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Glial cell line-derived neurotrophic factor (GDNF) gene 
transfer is being developed as a treatment for Parkin-
son’s disease (PD). Due to the potential for side effects, 
external transgene regulation should enhance this 
strategy’s safety profile. Here, we demonstrate dynamic 
control during long-term expression of GDNF using 
a recombinant adeno-associated virus (rAAV)-based 
bicistronic tetracycline (tet)-off construct. Nigrostriatal 
GDNF overexpression induces body weight alterations 
in rodents, enabling longitudinal in vivo tracking of 
GDNF expression after nigral vector delivery. Regu-
lated GDNF expression was highly sensitive to dietary 
doxycycline (DOX), displaying undetectable striatal 
GDNF levels at serum DOX levels below those required 
for antimicrobial activity. However, in the absence of 
DOX, striatal GDNF levels exceeded levels required 
for efficacy in PD models. We also demonstrate the 
absence of a series of known GDNF-associated side 
effects when using direct intrastriatal vector delivery. 
Therefore, this single rAAV vector system meets most 
of the requirements for an experimental reagent for 
treatment of PD.
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Introduction
Parkinson’s disease (PD) is the second most common neuro­
degenerative disease and results in significant motor dysfunction. 
PD is characterized by the progressive loss of the dopaminergic 
innervation of the striatum and the subsequent dopaminergic 
neuron death in the substantia nigra (SN) pars compacta.1 The 
etiology of PD is unknown, and probably multifactorial; thus, to 
date, the main therapeutic approach has been palliative l-dihy­
droxyphenylalanine (Sinimet or Madopar) administration as a 
neurotransmitter replacement strategy. In contrast, neurotrophic 
factors, such as glial cell–line derived neurotrophic factor (GDNF) 
have been shown to greatly improve nigral dopaminergic cell sur­
vival and terminal fiber density resulting in functional recovery in 
a diverse assortment of PD animal models.2

GDNF is a member of the transforming growth factor-β family 
of growth factors, and its main receptor dimers, RET and GFRα1, 
are expressed during, and participate in, dopaminergic nigrostri­
atal prenatal development.3 GDNF signaling has also been shown 
to be an absolute requirement for dopaminergic cell survival in 
adults.4,5 Consequently, although GDNF expression is greatly 
reduced in the adult, the receptor expression continues even in the 
aging and the PD brain.3,6 Receptor binding by GDNF initiates an 
intracellular signal cascade leading to the activation of the P13K/
akt neurite outgrowth pathway as well as the extracellular signal-
regulated kinase prosurvival pathway.3 Taken together, the proper­
ties of GDNF have led to PD clinical trials where the recombinant 
protein was delivered either into the cerebral ventricles or into the 
putamen via mechanical pumps, with disappointing results.2,7

Similar to the protein-injection strategy, direct gene delivery 
of GDNF has also been shown to be efficacious in PD animal 
models,8 however, continuous vector-mediated GDNF delivery 
requires much lower GDNF tissue levels for neuroprotection.9 
Unfortunately, the striatal GDNF tissue levels required to preserve 
the human nigrostriatal tract are not known, and existing animal 
models cannot fully predict potential intracerebral vector deliv­
ered GDNF-induced side effects.7,10 For these reasons, the safest PD 
clinical trials using vector-mediated GDNF delivery would ideally 
include some ability to regulate transgene expression externally, 
although the absolute need for regulation is controversial.11,12 The 
most developed regulation system in the context of viral vectors is 
the tetracycline (tet)-mediated transcriptional regulation system.13 
This system uses the tet repressor protein from Escherichia coli 
combined with a small portion of the herpes simplex virus VP-16 
protein. This fusion protein then acts as a transcriptional activator. 
In the absence of tet or its analogs, the tet/VP-16 transactivator is 
able to bind to a promoter containing regulatory elements from 
the E. coli tet-operon and initiate transcription. However, in the 
presence of a tet analog, the regulatory molecule will bind to the 
transactivator with high affinity and inhibit any interaction with 
the promoter elements, effectively silencing the gene expression.

In its array of configurations, the tet-regulation system has dis­
played a range of basal GDNF expression levels (leakiness) in vivo 
even in the presence of a silencing mechanism.14–16 A GDNF 
expression system that provides repeated reversible control of 
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expression in vivo for extended periods of time has never been 
reported. Although low levels of background expression may be 
tolerable in other gene-therapy strategies for neurological disor­
ders, given the relatively long in vivo half-life of GDNF, any in vivo 
leakiness will lead to unpredictable GDNF accumulation.

Here we report the use of a single recombinant adeno-associated 
viral (rAAV) vector tet-regulated expression system allowing for 
complete and reversible shutdown of GDNF gene expression 
in the nigrostriatal tract over a 6-month period as measured 
in vivo by significant fluctuations in body weight correspond­
ing to doxycycline (DOX) dosing. We have also tested potential 
GDNF-mediated side effects and found this system to display a 
favorable profile of gene expression and safety. The single vector 
design was the end result of an arduous period of testing several 
permutations of promoters, transactivators, and rAAV genomic 
components. However, all these earlier constructs displayed a 

variety of unacceptable properties such as low inducibility or 
detectable basal expression (Supplementary Figure S1).

