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Local gene knockdown in the brain using
viral-mediated RNA interference

Jonathan D Hommel, Robert M Sears, Dan Georgescu, Diana L Simmons & Ralph J DiLeone

Conditional mutant techniques that allow spatial and temporal
control over gene expression can be used to create mice with
restricted genetic modifications. These mice serve as powerful
disease models in which gene function in adult tissues can be
specifically dissected. Current strategies for conditional
genetic manipulation are inefficient, however, and often lack
sufficient spatial control. Here we use viral-mediated RNA
interference (RNAI) to generate a specific knockdown of Th,
the gene encoding the dopamine synthesis enzyme tyrosine
hydroxylase, within midbrain neurons of adult mice. This
localized gene knockdown resulted in behavioral changes,
including a motor performance deficit and reduced response to
a psychostimulant. These results underscore the potential of
using viral-mediated RNAI for the rapid production and testing
of new genetic disease models. Similar strategies may be used
in other model species, and may ultimately find applications in
human gene therapy.

Animal models are essential for uncovering the molecular mecha-
nisms of disease, but the use of transgenic and knockout mice is
limited by developmental effects, genetic compensation and lack
of regional specificity. Genetic analysis of the mammalian brain
poses a particular challenge, as many genes are broadly expressed
and are likely to function in multiple neuronal circuits. The devel-
opment of efficient techniques and strategies for the generation of
conditional mutants is essential for gaining a better understanding
of gene function in the context of neuroanatomy.

Current approaches for generating conditional mutants depend
on the production of transgenic mice expressing recombinase pro-
teins in restricted regions!2. The isolation of specific regulatory
elements can be challenging?, however, and transgene insertion
sites often influence patterns of expression. It has thus been diffi-
cult to systematically generate transgenic lines expressing recom-
binase proteins in specified brain regions. We therefore sought to
develop an efficient strategy for modifying gene function in
defined regions of the adult brain.

The discovery of RNAi has revolutionized genetic studies in
Drosophila, Caenorhabditis elegans and mammalian cell culture. By
expressing double-stranded RNA, gene knockdowns can be effi-
ciently generated?, allowing large-scale screens for gene function to

be conducted™®. Restricted expression of double-stranded RNA has
been used to generate conditional gene knockdowns in
Drosophila”8, while small interfering RNA (siRNA) and short hair-
pin RNA (shRNA) have proven effective in reducing gene expres-
sion in cultured mammalian cells’~'!. RNAi has also been used to
knock down gene expression in the mouse liver!>!3, and evidence
exists for the knockdown of reporter genes in the mouse brain'3.

We sought to develop a strategy for removing endogenous genes
from specific neural circuits of the brain, allowing for the develop-
ment of more refined disease models. Because adeno-associated
virus (AAV) is known to maintain gene expression for long peri-
ods'* and to infect neurons efficiently!, we used it as the vector
for delivery and expression of shRNA. Using AAV, we targeted
tyrosine hydroxylase mRNA within neurons of the midbrain!®!7,
Tyrosine hydroxylase is a key enzyme for the production of
dopamine, a neurotransmitter important in a wide range of
behaviors, including food intake, addiction, and control of move-
ment!¥-20, Moreover, the degeneration of dopaminergic neurons
in the midbrain substantia nigra compacta is the primary cause of
Parkinson disease?!. By targeting specific sets of dopamine neu-
rons, we demonstrate the efficiency of viral-mediated RNAi in
reducing gene expression, and its potential for generating models
of disease.

