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Abstract
Survival rates of dopamine (DA) neurons grafted to the denervated striatum are extremely poor
(5-20%). Gene transfer of survival promoting factors, such as the anti-apoptotic protein bcl-2, to
mesencephalic DA neurons prior to transplantation (ex vivo transduction) offers a novel approach to
increase graft survival. However, specific criteria to assess the efficacy of various vectors must be
adhered to in order to reasonably predict successful gene transfer with appropriate timing and levels
of protein expression. Cell culture results utilizing three different herpes simplex virus (HSV) vectors
to deliver the reporter ß-galactosidase gene (lacZ) indicate that transduction of mesencephalic cells
with a helper virus-free HSV amplicon (HF HSVTH9lac) that harbors the 9-kb tyrosine hydroxylase
(TH) promoter to drive lacZ gene expression elicits the transduction of the highest percentage
(≈50%) of TH-immunoreactive (THir) neurons without significant cytotoxic effects. This
transduction efficiency and limited cytotoxicity was superior to that observed following transduction
with helper virus-containing HSV (HC HSVlac) and helper virus-free HSV amplicons (HF HSVlac)
expressing lacZ under the transcriptional control of the HSV immediate-early 4/5 gene promoter.
Subsequently, we assessed the ability of HSV-TH9lac and the bcl-2 expressing HSV-TH9bcl-2
amplicon to transduce mesencephalic reaggregates. Although an increase in bcl-2 and ß-
galactosidase protein was induced by transduction, amplicon-mediated overexpression of bcl-2 did
not lead to an increase in grafted THir neuron number. Even with highly efficient viral vector-
mediated transduction, our results demonstrate that ex vivo gene transfer of bcl-2 to mesencephalic
reaggregates is ineffective in increasing grafted DA neuron survival.
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2. Introduction
Parkinson's disease (PD) is a chronic, neurodegenerative disorder that affects approximately
1-2% of the population over the age of 65 [29]. The disease is caused by the specific
degeneration of the dopaminergic neurons of the substantia nigra pars compacta, which is likely
due to cumulative effects of genetic and environmental factors. Replacement strategies for PD,
such as transplantation of primary embryonic dopamine (DA) neurons, are directed at restoring
lost DA neurochemistry, returning brain function to the state that existed prior to the onset of
symptoms of PD. Many years of successful research on neural grafting in animal models of
PD [9,50] have led to several clinical trials worldwide [31,35].

While the field of transplantation continues to advance at a great pace, several challenges
remain. In contrast to what might have been anticipated, double-blind clinical trials with
grafting of DA neurons failed to provide clinical benefits for all patient groups and yielded
dyskinetic behaviors [17,30]. It was originally hypothesized that postoperative exacerbation
of dyskinesias was due to graft overgrowth in the striatum and a generalized
hyperdopaminergic effect. However, data from both clinical trials [26] and animal studies
[28,44] suggest that non-homogeneous DA fiber reinnervation is more likely causative. The
percentage of grafted fetal DA neurons that survive transplantation is extremely low (5-20%),
further limiting the ability of these grafted cells to provide innervation. The reported negative
impact of grafting on dyskinesias does not imply that neural grafting has failed to fulfill its
clinical promise, but rather that it remains critical to the field of cell replacement, whether the
source is embryonic, stem or other, to understand means by which enhanced survival, and
therefore enhanced and homogeneous DA fiber reinnervation, can be attained.

Gene therapy for the treatment of PD has mainly been directed at the delivery of trophic factors
and dopaminergic enzymes to cells of the striatum (in vivo gene therapy) [42] or to nonneuronal
cells that are subsequently grafted (ex vivo) [3,16,18,22,25,47,49]. Very little research has
investigated the feasibility of ex vivo gene delivery to mesencephalic DA neurons in an effort
to increase their survival rate after grafting. In our laboratory we have observed a peak of
apoptotic nuclear profiles in mesencephalic grafts immediately after implantation (1-4 days)
[38,41]. These studies, along with previous findings [4,13,14], underscore the fact that the
critical interval during which grafted DA neurons are dying in grafts to rats is during the first
four days following implantation. Therefore, neuroprotection of DA neurons to be implanted
will most effectively be accomplished via ex vivo transduction that generates optimal protein
expression at the time of implantation.