Results
ON–OFF experiment
To evaluate the ability of DOX to control GDNF expression 
in  vivo, adult male middle-aged rats received bilateral SN pars 
compacta injections of rAAV-encoding GDNF under the control 
of the strong constitutive cytomegalovirus/chicken β-actin (CBA) 
promoter (CBA-GDNF, Figure 1a) as a positive control for weight 
loss or the regulated expression cassette (SN-regGDNF1 and 
SN-regGDNF2, Figure 1c; DOX− = GDNF expression ON: DOX+= 
GDNF expression OFF). The SN-GDNF1 and SN-GDNF2 groups 
received identical injections of the regulated GDNF construct 
but followed different DOX treatment schedules as indicated in 
Figures 1d and 2a,b. Finally, a subset of animals was injected with 
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Figure 1 E xperimental design and vector schematics. rAAV genomic maps of vectors used in all three experiments. (a) CBA-GDNF, (b) CBA-GFP, 
and (c) regGDNF. (d) Experimental design and timeline of the three experiments performed in this study. The alternating white gray areas indicate the 
crossover of feeding DOX or normal food in the ON–OFF experiment. At the end of the ON–OFF study, SN-regGDNF1 was in the OFF state (express-
ing GDNF) and SN-regGDNF2 was in the ON state. The different shades of gray in the dose–response experiment denote the fact that the DOX diet 
doses were changed during that experiment as indicated. No DOX was administered during the striatum experiment. (e) Photograph of the ventral 
surface of the rat brain displaying how the brain was divided for the assays and histology as described. CMVe, cytomegalovirus enhancer element; 
DOX, doxycycline; eGFP, enhanced green fluorescent protein; hGDNF, human glial cell line-derived neurotrophic factor; iTR, inverted terminal repeat; 
pCBA, chicken β-actin promoter; pTET-dCMVminimal, tetracycline-responsive delta-CMV minimal promoter; rAAV, recombinant adeno-associated virus; 
SV40 pA, SV40 poly-A sequence; tTA2, transactivator containing VP-16 sequence.
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the green fluorescent protein (GFP) reporter virus, CBA-GFP 
(Figure 1b) as a control for rAAV2/5 transduction.

Body weight
Immediately after the vector injection, the experimental groups 
received their respective DOX diet (3 g/kg of diet) as outlined 
in Figures 1d and 2a, and body weight was recorded twice per 
week thereafter. Approximately 1 week after the vector injection, 
the CBA-GDNF positive control group displayed a significant 
loss of body weight. Although this rapid weight loss waned after 
~1-month post-injection, this group showed an extremely slow 
rate of weight gain until the end of the experiment when compared 
to the GFP control (Figure 2a–b). Similarly, the SN-regGDNF2 
group which received normal food immediately after the vector 
administration initially lost a small amount of body weight and 
then began gaining weight at a rate that was significantly different 
from that of the SN-regGDNF1 group receiving 3 g/kg DOX diet 
and the GFP control (P < 0.01).

One month post-injection, the DOX diet treatment was 
crossed-over for both regulated GDNF groups as well as in the 
GFP group to control for an effect of DOX diet on body weight. 
Immediately after the DOX diet crossover, the SN-regGDNF2 
group (DOX+) experienced a rapid increase in the rate of 
body weight gain and the group now receiving regular food 
(SN-regGDNF1, DOX−) immediately reduced their rate of weight 
gain. This pattern was repeated throughout three additional 
food switches. At the apex of each cycle, the body weight of the 
group receiving DOX was significantly higher than that of the 
ON group, but not different from the GFP negative control (P < 
0.001). In addition, the ON group displayed a 5–10% decrease in 
body weight at the apex of each cycle when normalized against 
GFP control (Figure 2b).

Transgene levels
Approximately 3 weeks after the last food switch, the animals 
were euthanized and striatal transgene levels were analyzed 
by means of enzyme-linked immunosorbent assay (ELISA). 
Striatal levels of GDNF in the SN-regGDNF2 (ON) group 
were approximately ninefold lower than that of the CBA-
GDNF group (6.2 and 54.9 ng GDNF/mg tissue, respectively), 
but significantly higher than that of the GFP control and the 
SN-regGDNF1 (OFF) which displayed only background levels 
of GDNF (Figure 2k).

In addition, to verify the relative amounts of transgene lev­
els obtained from the GDNF ELISA, transgene expression was 
also evaluated using immunohistochemistry. GDNF expression 
in the CBA-GDNF group mirrored that seen in previous stud­
ies, with a widespread diffuse spread of GDNF throughout the 
midbrain and ultimately released in striatum via the medial 
forebrain bundle (Figure 2c,d). The ON group displayed a simi­
lar, but relatively weaker, transduction pattern in the midbrain 
extending dorsally from the SN into the deep mesencephalic 
nucleus and ventrally to the SN pars reticulata. Likewise, a sub­
stantial amount of GDNF was also observed in the striatum 
(Figure 2e,f). No transgene was observed in the OFF (Figure 2i,j) 
or GFP (Figure 2g,h) control groups by immunohistochemical 
detection in either anatomical area.

Tyrosine hydroxylase
Several reports have demonstrated that high level overexpres­
sion of GDNF in the nigrostriatal tract results in a downregula­
tion of TH in the rodent.17–20 Nigral TH immunohistochemical 
densitometric measurements using secondary antibodies tagged 
with near-infrared chromophores, allowing for a wider linear 
range of signal intensity than conventional densitometric mea­
surements, indeed indicated a significant 50% reduction in TH 
immunoreactivity in the CBA-GDNF and ON animals when 
compared to the GFP control and OFF animals (Figure 2m,n). 
No significant difference was observed between the CBA-GDNF 
and ON groups.

Serum DOX
High-performance liquid chromatography (HPLC) -based mea­
surements using fluorometric detection of serum DOX levels 
confirmed that no detectable DOX was present in the ON ani­
mals (DOX−) post mortem. In contrast, the GFP group, whose 
diet had mirrored that of the SN-regGDNF1 group (DOX+), and 
the OFF animals (DOX+) contained 2.0 and 2.5 µg/ml serum, 
respectively (Figure 2l).

