fig 3.
Histological analyses two weeks after injections of AAV9 GFP or AAV9 tau to the
substantia nigra (SN). Results from the low and mid doses of the microarray study (2.4 ×
109 or 1.2 × 1010 vector genomes) are shown for each vector. (A-C) GFP epifluorescence,
TH immunoreactivity, and staining for the microglial marker Cd11b on adjacent sections
after low dose AAV9 GFP injection. TH staining was similar to the uninjected contralateral
side (not shown), and pronounced microglial staining was restricted to the needle track.
Labels for the SN pars compacta and pars reticulata are provided in A. (D-F) There was an
apparent dose-dependent increase in both the spread and intensity of GFP expression with
the higher dose, although both TH and Cd11b staining were similar at both doses of AAV9
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GFP. (G-I) Hyperphosphorylated tau immunoreactivity (CP13 antibody) after AAV9 tau
injection was found mainly in the SN pars compacta, and both TH and Cd11b staining
appeared similar to results with both doses of the GFP vector. (J-L) In contrast, the higher
dose of tau resulted in spread of hyperphosphorylated tau into the pars reticulata, but the
pars compacta was partially blank for tau staining, likely due to dopaminergic cell loss in
that area, consistent with reduced TH immunoreactivity in the SN. The microglial staining
pattern was distinct with the higher dose of tau, with clear microgliosis away from the
needle track in the SN. A higher dose of AAV9 tau (3.6 × 1010 vector genomes) resulted in
even more pronounced effects on TH and Cd11b (not shown). Camera settings for the
fluorescent images in A, D or C, F, I, L were kept equal. Bar in A = 134 μm.
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