In the present study we examine the ex vivo transduction of primary mesencephalic DA neurons
and reaggregate cultures with different herpes simplex viral (HSV) vectors to derive an optimal
set of transduction conditions and to assess the effects of amplicon-mediated delivery of the
gene encoding the anti-apoptotic factor bcl-2 on graft survival and efficacy in vivo.

3. Results
Cytotoxicity of Vectors

Three HSV amplicon vectors were assessed for cytotoxic effects on transduced mesencephalic
cultures in general (lactate dehydrogenase, LDH, assay) and on THir neurons specifically
(counts of THir neurons). On DIV 4, all vectors displayed significantly higher LDH levels at
an MOI of 2.0 when compared to their respective LDH values at MOI levels of 0.5 and 1.0 [F
(8, 36) = 114.525; P ≤ 0.0001]. Across vectors, both the HC HSVlac and the HF HSVlac
amplicons displayed significantly higher LDH levels than HF HSVTH9lac-transduced cultures
at all three MOI levels examined (P ≤ 0.0003). These results are depicted in Figure 1A.
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Only HC HSVlac transduction yielded a dose-dependent decrease in THir neurons observed
in culture at PID 4 [F (11, 49) = 27.342; P ≤ 0.0001]. There were no significant differences in
THir neuron number due to increasing MOI levels of either HF virus examined (HF HSVlac
or HF HSV TH9lac, P ≥ 0.5). Across vectors, infection with HF HSV TH9lac yielded
significantly fewer THir neurons in culture than HF HSVlac when examined on post infection
day 4 (PID4, P ≤ 0.0001). However, there were no significant differences in THir neuron
number between HF HSVlac transduced cells at PID 4 and HF HSV TH9lac at PID 7 for MOI
levels of 1.0 and 2.0 (P ≥ 0.5). These results are depicted in Figure 1B.

General Transduction Efficiency
Individual mesencephalic cultures transduced with the three amplicon constructs were
examined on PID 4 and PID 7 for total number of β-gal positive cells (Figure 2, A and B).
Cells infected at the time of plating with either HC HSVlac or HF HSVlac exhibited numerous
transduced cells at the PID 4 and PID 7, while cultures incubated with HF HSV TH9lac at the
time of plating were completely devoid of transduced cells at either timepoint (data not shown).
Therefore, subsequent culture studies utilizing HF HSV TH9lac were transduced 24 h after
plating.

Within vector treatment groups, at PID 4, only HF HSV-TH9lac transduced cells displayed
significantly higher numbers of β-gal positive cells when infected at an MOI of 2.0, compared
to MOI 0.5 [F (17, 36) = 15.078; P ≤ 0.0001]. Neither HC HSVlac nor HF HSVlac transduced
cells displayed significant differences in β-gal positive cell number with increasing MOI levels
when examined at PID 4 (Figure 2A, P ≥ 0.5). Across vector treatment groups there were no
significant differences in the number of β-gal positive cells observed at PID 4 (P ≥ 0.5).

Three days later (Figure 2B), at PID 7, HC HSVlac transduced cells at MOI levels of 1.0 and
2.0 displayed significantly higher numbers of β-gal positive cells compared to MOI level of
0.5 (P ≤ 0.0001). There were no significant differences in β-gal positive cell numbers between
HC HSVlac transduced cells infected at MOI 1.0 and 2.0 (P ≥ 0.5). Similarly, at PID 7
mesencephalic cells infected with HF TH9HSVlac at a MOI level of 2.0 displayed significantly
more β-gal positive cells than those infected at MOI 0.5 (P ≤ 0.0001). There were no significant
differences with increasing MOI levels of HF HSVlac transduced cells in β-gal positive cell
number (P ≥ 0.5). Across vector constructs, at PID 7, at an MOI of 1.0, HC HSVlac infected
cells displayed significantly more β-gal positive cells than HF HSVlac and HF HSV-TH9lac
infected cells at the same MOI (P ≤ 0.0001). Similarly, cells infected with HC HSVlac at MOI
of 2.0 displayed significantly more β-gal positive cells than cells infected with HF HSVlac (P
≤ 0.0001). There were no significant differences in β-gal positive cell number between HC
HSVlac infected and HF HSV-TH9lac infected cells at an MOI of 2.0 (P ≤ 0.0001). Across
time, only HC HSVlac infected cells displayed a significant increase in β-gal positive cells at
PID 7 as compared to PID 4, and only when infected at a MOI of 1.0 (P = 0.0001). No other
significant effects due to post transduction time were observed (P ≥ 0.5).