Dose–response experiment: body weight
In order to determine whether the regulated GDNF construct 
would respond to submaximal DOX doses with a range of in vivo 
GDNF levels, a different set of young male rats were fed increas­
ing doses of DOX (0, 40 mg, 100 mg, 1 g, and 3 g/kg of DOX diet) 
immediately after the vector injection. However, upon monitoring 
the body weight for 1 month after the injection, no difference in 
weight was seen among the DOX-treated animals, but, as expected, 
the normal food control animals displayed a significant reduction 
in the ability to gain weight (Figure 3a).

At this point in the experiment, we had not euthanized any 
animals to determine striatal GDNF levels and therefore it was 
impossible to know whether all the DOX doses were completely 
blocking GDNF protein expression and thereby not inducing any 
weight loss. Another possibility was that some of the doses partially 
blocked striatal GDNF expression to a level below that required for 
weight loss. We therefore decided to implement some lower DOX 
diet doses in a conservative manner so that we would not miss 
the dietary DOX dose that completely turned off striatal GDNF. 
Therefore, we changed the two highest dietary DOX doses (1 g and 
3 g) to lower doses (500 mg and 20 mg, respectively) resulting in 
the following DOX diet doses: 20, 40, 100, and 500 mg/kg of diet as 
shown in Figure 3a (right side).

Following the dosing switch, the animals were monitored 
for changes in body weight for an additional 2 months. No dif­
ference in body weight was seen between the animals receiv­
ing DOX, and all groups weighed significantly more than the 
normal (DOX−) food control group (Figure 3a), although, the 
weight-loss effect was not as robust as in the older, heavier rats 
(Figure 2a).

Dose–response experiment: transgene levels
The striatal GDNF dose-response for DOX treatment is shown in 
Figure 3b. The apparent maintenance of a normal body weight 
gain in rAAV2/5-regGDNF treated rats did not necessarily indicate 
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a complete shutdown in GDNF expression. The ON–OFF experi­
ment indicated that there was a relationship between the levels of 
GDNF and the severity of the weight loss when comparing the 
ON group with the CBA-GDNF group producing significantly 
higher levels of GDNF. As there is no weight loss in rAAAV2/5 
regGDNF treated rats receiving 20 mg/kg DOX diet, these data 
suggest that there is a threshold for nigrostriatal GDNF-induced 

weight loss which is within the interval between 0.35 ng/mg stri­
atal tissue (20 mg/kg DOX diet) and 3.3 ng/mg striatal tissue (ON) 
which induces weight loss (Figure 3b).

Immunohistochemical evaluation of GDNF expression in the 
SN revealed detectable expression in the ON group and 20 mg/
kg animals (Figure 3d,e), but this expression was largely local­
ized to the SN pars compacta and was cell specific. No GDNF 
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expression above background levels was detected in the 40 mg/
kg DOX diet (Figure  2f) and 100 mg/kg DOX diet animals 
(Figure 3g), confirming the observations made from the striatal 
ELISA samples.

Serum DOX levels
Blood samples were taken from each animal at the time of eutha­
nasia in order to determine the serum levels of DOX required for 
gene silencing (Figure  3c). HPLC measurements indicated that 
rats that ate 100 mg/kg DOX diet which was the lowest DOX 
diet dose to abrogate striatal GDNF expression had serum DOX 
levels of 0.6 µg/ul. However, DOX levels from the animals in the 
500 mg/kg group (0.8 µg/ml) was significantly lower than those of 
the in the 3 g/kg DOX diet animals from the OFF group in experi­
ment 1 (P < 0.01).

VP-16 expression
One concern with the overexpression of the VP-16 motif is the 
potential for this transcription factor to escape the infected cell 
and potentially affect endogenous transcription in surrounding 
cells. However, immunohistological double labeling of GDNF and 
VP-16 suggested no such spread (Figure 4). VP-16 expression in 
the midbrain (Figure 4a–d) was virtually identical to that typically 
seen with a nonsecreted transgene such as GFP (Figure  4g–h). 
VP-16 immunoreactivity was seen largely in the SN pars com­
pacta and SN pars reticulata (Figure 4a–d), and, in the ON group, 
GDNF transgene was observed in an area vastly surpassing that 
of VP-16 (Figure 4a,b). Again, this area is virtually identical to 
that seen when overexpressing GDNF in the same vector as GFP.21 
Again, no GDNF was observed in the OFF group (Figure 4c,d), 
and no VP-16 immunoreactivity was seen in either the CBA-
GDNF (Figure 4e,f) or CBA-GFP (Figure 4g,h) animals.

Striatal rAAV injections
Injections of rAAV2/5 directly into the striatum typically results 
in lower local transgene levels as well as lower levels in the nigro­
striatal tract than that seen from anterograde transport due to 
injections targeting the SN. Furthermore, delivery approaches in 
the clinic have largely been aimed at increasing levels of GDNF in 
the caudate/putamen. Thus, we wanted to explore whether striatal 
protein overexpression of GDNF would lead to weight loss similar 
to that seen in nigral protein overexpression. Animals were injected 

bilaterally in striatum with either rAAV2/5-regGDNF (Figure 5a) 
or CBA-GDNF (Figure 5b) and their weight was monitored there­
after for 5 months. Neither striatal vector treatment resulted in any 
weight loss when compared to the GFP-injected controls.

Transgene levels
Striatal GDNF content for either striatally injected GDNF virus 
was similar, but significantly lower than that observed in the SN 
injected CBA-GDNF animals when measured by ELISA (striatal 
regGDNF = 5.3 ng/mg tissue, striatal CBA-GDNF = 7.1 ng/mg 
tissue, nigral CBA-GDNF = 55 ng/mg tissue). In addition, no 
significant differences were seen when comparing the direct 
striatal injections with that of the SN-regGDNF virus (6.2 ng/mg 
tissue; Figure 5c) indicating that this striatal GDNF level does 
not affect body weight (cf. Figure 3a versus 5b).