RESULTS

Viral-mediated knockdown of Th

An AAV vector (Fig. 1a) was designed to express both enhanced
green fluorescent protein (EGFP), allowing for detection of
infected neurons, and a U6 promoter—driven shRNA!?. We gener-
ated two viruses expressing shRNAs (AAV-shTH1 and AAV-
shTH2), each of which targets a distinct sequence of Th, as well as
a control virus with a scrambled sequence (AAV-shSCR).
Stereotaxic injections were used to deliver the AAV-shTH1 virus
into one side, and AAV-shSCR into the other side, of the substantia
nigra compacta of 9-week-old C57BL/6]J mice. After 12 d, mice
were evaluated for expression of EGFP and tyrosine hydroxylase
by double immunofluorescence. We observed a substantial reduc-
tion in tyrosine hydroxylase staining in AAV-shTH1-infected cells
of the substantia nigra compacta, whereas cells infected with con-
trol virus showed normal tyrosine hydroxylase expression
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(Fig. 1b—g). Similar results were seen in experiments using AAV-
shTH2 in conjunction with two independent negative control
viruses (data not shown), confirming that the shRNAs were spe-
cific. The remaining experiments used the AAV-shTHI1 virus
(hereafter referred to as AAV-shTH). These data indicate that
AAV-mediated RNAI efficiently reduces endogenous gene expres-
sion in midbrain dopamine neurons.

Time-course analysis of Th knockdown

To assess the dynamics of RNAi-mediated tyrosine hydroxylase
reduction in detail, we monitored tyrosine hydroxylase levels
between days 6 and 19 after injection, by directly counting the
number of infected dopamine neurons with undetectable levels of
tyrosine hydroxylase. To count neurons, we used triple immunos-
taining for EGFP, tyrosine hydroxylase and dopa-decarboxylase
(DDC), a marker for dopamine neurons that is normally coex-
pressed in >95% of tyrosine hydroxylase neurons in the mouse
midbrain (data not shown). At early time points, we observed
coexpression of all three markers, indicating normal tyrosine
hydroxylase levels in infected neurons (Fig. 2a,b). This is consis-
tent with the onset of detectable AAV-mediated expression (days
4-6) and the estimated in vivo half-life ({172 h) of tyrosine hydrox-
ylase??. By day 12, however, we observed a marked decrease in
tyrosine hydroxylase expression in cells expressing both EGFP and
DDC, whereas control neurons infected with AAV-shSCR main-
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tained high levels of tyrosine hydroxylase at all time points ana-
lyzed (Fig. 2a,b). Quantitative analysis at day 19 showed a further
reduction in the number of infected, DDC-expressing neurons
that also expressed tyrosine hydroxylase (Fig. 2b). Finally, mice
analyzed 50 d after viral infection showed persistent EGFP expres-
sion and Th knockdown (Supplementary Fig. 1 online).

Quantitation of in vivo Th knockdown

We used quantitative RT-PCR to analyze RNA extracted from cells
of the ventral tegmental area (VTA), a dense region of midbrain
dopamine neurons. We used laser-capture microscopy to remove
AAV-shTH-infected VTA cells, which were identified for removal
by detection of EGFP. Real-time RT-PCR analysis revealed a sub-
stantial decrease in tyrosine hydroxylase mRNA in neurons
infected with AAV-shTH, compared with neurons infected with
control AAV-shSCR vector (Fig. 2c). We also assessed changes in
expression of DDC, dopamine D2 receptor (D2-R) and vacuolar
ATPase. DDC mRNA was modestly downregulated, whereas D2-R
and vacuolar ATPase levels were unchanged in the Th knockdown
neuron clusters (Fig. 2¢). However, DDC regulation was an order
of magnitude less than the knockdown of Th, and may reflect cel-
lular adjustments of DDC mRNA levels in response to the loss of
tyrosine hydroxylase function.

Effects of Th knockdown on overall tyrosine hydroxylase production
Injections into the midbrain showed an [800-[m anterior-poste-
rior spread of the virus, 2 weeks after infection. This resulted in
marked infection in a large portion of the substantia nigra com-
pacta (Fig. 3a). We also evaluated knockdown throughout the
entire VTA by measuring the overall decrease in tyrosine hydroxy-
lase mRNA. Laser microdissection was used to remove the VTA
regions infected with either AAV-shTH or AAV-shSCR. We sam-
pled six sections, spaced [J150 pm apart, covering the anterior to
the posterior extent of the VTA. Using real-time RT-PCR analysis,
we detected a 36% decrease in tyrosine hydroxylase mRNA
throughout the AAV-shTH-infected VTA (Fig. 3b).