THir Neuron Specific Transduction Efficiency
Individual mesencephalic cultures transduced with the three vector constructs were also
examined on PID 4 and PID 7 for the percentage of THir neurons that co-expressed β-gal
(Figure 2C and D). At PID 4, HC HSVlac infected cells displayed significantly more THir
neurons (approximately 27%) transduced at a MOI of 2.0, compared to cells infected at lower
MOIs (P ≤ 0.0001). HF HSVlac transduced cultures possessed more double-labeled neurons
when infected at MOI 2.0 (≈ 52%) when compared to MOI 1.0 (P = 0.0002), and more double-
labeled neurons at MOI 1.0 when compared to MOI 0.5 (P ≤ 0.0001). Similarly, HF HSV-
TH9lac transduced THir neurons in a dose-dependent manner (≈57% at MOI 2.0, P ≤ 0.0001).
Both helper free viral constructs transduced significantly more THir neurons at PID 4 than HC
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HSVlac when infected at MOI 2.0 (P ≤ 0.0001). There were no significant differences between
treatment groups with any other statistical comparison (P ≥ 0.5).

At PID 7 (Figure 2D) there were no significant differences in transduced THir neuron number
due to MOI level for HC HSVlac infected cells (P ≥ 0.5), all levels exhibited approximately
15% THir neurons co-expressing β-gal. In contrast, both helper virus-free amplicon stocks
elicited significant increases in double-labeled neurons at MOI 2.0 as compared to lower MOIs
(P ≤ 0.0002). At MOI 2.0, HF HSVlac transduced THir neurons at a significantly higher rate
than HC HSVlac at the same MOI (≈ 35% and ≈15%, respectively, P ≤ 0.0001). However,
mesencephalic cultures transduced with HF HSV-TH9lac at MOI 2.0 possessed the highest
percentage of double-labeled neurons at PID 7, approximately 50%. This rate was significantly
higher than then other two vectors at the same MOI (P ≤ 0.0001). Across time, both HC HSVlac
and HF HSVlac transduced cultures displayed significantly fewer β-gal positive THir neurons
at PID 7 than at PID 4 when infected at MOI 2.0 (P ≤ 0.0001). In contrast, there was no
significant difference in transduction rates of THir neurons in HF HSV-TH9lac transduced
cultures at PID 4 and (P ≥ 0.5).

Transduction of Mesencephalic Reaggregates
Mesencephalic reaggregates were analyzed for expression of ß-galactosidase or bcl-2 protein
at PID 3 or 5 after exposure to either HF HSV-TH9lac, HF HSV-TH9bcl-2 or no vector utilizing
immunohistochemistry, X-gal histochemistry and Western blotting. Qualitative examination
of sections taken through the center of the aggregates revealed numerous X-gal positive cells
at PID 4 after infection with HF TH9HSVlac (Figure 3A). Similarly, at PID 4, aggregates
transduced with HF HSV-TH9bcl-2 displayed numerous bcl-2 positive cells (Figure 3B).
Alternate sections through the aggregates transduced with HSV-TH9lac indicated numerous
THir neurons (Figure 3C). At both PID 4 and PID 7 reaggregates transduced with HF HSV-
TH9lac displayed higher levels of ß-galactosidase than reaggregates infected with HF HSV-
TH9bcl-2 or no vector. Similarly, transduction of reaggregates with HF HSV-TH9bcl-2 yielded
greater expression of bcl-2 protein at both PID 4 and PID 7 than reaggregates transduced with
non-bcl-2 expressing amplicons (data not shown).