Striatal transgene expression
Significant transgene expression was observed in the striatum for 
either striatally targeted GDNF virus. However, the transgene was 
largely observed in a bolus pattern presumably representing the 
direct spread of the virus at the injection site (Figure 5e,g). The 
midbrain expression pattern mimicked that seen in the ON group 
in Figure 1e albeit at a lower level (Figure 5d,f). Striatal injec­
tion with the CBA-GFP control virus yielded no detectable GDNF 
expression (Figure 5h,i).

Cerebellar purkinje cells
Observations from a preclinical trial in nonhuman primates 
have suggested that high doses of GDNF over a 6-month period 
resulted in purkinje cell pathology.22 Evaluation of purkinje cell-
layer integrity by calbindin immunohistochemistry yielded no 
difference between the GFP (Figure 6a,b) and GDNF (Figure 6c,d) 
striatal groups.

Discussion
The absolute requirement for external transgene regulation for 
trophic factor treatment of PD has recently been debated.11,12 
One perspective is that regulated vectors are needed as a safety 
measure against unexpected side effects that could not be pre­
dicted by preclinical toxicology experiments.12 Moreover, in the 
event that individual patients might respond to different doses 
of the gene product, regulated vectors would be needed.12 In 

Figure 2 DO X administration repeatedly and reversibly inhibits nigrostriatal GDNF expression. (a) Bilateral overexpression of GDNF protein in 
the nigrostriatal tract leads to significant weight loss during constitutive expression [CBA-GDNF, closed circles (n = 12), †P < 0.001 for the entire curve 
compared to all other groups]. Regulation of GDNF expression via DOX administration [SN-regGDNF1 open triangles (n = 14), SN-regGDNF2 closed 
triangles (n = 13)] causes significant weight loss in the ON state (DOX−) when compared to the OFF state (DOX+) and the GFP control (open circles; 
n = 14); however, this weight loss is fully reversible and can be repeated several times through crossover of DOX diet (open arrows = DOX diet cross-
over; *P <0.001 versus GFP controls). (b) Body weight in (a) normalized to the GFP control to more clearly demonstrate the ON–OFF effect of DOX 
diet. (c–j) Photomicrographs of GDNF immunoreactivity from each group. Abundant GDNF expression was observed in the (c) SN and surrounding 
areas and the (d) striatum and GP for the CBA-GDNF group and to a lesser extent in the SN-regGDNF2 (ON) group where the (e) midbrain and (f) 
striatal spread was reduced. No GDNF expression was detected in (g,h) CBA-GFP treated animals or (i,j) SN-regGDNF1 (OFF) group. Striatal ELISA 
measurements of (k) GDNF confirmed the histological observations (*P < 0.0001 versus SN-GDNF; #P < 0.0001 versus SN-regGDNF2). (l) Diet con-
taining 3 g/kg DOX resulted in serum levels of 2–2.5 µg/ml DOX (SN-GFP, SN-regGDNF1); however, 3 weeks following DOX withdrawal serum levels 
were below the limits of detection (SN-GDNF, SN-regGDNF2; *P < 0.0001 versus SN-GDNF and SN-regGDNF2). S, solid white line, external capsule. 
Bar = 0.5 mm. Tyrosine hydroxylase densitometry. (m) Representative near infrared immunohistochemistry as scanned on the LI-COR Odyssey. The 
hole was purposely produced to indicate the left side of the brain in each animal. (n) Quantification of nigrostriatal TH levels, groups receiving GDNF 
had reduced TH levels (P < 0.01) as reported previously.15,17 CBA, chicken β-actin; ctx, cortex; DMN, deep mesencephalic nucleus; DOX, doxycycline; 
ELISA, enzyme-linked immunosorbent assay; GDNF, glial cell line-derived neurotrophic factor; gp, globus pallidus; SNc, substantia nigra pars com-
pacta; SNr, substantia nigra pars reticulata; str, striatum.
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contrast, an opposing viewpoint argued: (i) no clinically relevant 
regulatable system is currently available, (ii) transcriptional reg­
ulation systems represent a clinical complication on their own 
because the transactivator is not regulated, and (iii) as long as 
extremely careful preclinical toxicology shows that unregulated 

gene expression is safe, human trials should be attempted, espe­
cially because no treatment is available to affect the progressive 
nature of PD.11

While both competing viewpoints have merit, a major experi­
mental design advantage of external transgene regulation was 
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result in weight loss when compared to a normal food (ON) control (open squares, n = 5, P > 0.05). After changing the two indicated DOX doses to 
lower dietary doses (right of dotted line): 20 mg/kg diet (open triangles, n = 8) and 500 mg/kg diet (open circles; n = 8) there still was not any reduc-
tion in body weight compared to other DOX treated groups (P > 0.05). However, the rAAV-regGDNF treated rats fed normal diet (ON) did display 
significantly lower body weights compared to all other DOX fed groups on several occasions as indicated (*P < 0.05). (b) Striatal GDNF levels as mea-
sured via ELISA. The top dose scale on the x axis refers to the DOX dose per kg of diet, the bottom dose scale refers to the approximate dose per kg of 
BW as calculated for a 300 g rat (approximate average weight at time of assay). Zero (0) refers to DOX−-treated group. #P < 0.0001 versus all groups, 
*P < 0.0001 versus 100 and 500 mg/kg. (c) Serum levels in DOX-treated animals were detected in animals receiving doses between 100 mg/kg and 
3 g/kg, but were below the limits of detection at lower doses; #P < 0.0001 versus all groups, *P < 0.05 versus 100 mg/kg diet, 40 mg/kg diet, 20 mg/
kg diet, and normal diet. (d,e) Color-enhanced immuno-micrographs of GDNF staining in SN (d) DOX− (ON) GDNF expression (e) 20 mg/kg DOX 
diet (f) 40 mg/kg showing consistent but near the limit of detectable GDNF. (f) 100 mg/kg DOX diet showing GDNF staining consistent with the 
staining seen in GFP-treated animals shown in Figure 1g–j. Bar = 0.1 mm. The lack of GDNF protein expression was confirmed by sensitive infrared 
densitometric analysis of GDNF staining via the LiCor Odyssey imaging system (data not shown). AAV, adeno-associated virus; BW, body weight; 
DOX, doxycycline; ELISA, enzyme-linked immunosorbent assay; GDNF, glial cell line-derived neurotrophic factor.
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overlooked. For example, with the use of a regulated vector, clini­
cal dose-escalation studies would be simplified because equal 
amounts of vector can be delivered to each patient, while only the 
amount of the regulating compound is varied. In addition, highly 
efficient dose-escalation designs such as a balanced Latin-square 
design wherein each patient receives all doses and carryover effects 
of each dose are controlled can be used.23 Finally, the use of a regu­
lated vector would remove the need for the ethically controversial 
surgical placebo control group in a double-blinded study. However, 
in the end, Kordower and Olanow11 were correct that, at present, 
there is no transcriptional regulation system that has been used 