Because tyrosine hydroxylase regulates dopamine production in
synaptic terminals, we assessed the consequences of midbrain AAV-
shTH infection on tyrosine hydroxylase levels in the forebrain.
First, stereotaxic injections were used to deliver AAV-shTH into
one side, and AAV-shSCR into the other side, of the VTA of 9-week-
old C57BL/6] mice. Two weeks later, the nucleus accumbens (a
forebrain target of VTA dopamine neurons) was removed from
either side and evaluated for tyrosine hydroxylase levels. A signifi-
cant (P < 0.05) reduction ([B0%) in tyrosine hydroxylase was seen
on the AAV-shTH-infected side, compared with the AAV-shSCR-
infected side (Fig. 4a,b). We took advantage of our EGFP label to
distinguish regions of the nucleus accumbens that were innervated

Figure 1 Viral-mediated RNAI reduces tyrosine hydroxylase in the substantia
nigra compacta. (a) Vector design to allow expression of a hairpin RNA that
mediates RNAI, as well as an EGFP reporter to mark infected neurons. CMV,
cytomegalovirus. (b,c) Fluorescent immunostaining for EGFP shows infected
neurons from a 9-week-old mouse, taken 12 d after stereotaxic injection of
AAV-shSCR on one side (b) and AAV-shTH on the other side (c) of the brain.
(d,e) Fluorescent immunostaining for tyrosine hydroxylase (TH) in the
substantia nigra compacta shows loss of tyrosine hydroxylase
immunoreactivity in neurons infected with AAV-shTH (e) but not those
infected with AAV-shSCR (d). (f,g) Merged image shows colocalization of
EGFP and tyrosine hydroxylase in AAV-shSCR-infected neurons (f) but not in
AAV-shTH-infected neurons (g). Magnification, x200.
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Figure 2 Time-course analysis of viral-mediated a
Th knockdown. Triple immunostaining for EGFP,
tyrosine hydroxylase and DDC was used to
characterize efficiency of Th knockdown. (a) No
knockdown was visible 6 d after injection, but
tyrosine hydroxylase was clearly lost from AAV-
shTH-infected dopamine neurons by 12 d after
injection. (b) Infected dopamine (DA) neurons
were scored for tyrosine hydroxylase (TH)
immunoreactivity (n = 2-4 per time point).

** P<0.01 by t-test. Magnification, x630.

(c) Quantitative RT-PCR analysis of tyrosine
hydroxylase, DDC, D2-R and vacuolar ATP
synthase (ATPase) mRNA. *, P< 0.05;

** P<0.01 by t-test; n= 3 mice (two samples
each done in duplicate).
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by the infected neurons. Regions with high
concentrations of EGFP-labeled axons
showed a reduction in tyrosine hydroxylase,
whereas regions innervated with AAV-
shSCR-infected axons did not correlate
with reduced tyrosine hydroxylase (Fig. 4c).
This demonstrates the utility of the coex-
pressed EGFP marker for analysis of gene
knockdown effects at relevant neuronal
projection sites.

Behavioral deficits in Th knockdown mice
Finally, we found that RNAi-induced
reduction in tyrosine hydroxylase can
elicit behavioral defects. We first evaluated
the effects of Th knockdown in the VTA on
locomotor response to amphetamine, a p
well-established dopamine-dependent
behavior??. Mice were given bilateral injec-
tions of either AAV-shTH or AAV-shSCR,
and tested 16 d later when tyrosine
hydroxylase expression was reduced (Figs.
1 and 2). After 4 d of saline injections, the
mice were administered amphetamine (4
mg/kg), and locomotor activity was meas- s
ured for 30 min. Th knockdown mice
showed a significant (P < 0.01) attenua-
tion in locomotor response compared with
controls, indicating that the viral-mediated gene knockdown was
effective at modifying behavioral responses (Fig. 5a). Because
dopamine function has been strongly implicated in motor con-
trol, we next evaluated rotarod performance in mice that received
bilateral injections with AAV-shTH and AAV-shSCR in the sub-
stantia nigra compacta. After 17 d of infection, we evaluated
rotarod performance twice a day for 3 d. As the mice continued
training, those with a bilateral reduction in tyrosine hydroxylase
showed a significant (P < 0.05) deficit in rotarod performance
(Fig. 5b). This phenotype is similar to neurotoxin-induced rodent
models of Parkinson disease?»?%, suggesting that attenuation of
dopamine synthesis is sufficient to mimic motor deficiencies
caused by neurodegeneration of the substantia nigra compacta.
Notably, the average weights of the Th knockdown mice were not
significantly different from those of control mice after targeting
both the substantia nigra compacta (AAV-shTH mice, 26.2 g;
AAV-shSCR mice, 25.5 g) and the VTA (AAV-shTH mice, 25.6 g;
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AAV-shSCR mice, 24.9 g), suggesting that overall health was not
affected by the gene knockdown.