Rotational Asymmetry
Rats in all transplant groups were assessed for the effects of freshly dissociated and reaggregate
grafts (transduced and control) on rotational asymmetry. Thirty-two of the forty 6-OHDA-
lesioned rats exhibited average ipsilateral rotation rates of 6 turns/minute or greater after
amphetamine challenge and were assigned to the four different treatment groups. There were
no significant differences in baseline rotational scores between the different transplant groups
[F (11,67) = 1.941; P ≥ 0.05]. At four weeks following grafting, the group that had been grafted
with freshly dissociated mesencephalic suspension (Susp, N = 8) appeared to have recovered
slightly from baseline, however this did not achieve significance (P ≥ 0.05). Similarly, there
was no significant recovery from rotational asymmetry in any of the three reaggregate grafted
groups (Control, N = 6; Lac, N = 7; Bcl-2, N = 6; P ≥ 0.05). In contrast, by six weeks after
transplantation all four groups displayed average ipsilateral rotation rates that were
significantly recovered compared to baseline (P ≤ 0.05). There were no significant differences
in rotational asymmetry between groups (P ≥ 0.05). Rats with misplaced transplants (lateral
ventricle) were excluded from behavioral analysis. These behavioral results are illustrated in
Figure 4A.

Survival of THir Neurons
Unilateral injection of 6-OHDA produced a near total absence of TH immunoreactivity within
the lesioned host striatum. All grafted rats in both experiments contained visible grafts of THir
neurons when analyzed at 10 weeks following implantation. Experimental groups consisted of
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freshly suspended VM grafts (Susp, N = 8), non-transduced reaggregate grafts (Control, N =
8), reaggregate grafts transduced with HSV TH9lac (Lac, N = 8), and reaggregate grafts
transduced with HSV TH9bcl-2 (Bcl-2, N = 7, one rat died due to vivarium complications).
Fresh VM suspension grafts possessed an average of 757.05 ± 215.5 THir neurons (survival
rate approximately 4.2%) when analyzed at the ten-week post-implantation interval. Non-
transduced reaggregate grafts displayed an average of 929.88 ± 149.87 THir neurons (survival
rate approximately 4.9%). Reaggregate grafts transduced with HSV-TH9lac displayed an
average of 961.7 ± 160.6 (survival rate approximately 5.0%) THir neurons. Lastly, reaggregate
grafts transduced with HSV-TH9bcl2 displayed an average of 927.7 ± 93.9 (survival rate
approximately 4.9%) THir neurons. There were no significant differences in survival rates of
THir neurons between the four different graft types (P ≥ 0.05). These results are depicted in
Figure 4B-C.

Coexpression of β-galactosidase and TH in HSV-TH9lac Transduced Grafts
In order to verify the transduction of THir neurons after transplantation, rats grafted with HF
HSV-TH9lac were analyzed for coexpression of TH and β-gal (Figure 5). HSV-TH9lac
transduced grafts contained an average of 22.0 ± 4.3 double labeled neurons (approximately
2.2% of THir neurons). Interestingly, these same grafts contained an average of 34.0 ± 7.9 total
β-gal positive cells, indicating that not all β-gal positive cells expressed TH (approximately
65% coexpression).

4. Discussion
The present group of experiments systematically evaluates three different HSV vector
constructs for their ability to efficiently transduce embryonic mesencephalic DA neurons
without eliciting cytotoxicity. We demonstrate that a helper virus-free preparation of a HSV
vector that uses the 9-kb TH promoter to drive expression is optimal for the purpose of
transducing THir neurons within the heterogeneous mesencephalic monolayer culture
population. We provide evidence to validate that three dimensional mesencephalic
reaggregates similarly are efficiently transduced within 3 days of HF HSV-TH9 vector
exposure to express either ß-galactosidase or bcl-2 protein as confirmed by both
immunohistochemistry and Western blots. With optimal transduction protocols identified,
combined with confirmation of protein expression at the time of grafting, we were appropriately
poised to definitively determine whether bcl-2 overexpression is capable of increasing grafted
DA neuron survival. Our results indicate that gene transfer of bcl-2 does not prevent the cell
death experienced by grafted cells after implantation and therefore does not represent an
effective approach to increase grafted DA neuron survival.