clinically. Indeed, PD clinical trials using rAAV delivered neurtu­
rin have been allowed to go forward without gene regulation.24

In contrast, our laboratory has chosen to attempt to develop 
a clinically relevant rAAV based regulatable system to express 
GDNF for the potential treatment of PD. The features of a success­
ful functional gene regulatory system are: (i) the vector derived 
regulatory elements are nontoxic, (ii) the systemically delivered 
controlling molecule has an acceptable safety profile (preferably 
an already US Food and Drug Administration approved drug), 
(iii) there is no basal expression in the off state, (iv) there is bio­
logically relevant gene expression in the ON state, (v) the ability to 
regulate the gene product is permanent (i.e., the gene product can 
be turned on and off repeatedly), and (vi) there is a demonstrable 
dynamic dose response to the external control agent. To date, no 
vector-mediated GDNF-regulation system has been demonstrated 
to meet all these criteria when delivered to the brain in vivo.

Several reports have been published where various versions 
of the tet-regulatory system has been used to overexpress GDNF 
or reporter genes in vivo.14,15,25,26 Although, some approaches 
have been successful in terms of inducibility and control, 
dose–response or long-term control were not demonstrated in 
these earlier studies. In a different regulatory setup, research­
ers used the Krüppel associated box domain, a human zinc 
finger transcriptional repression domain, to control GDNF 
expression with similar results.25 Most in vivo studies attempt­
ing to use the tet-regulatory system have suffered from leaky 
basal expression.14,15,26,27 Other reports highlight the problem 
that the repeated ability to regulate the transgene in a single 
rAAV vector has been problematic.28,29 For example, when using 
a single vector tet-off system to overexpress human aromatic 
amino acid decarboxylase in the rodent brain, high inducibility 
was seen in the initial absence of the regulatory agent minocy­
cline.29 However, following a period with minocycline adminis­
tration effectively turning the expression off, withdrawal of the 
drug failed to reinduce expression, demonstrating the lack of a 
dynamic ability to regulate the transgene.29

In this study, we demonstrate a single rAAV construct that 
meets most of the defined criteria for a successful GDNF regu­
lation system. An enabling discovery was the finding that nigral 
GDNF overexpression leads to weight loss in aged leptin-resistant 
rats.21 This property of rAAV-GDNF allowed us to use body weight 
as a means to track real-time in vivo GDNF levels. Thus, we have 
demonstrated that rAAV2/5-regGDNF can be turned on and off 
four times over a 6-month period without any alteration in the 
ability to regulate body weight. We have shown that there is no 
detectable intracerebral GDNF in the OFF state and that GDNF 
induces weight loss and reduces nigrostriatal TH expression in the 
ON state indicating clear biological effects at the striatal GDNF 
protein levels achieved here.

Furthermore, at each expression crossover, the animals 
displayed a remarkably rapid recovery of their body weight trajec­
tory. However, we do not believe that GDNF protein expression is 
reversed immediately after a DOX diet crossover. We interpret the 
rapid change in body weight, in response to DOX diet crossover as 
indicative of the in vivo GDNF levels in the ON state being close 
to the threshold required for the observed weight-loss phenom­
enon. This GDNF threshold allows small alterations in GDNF 

Figure 4  GDNF and VP-16 expression patterns. The GDNF expression 
pattern of the final ON group (a,b) was similar to that previously observed 
where the GDNF transgene (red) is observed distally from that of the trans-
duced cells and VP-16 (green). (b) Increased magnification of area out-
lined in a. VP-16 expression in the OFF group (c,d) was similar to that seen 
in the ON group; however, no GDNF protein expression was observed. 
GDNF protein expression in the CBA-GDNF group (e,f) extended in a 
diffuse pattern into the VTA and the DMN indicating that GDNF protein 
was distributed away from the transduced cells in contrast to the pattern 
of expression observed from an intracellular transgene such as the SN-GFP 
group (g,h). As expected, no immunoreactivity was observed for VP-16 in 
either the CBA-GDNF group (e,f, green) or the SN-GFP group (g,h, red). 
(f and h) Higher magnifications of areas outlined in e and g, respectively. 
Bar: a,c,e,g = 1.0 mm, bar: b,d,f,h = 0.1 mm. CBA, chicken β-actin; DMN, 
deep mesencephalic nucleus; GDNF, glial cell line-derived neurotrophic 
factor; SNc, substantia nigra pars compacta; SNr, substantia nigra pars 
reticulate; VTA, ventral tegmental area.
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levels to rapidly affect body weight and this contention is sup­
ported by the dose–response data in Figure 3a. However, rapid 
but small changes in GDNF levels (and body weight) also suggest 
that the DOX-mediated effect on transcription did initiate rapidly 
following removal or introduction of DOX.