DISCUSSION

This work shows the efficiency and power of RNAI for generating
conditional mutations. We extend previous studies of RNAi in
mammals'>132¢ by using AAV to knock down endogenous gene
expression in adult brain neurons and subsequently demonstrating
a behavioral deficit. Moreover, we targeted specific brain regions
and used an EGFP marker to conduct molecular analysis of both
the modified neurons and their neuronal projection sites. This
technique should facilitate future experiments to better define the
relationship between genes, neural circuits and behavior.

The AAV-shRNA strategy provides practical advantages over
existing techniques for the generation of conditional mutations.
The creation of spatially restricted mutations using transgenic
mice!, although powerful, has been challenging to control and
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requires a significant investment of time and resources. In con-
trast, somatic genetic manipulation through RNAi allows us to
rapidly create gene knockdowns in multiple brain regions. In addi-
tion, the strategy can be used on animals of different genetic back-
grounds, including knockout and transgenic mice, and should also
be effective in rats. The persistant expression of genes delivered by
AAV allows animals to be evaluated for long-term effects of gene
knockdown, and should provide stability to disease models.
Moreover, modifications of AAV vector design will allow for
inducible shRNA production?’, simultaneous gene knockdowns?8
and cell-type-specific infection®.

Using viral-mediated gene knockdown, we have studied the role
of tyrosine hydroxylase specifically in midbrain neurons. Mouse
knockouts of Th are lethal®?, and genetic removal of tyrosine
hydroxylase from the dopamine system results in hypophagic mice
that die at 3 weeks (ref. 20). In the present study, we reduced the

Figure 4 Infection of VTA neurons reduces tyrosine hydroxylase in the
nucleus accumbens. (a) Western blot analysis with antibody to tyrosine
hydroxylase (anti-TH). Left and right nucleus accumbens extracts were
examined from two representative mice injected with AAV-shTH and AAV-
shSCR into either side of the VTA. (b) Quantitation of western blot data
shows [30% decrease in tyrosine hydroxylase in nucleus accumbens (n=9;
P < 0.05). (c) Regions of nucleus accumbens with high innervation by AAV-
shTH-infected neurons showed reduction in tyrosine hydroxylase. White line
demarcates approximate boundary between core (co) and shell (sh) of the
nucleus accumbens and anterior commissure (AC). Top, infected neurons
show prominent projections into the shell. Bottom, whereas regions of AAV-
shTH projection correlate with those of decreased tyrosine hydroxylase
staining (right panel), AAV-shSCR-infected side retains high levels of
tyrosine hydroxylase (left panel).

Figure 3 AAV injection in the midbrain results in efficient infection of
defined brain regions. (a) Low-power EGFP immunofluorescence shows
[BOO-pm anterior-to-posterior spread of the virus, 12 d after injection into
the substantia nigra compacta. Sections are arranged from anterior to
posterior, with Bregma coordinates3® listed in lower right corner. (b)
Quantitative RT-PCR of laser-captured tissue shows 35% decrease in overall
tyrosine hydroxylase (TH) in AAV-shTH-injected VTA.

function of tyrosine hydroxylase in mature mice and limited the
genetic modification to specific regions of the midbrain. Mice
with VTA-specific reductions in tyrosine hydroxylase showed an
attenuated locomotor response to amphetamine, demonstrating
the efficacy of RNAi-mediated gene knockdown. Th knockdown
specific to the substantia nigra compacta produced a phenotype
reminiscent of rodent models of Parkinson disease?*23, suggesting
that loss of dopamine specifically in the adult substantia nigra
compacta is sufficient to generate aberrant motor behavior. This
approach should enable the testing of candidate genes for
Parkinson disease®32 by altering their function specifically within
the substantia nigra compacta.