The tet transactivator contains a minimal portion of the 
herpes simplex virus gene VP-16 consisting of a triplet repeat of 
30 base pairs out of 1,450 base pairs in the full-length complemen­
tary DNA that was originally developed to reduce the potential 
for nonspecific DNA binding and potential immune response.30 
Regardless, the unregulated expression of the transactivator 
remains a concern due to the possibility of reactivation of an anti-
herpes simplex virus immune response. Antigen presentation via 
major histocompatibility complex I in neurons is inefficient in 
brain.31 For example, the tet transactivator does not elicit a striatal 
immune response even when rats are preimmunized against the 
VP-16 containing transactivator.32 However, given that the rodent 
immune system is not identical to the human and the vast major­
ity of the human population has been exposed to some form of 
herpes simplex virus, the potential for a VP-16-induced immune 

response cannot be ruled out. In addition, the phenomenon of 
“squelching” of endogenous expression has been raised as a con­
cern with unregulated overexpression of the VP-16 domain.33 
However, previous studies have demonstrated that the squelch­
ing phenomenon is only observed in developing cells and absent, 
despite very high levels of expression, in differentiated cells.34,35

Although DOX, the external control agent used in this study, 
is US Food and Drug Administration approved and has a well 
characterized favorable toxicology profile, long-term treatment 
is not entirely benign. Long-term DOX treatment is associated 
with increased photosensitivity among other low incidence side 
effects.36 However, long-term treatment with sub-antimicrobial 
doses significantly lowers limiting side effects.37 In this study, the 
DOX serum levels needed to completely abrogate nigrostriatal 
GDNF expression are at least eightfold lower than levels required 
for antimicrobial activity36 and similar to those required for anti-
rosacea activity.38

A PD clinical trial where GDNF was delivered directly to the 
putamen via an implanted cannula and mechanical pump sys­
tem was halted early because circulating anti-GDNF antibodies 
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Figure 5 S triatal targeting of rAAV2/5-GDNF does not lead to weight loss. Direct injections into the striatum of (a) rAAV2/5− regGDNF [open circles 
(n = 8)] or (b) CBA-GDNF [open circles, n = 8)] did not result in weight loss when compared to the GFP control (a,b closed circles, n = 8 per group). 
(c) Striatal GDNF protein levels determined by ELISA. The histograms from the three SN groups (GFP, GDNF, regGDNF) where taken from  Figure 2i. 
for the sake of comparison and were not included in the statistical analysis. Robust striatal GDNF expression was observed histologically in the striatum 
and the SN for both the (d,e) CBA-GDNF and (f,g) regGDNF groups, no GDNF expression was observed in the (h) striatum or the (i) SN in the GFP 
control animals. (i) Striatal levels of GDNF were similar in both GDNF groups. Bar = 0.5 mm. Solid white line, external capsule; CBA, chicken β-actin; ctx, 
cortex; DMN, deep mesencephalic nucleus; GDNF, glial cell line-derived neurotrophic factor; GFP, green fluorescent protein; gp, globus pallidus; rAAV, 
recombinant adeno-associated virus; SNc, substantia nigra pars compacta; SNr, substantia nigra pars reticulate; str, striatum.
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were detected.39 In addition, concurrent primate toxicology stud­
ies indicated that high doses of intraputamenal GDNF could 
cause significant cerebellar purkinje cell death.22 Moreover, there 
have also been reports of weight loss in intracerebroventricular 
PD trials and in preclinical primate studies.10,22 Therefore, we 
attempted to investigate these possible rAAV-GDNF side effects 
by intrastriatal injection of regulated rAAV2/5 vectors and vectors 
constitutively expressing striatal GDNF. Striatal GDNF expres­
sion from the rAAV2/5 vector using a regulated promoter or from 
the constitutive promoter produced no weight loss. Indeed, in 
the constitutive striatal GDNF group, striatal GDNF levels were 
equivalent to a regulated nigral GDNF group that lost weight, 
indicating that there is a higher threshold for weight loss when 
rAAV-GDNF is delivered directly to the striatum. Moreover, we 
were unable to detect any cerebellar purkinje cell damage in either 
the regulated or constitutive striatal GDNF groups even after 5 
months of continuous striatal GDNF expression. Additionally, we 
have previously reported that, in the rat, the main striatal immune 
response after rAAV2 transduction is to the AAV capsid, not to 
the transgene, including human GDNF.40 Moreover, we have not 
been able to immunize rats using rAAV injections in the brain 
even after readministration.40 Therefore, as suggested previously, 
it is likely that GDNF somehow escaped into the periphery for 
antigen presentation in the clinical trial.7

It is evident from the current and previous studies that the 
weight loss observed in nigral GDNF protein overexpression may 
preclude this anatomical target in the clinic.21 In our previous study 
focused on high constitutive nigrostriatal GDNF overexpression, 
we used obese aged rats and found highly significant weight loss.21 
Thus, it could be asserted that bilateral nigral rAAV-mediated 
GDNF (or neurturin) might only be a concern with pre-existing 
obesity. However, in this study, we have shown that bilateral nigral 
rAAV-mediated GDNF overexpression abrogates normal weight 

gain in middle-aged rats (Figure  1a,b) and also in young rats 
(Figure 2a) even though neither of these populations of rats had 
become obese yet. These data further highlight potential problems 
with the SN as the target of unregulated GDNF in PD.

On the other hand, current clinical trials have been focused on 
direct injections into the striatum, and although some retrograde 
transport via the nigrostriatal tract would be expected when 
using most rAAV serotypes,41,42 the extent of striatal dopamine 
innervation in PD patients is markedly reduced thereby miti­
gating the probability that nigral GDNF protein expression after 
striatal rAAV injections will induce weight loss in PD. Moreover, 
our dose–response data indicate that there is a threshold level of 
nigrostriatal GDNF needed for weight loss to occur that would 
further mitigate any possibility of weight loss from a striatal 
rAAV-GDNF injection in PD. Finally, striatal GDNF protein 
overexpression at levels equal to that seen after nigral rAAV2/5-
regGDNF injection did not induce weight loss, indicating either 
that striatal GDNF protein overexpression is less efficient than 
nigrostriatal GDNF protein overexpression, or striatal GDNF 
protein overexpression cannot induce weight loss. Nonetheless, 
the striatal GDNF levels obtained after striatal administration of 
rAAV2/5-regGDNF were ~25-fold higher than those needed for 
a therapeutic response in the rat9 and ~20,000-fold lower than 
toxic infusion doses in the primate.22

Materials and Methods
Animals. Twelve-month-old male Sprague–Dawley rats (Harlan, Indianapolis, 
IN) were used for the ON–OFF and regulated GDNF striatal studies. Two-
month-old Sprague–Dawley rats were used for the dose–response and stri­
atal CBA-GDNF experiments. Upon arrival, animals were quarantined for 
1 week prior to any testing. Animals were cared for in accordance with the 
principles of the Guide to the Care and Use of Experimental Animals. Rats 
were housed individually with a 12:12 hour light:dark cycle (0700–1900 
hours). Food and water were available ad libitum throughout the study. Prior 

Figure 6  Five months of striatal protein overexpression of GDNF has no effect on cerebellar purkinje cells. The integrity of cerebellar purkinje 
cells was assessed using calbindin immunohistochemistry from the same CBA-GDNF animals shown in Figure 5. (a) Cerebellar calbindin immunore-
activity in striatally injected CBA-GFP animal highlighting survival of purkinje cells (large dark cell bodies). (b) Increased magnification of a. (c) Striatal 
GDNF protein overexpression does not lead to cell loss, or abnormal cells, of the purkinje cell layer. (d) Increased magnification of c. Bar: a,c = 1 mm, 
bar: b,d = 200 µm.
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to the start of the study, animals were weighed and placed in experimental 
groups in a fashion that yielded equal average body weights among the 
groups. DOX was administered in the diet using standardized diet con­
taining a quality-controlled dose of DOX (Bio-Serv, Frenchtown,  NJ). 
All doses are expressed as the amount of DOX in each kg food (except 
on the x axis of Figure 3 where both food dosage and approximate mg/
kg body weight was given). Following vector administration, animals were 
placed on DOX diets reflecting the various groups: ON/OFF animals were 
cycled between 3 g/kg DOX and regular food. We have shown that 3 g/kg  
dietary DOX produces DOX serum levels equivalent to that of 1 mg/
ml DOX in drinking water (S.L. Semple-Rowland, J.E. Coleman, and 
R.J. Mandel, unpublished data). The diet schedule for the SN-GFP group 
was yoked to that of the SN-regGDNF1 group. All striatal injection groups 
received normal food. Dose–response animals were placed on normal, 
20 mg/kg, 40 mg/kg, 100 mg/kg, 500 mg/kg, 1 g, or 3 g DOX diet (Bio-Serv). 
Body weights were measured twice weekly.

rAAV2/5 production. The AAV backbone for the control viruses was 
identical to that previously reported.43,44 Briefly, the GDNF complemen­
tary DNA was under the control of the cytomegalovirus/CBA promoter 
hybrid, followed directly downstream by the wood-chuck hepatitis post-
transcriptional regulatory element. The complete transcription cassette 
was flanked by AAV2 terminal repeats. The GFP vector consisted of the 
humanized enhanced GFP complementary DNA downstream of the same 
promoter elements as in the GDNF plasmid. The bicistronic-regulated 
GDNF vector contained the ptTA2 tet-off transactivator expressed by the 
cytomegalovirus-CBA hybrid promoter followed by a downstream expres­
sion cassette containing a modified tet response element (TRE) containing 
seven repeats of the 19 base pairs tet operator sequence (Figure 1). A mini­
mal cytomegalovirus promoter was situated immediately downstream of 
the TRE driving the expression of the same GDNF complementary DNA 
used in the CBA-GDNF plasmid. This construct is similar to that reported 
previously.45 The viruses were produced via the triple transduction method 
and purified as described previously.46 The final vector titers were rAAV2/5 
CBA-GDNF 3.8 × 1012 genome copies/ml, rAAV2/5 CBA-GFP 4.5 × 1013 
genome copies/ml, and rAAV2/5 regGDNF 7.3 × 1013 genome copies/
ml. The virus stock purity was determined to be >99% as judge by silver-
stained SDS acrylamide gel fractionation.

Intracerebral administration of rAAV2/5. All surgical procedures were 
performed as previously described.44 Each animal in the nigral injection 
groups received bilateral injections of the virus in the SN. The coordi­
nates were anterior–posterior −5.4 mm, ±2.0 mm medial–lateral from 
bregma, and −7.2 mm dorsoventral from the dura. The total volume 
injected was 2 µl at a rate of 0.5 µl/minute. To allow for viral diffusion, the 
micropipette was allowed to remain for an additional 5 minutes after the 
injection and thereafter slowly removed from the brain. Animals in the 
striatal injection groups received intraperitoneal injections of mannitol 
(3 ml sterile 25% mannitol in 0.9% saline/100 g body weight) 15 minutes 
prior to receiving one rAAV injections of 3 µl in each hemisphere at a rate 
of 0.5 µl/minute.43 The coordinates were anterior–posterior ± 0.0 mm and 
medial–lateral ± 2.7 mm from bregma, dorsoventral −4.0 mm from dura. 
One minute after the completion of each injection the micropipette was 
retracted 1 mm and left in place for an additional 4 minutes before being 
slowly removed from the brain.