Although modern microarray and proteomic strategies are
resulting in the identification of many regulated genes and pro-
teins, efficient in vivo tests of function will be needed to convert
this data into a mechanistic understanding of systems biology.
Somatic genetic manipulation using viral-mediated RNAi should
facilitate this effort and accelerate the development of disease
models. With AAV vectors, genetic disease models could be rapidly
created in many species, including rodents and primates. The use
of AAV in human clinical trials®3 presents the possibility that AAV-
mediated RNAi could be used in gene therapy. The highly specific
and sustained reduction of aberrant proteins by AAV may prove
useful for treating a broad range of human diseases.
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Figure 5 Regional Th knockdown results in behavioral deficits. (a) VTA-
specific knockdown mice do not show locomotor response to amphetamine,
16 d after bilateral injections of AAV-shTH and AAV-shSCR (n =5 for AAV-
shTH; n =8 for AAV-shSCR; **, P< 0.01 by t-test). (b) Th knockdown in
substantia nigra compacta reduces performance in rotarod test, 17 d after
bilateral injections of AAV-shTH and AAV-shSCR. Average times are shown (n
=7 for AAV-shTH; n = 6 for AAV-shSCR; *, P < 0.05 by t-test).

METHODS

Mice. We used 9- to 10-week-old male C57BL/6] mice (Jackson
Laboratories). Mice were housed with 12-h light/dark cycles. All proce-
dures were approved by the animal care committee at The University of
Texas Southwestern Medical Center at Dallas.

Design and construction of shRNA. Hairpin RNA was designed to target
specific regions of tyrosine hydroxylase mRNA!?. We identified two 24-
nucleotide stretches within the coding region of Th that were [50% GC-
rich, located within one exon, and unique in the genome. A random
three-nucleotide loop structure, included with 24 nucleotides on either
side of the loop, was designed to base-pair and form a hairpin. The hair-
pins were designed such that the antisense strand came before the sense
strand during transcription. We synthesized three sets of oligonucleotides
(Qiagen): shTH1 (top, 5-TTTGAAGCTGATTGCATAGATTGCCTTCC-
CAAGGCAATCTCTGCAATCAGCTTCTTTTT-3'; bottom, 5'-CTAGAAA
AAGAAGCTGATTGCAGAGATTGCCTTGGGAAGGCAATCTATGCAA
TCAGCTT-3"), shTH2 (top, 5'-TTTGGCTTACGGTGCAGGGCTGCT-
GTCTTTGACAGCAGCCCTGCACCGCAAGCCTTTTT-3'; bottom, 5'-CT
AGAAAAAGGCTTGCGGTGCAGGGCTGCTGTCAAAGACAGCAGCCCT-
GCACCGTAAGC-3") and shSCR (top, 5'-TTTGTGGAGCCGAGTTTC-
TAAATTCCGCACCGGAATTTAGAAACCCGGCTCCACTTTTT-3'; bottom,
5'-CTAGAAAAAGTGGAGCCGGGTTTCTAAATTCCGGTGCGGAATTTA-
GAAACTCGGCTCCA-3"). The oligonucleotides had Bbsl and Xbal over-
hangs to allow for ligation into the mU6pro plasmid!?. All final clones were
verified by sequencing. The mU6 promoter, hairpin sequence and termina-
tor sequences were cut out using Apal and Kpnl sites and ligated into a
PAAV plasmid. The pAAV plasmid was designed to coexpress EGFP under
the control of an independent RNA polymerase II promoter and termina-
tor. This was done by removing EGFP from the pEGFP-N1 plasmid
(Clontech) and ligating it first into pPCMV-MCS (Stratagene), then into the
PAAV plasmid using the Accl and Smal restriction sites.