Tissue harvesting and preparation. At the termination of the study, 
the animals were deeply anesthetized with pentobarbital, blood samples 
were collected by heart puncture, and serum was isolated as described 
previously.47,48 The animals were thereafter decapitated and brains were 
rapidly removed and placed in a block and sectioned coronally at the level 
of the mid-hypothalamus in order to separate the anterior and posterior 
parts of the striatum (Figure 1). The portion of the brain posterior to the 
cut was immediately placed in ice-cold 4% paraformaldehyde in 0.01 mol/l 

phosphate-buffered saline and postfixed for 24 hours. Following fixation, 
the brains were treated with 30% sucrose until saturation was achieved and 
subsequently cut into 40 μm thick sections using a freezing stage sliding 
microtome. The striatum was dissected from the portion of the brain ante­
rior to the cut by visual guidance. The dissected sample was weighed and 
then immediately frozen in dry ice and thereafter stored in −80 °C until 
further use.

GDNF ELISA. Striatal samples from the dissections were analyzed with a 
GDNF Emaxkit (Promega, Madison, WI). Lysis buffer, as described in the 
kit protocol, was added to the tissue to achieve a final concentration of 
100 mg tissue/ml lysis solution. The tissue was thereafter disrupted using a 
model-100 sonic dismembrator (Fisher Scientific, Waltham, MA). Samples 
were subsequently assayed at various concentrations until raw plate 
values were in the middle range of the standard curve. Absorbance val­
ues were obtained with a VersaMax microplate reader (Molecular Devices, 
Sunnyvale, CA). Raw values were then adjusted for tissue weight.

Immunohistochemistry. Immuno-staining procedures were identical to 
those previously described.44 Primary antibodies used were mouse anti-TH 
(1:2,000), rabbit anti-GFP (1:2,000), mouse anti-calbindin (1:200), rabbit 
anti-VP-16 (1:50) (Chemicon, Temecula, CA), goat anti-GDNF (1:1,000) 
(R&D Systems, Minneapolis, MN). The secondary antibody for calbin­
din brightfield microscopy was biotinylated anti-rabbit immunoglobin 
G and the sections were developed with NovaRed (Vector Laboratories, 
Burlingame, CA). Fluorescently labeled secondary antibodies were Alexa 
Fluor 594 donkey anti-goat and anti-rabbit, and Alexa Fluor 488 don­
key anti-rabbit (Invitrogen, Carlsbad, CA). The near-infrared secondary 
antibody for the TH densitometry was IRdye 800 (LI-COR Biosciences, 
Lincoln, NE).

Densitometry. Serial TH-labeled sections were scanned at a resolution of 
21 µm and a 5.5 (arbitrary unit) sensitivity setting on a LI-COR Odyssey 
scanner (LI-COR Biosciences). The SN was thereafter outlined and the 
value for the integrated intensity was obtained from each section on a 
normalized slide. The average for the raw integrated intensity was subse­
quently obtained for each animal in order to normalize for variations in the 
number of sampling sites between different animals.

Statistical analysis. All statistical differences between groups were tested 
using analysis of variance (ANOVA). For the ON–OFF experiment weight 
measures, four epochs corresponding to the crossover of the DOX diet 
were analyzed separately by repeated-measures ANOVA. Statistical sig­
nificance for individual contrasts were undertaken via simple-main effects 
analysis49 followed by a Fisher’s paired least significant difference post hoc 
test after obtaining a significant GROUP × TIME interaction (P < 0.0001 
for all epochs). We accepted an α level of P < 0.001 for these contrasts 
to adjust for 42 individual contrasts. The weight dose–response experi­
ment was also analyzed using repeated-measures ANOVA in two separate 
epochs (pre- and postdose change). The second epoch displayed a signifi­
cant GROUP × TIME interaction (P < 0.01) enabling the post hoc testing 
as described  above. All ELISA data were analyzed via ANOVA after a 
log10 transformation of the data. All other data were analyzed via ANOVA 
followed by paired least significant difference post hoc test.

DOX HPLC. The content of DOX in serum samples was determined via a 
slightly modified HPLC method.50 Briefly, DOX was extracted from serum 
samples using a HLB Extraction cartridge (Waters, Milford, MA), 1 mg/10 
mg. Each sample was diluted with an equal volume of acidified water con­
taining 2% phosphoric acid to disrupt protein binding, then vortexed and 
applied to a preconditioned extraction cartridge. This was followed by 
washing with 5% methanol in water in order to wash off unbound materi­
als. The DOX was finally eluted off the cartridge using mobile phase. Tet 
was added as an internal standard in a final concentration of 1 µg/ml then 
filtered through 0.2-µm nylon syringe filter, and collected into an HPLC 
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vial. An HPLC-DAD HP1030 system (Agilent Technologies, Santa Clara, 
CA) was used to carry out the analysis. Separation was carried out at 35 °C 
on a Hydro-RP, reverse-phase column (Phenomenex Synergy, Torrance, 
CA; 250 × 4.6 mm internal diameter , and 4 µm particle size). This column 
was preceded by a reversed-phase AQ-C18, (40 × 3 mm) guard column. 
The detector wavelength was set at 350 nm. The mobile phase consisted of 
60% water containing 0.15% trifluoroacetic acid and 40% acetonitrile (pH 
2.3). The mobile phase was filtered through 0.22-µm filter membrane and 
degassed with helium for 15 minutes before used. The flow rate was set at 
0.7 ml/minute with a 25 µl injection volume.

Supplementary Material
Figure S1.  Early vector designs.
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