Viral production and purification. Viral production was accomplished
using a triple-transfection, helper-free method, and purified with a modi-
fied version of a published protocol®*. Briefly, HEK 293 cells were cultured
in ten 150 x 25 mm cell culture dishes and transfected with pAAV-shRNA,
pHelper and pAAV-RC plasmids (Stratagene) using a standard calcium
phosphate method. Cells were collected, pelleted and resuspended in freez-
ing buffer (0.15 M NaCl and 50 mM Tris, pH 8.0) 66-70 h after transfec-
tion. After two freeze-thaw cycles to lyse the cells, benzoase was added (50
U/ml, final) and the mixture was incubated at 37 °C for 30 min. The lysate
was added to a centrifuge tube containing a 15%, 25%, 40% and 60%
iodixanol step gradient. The gradient was spun at 350,000 g for 60 min at
18 °C, and the 40% fraction was collected. This fraction was added to a
heparin affinity column, washed with 0.1 M NaCl and eluted with 0.4 M
NaCl. Elution buffer was exchanged with 1x PBS using Amicon BioMax

TECHNICAL REPORTS

100K NMWL concentrators. The final purified virus was stored at —80 °C.
The virus was then titered using an AAV ELISA kit (Progen) and used for
infection of HT1080 cells.

Stereotaxic surgery. See Supplementary Methods online.

Immunostaining. Virus-injected mice were perfused and sectioned with
standard protocols®> (see Supplementary Methods online for details).
Images in Figures 1 and 2 represent ).4-pm optical slices taken on a Zeiss
510 confocol microscope.

Laser microdissection, RNA isolation and real-time PCR. Brains were rap-
idly dissected out and frozen before sectioning. A Leica laser microdissec-
tion microscope (Leica LMD) was used to remove clusters of [110-50 cells
from 7-pm sections taken on a cryostat and dehydrated in 75%, 95% and
100% ethanol for 20 s each. One region of the VTA containing AAV-shTH-
infected neurons was captured; a region on the other side containing AAV-
shSCR-infected neurons was captured as a control. RNeasy RNA
purification columns (Qiagen) were used to purify RNA, followed by
reverse transcription (First Strand Synthesis Kit, Invitrogen). Quantitative
PCR was done in duplicate or triplicate using a Cepheid Smart-Cycler (1
cycle at 95 °C for 10 min; 44 cycles at 95 °C for 10 's, 58 °C for 5 s and 72 °C
for 10 s; melt curve 58 °C—=95 °C at 0.2 °C/s) with SYBR Green reaction mix
(Roche Applied Science). GAPDH was used as a cDNA loading and PCR
control. We used the following primers: tyrosine hydroxylase, 5'-CAGCC-
CTACCAAGATCAAAC-3' and 5'-TACGGGTCAAACTTCACAGA-3"; GAP
DH, 5'-AACGACCCCTTCATTGAC-3" and 5'-TCCACGACATACTCAGC
AC-3'; D2-R, 5'-CAGATGCTTGCCATTGTTCT-3' and 5'-CAGCAGTGCA
GGATCTTCAT-3'; vacuolar ATP synthase, 5'-ATCTGGCTAATGACCCA
ACC-3" and 5'-GGCACGTTCATAGATTGTGG-3'; and DDC, 5'-TTCCG-
GTATCTTCTGAATGG-3" and 5'-CCTGGTGACTGTGCTTTAGA-3'.

Western blot analysis. See Supplementary Methods online.

Locomotor assay. Sixteen days after bilateral injection of AAV-shTH or
AAV-shSCR, intraperitoneal injections of saline were administered and
locomotor activity was measured to establish a baseline. Amphetamine (4
mg/kg) was delivered intraperitoneally, and locomotor and ambulatory
(successive beam-breaking) behavior was assessed for 30 min (San Diego
Instruments).

Rotarod. Sixteen days after bilateral injection of AAV-shTH or AAV-
shSCR, mice were tested over a 3-d period, with two sessions of five trials
per day. Mice were allowed to rest for at least 60 min between each session.
The rod (IITC Life Sciences) had a diameter of 3.8 cm and was accelerated
from 0 to 30 r.p.m. over a 17.5-s period. Total time on the rotarod was
measured. Time was stopped when mice fell from the rod or when they
rotated around completely two times without walking (that is, holding on
to the rod while rotating).

Note: Supplementary information is available on the Nature Medicine website.
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