The assessment of the potential toxicity of overexpression of native or exogenous proteins is
critical to successful gene therapy. Previous studies in which primary cortical neurons were
transduced with either helper or helper-free HSV packaged amplicon virus stocks expressing
different reporter genes indicated that the toxicity observed in these cultures was related to the
type of reporter gene expressed, not the presence of helper virus, with lacZ expression the least
toxic of the reporter genes examined [12]. In our studies using primary mesencephalic cells
we found similar results in that the presence of helper virus did not impact the toxicity observed
in the mesencephalic cultures in general. However, the presence of helper virus was
significantly more toxic to the THir neurons in these same cultures.

Transduction of mesencephalic cultures with the HF TH9lac vector construct yielded
significantly lower THir neurons at PID 4 compared to cultures transduced with HF HSVlac.
However, by PID 7 the number of THir neurons in cultures transduced with TH9lac (MOIs
1.0, 2.0) had returned to the numbers observed with HF HSVlac transduction. This transient
loss of TH phenotype is not indicative of toxicity of the TH9lac vector. In fact, analysis of
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LDH levels reveal that the TH9lac vector construct is significantly less toxic than both the HC
and HF HSV vectors. Based on these results, as well as our results demonstrating superior
transduction rate of THir neurons, we selected the HF TH9lac vector construct for our
transplantation studies.

We have previously reported that apoptotic cell death of grafted cells peaks immediately after
implantation [38,41]. This underscores the concept that the fate of grafted DA neurons is
determined during the immediate post-grafting interval, with survival after 4 days being
equivalent to survival rates observed months later [4,13,14,38,41]. Therefore, interventions
aimed at augmenting grafted dopamine survival must target these critical first few days after
implantation. Our in vitro results utilizing both monolayer cultures and aggregates suggests
significant expression of the bcl-2 within THir neurons at the time of implantation (≈ 50%).
However, by ten weeks after implantation the transduction rate of THir neurons had decreased
markedly to approximately 2%. This down-regulation of transgene expression after only a few
days is a prevailing characteristic of HSV amplicon-based vectors [12,46] although slightly
longer expression stability has been reported by using the TH promoter [48]. For the purposes
of improving graft survival, down-regulation of bcl-2 after a few days should prove adequate
and in fact, may be optimal. With HSV-TH9bcl-2-mediated transduction bcl-2 expression is
in essence “regulatable” with bcl-2 expression maximal when newly grafted cells are
bombarded by numerous triggers of cell death [37] and subsequently down-regulated when
these challenges have past.

Bcl-2 is a member of a gene family that can be functionally subdivided into two groups with
one group promoting apoptotic cell death (Bax, Bak) and the other group suppressing it (Bcl-2,
Bcl-Xl) [51]. Our present findings rule out bcl-2 overexpression as a method to increase grafted
DA neuron survival. However, bcl-2 overexpression does protect nigral DA neurons from
MPP+ toxicity in culture [33] and programmed cell death during development [23]. Given these
findings it appears that the ability of bcl-2 overexpression to provide neuroprotection for nigral
DA neurons depends upon the type of insult. Newly grafted DA neurons experience very
specific kinds of insults that are unique to the grafting situation, i.e. anoikis, hypoxia/ischemia,
trophic factor withdrawal [37].

This study is not the first attempt to utilize bcl-2 overexpression to protect grafted DA neurons
after transplantation. Initially, an immortalized cell line derived from rat mesencephalon was
transduced with a retrovirus encoding bcl-2 and subsequently grafted [2]. Two different groups
have also examined the effect on graft survival of grafting mesencephalic suspensions from
mice genetically engineered to overexpress bcl-2 [1,36]. None of these three studies reported
differences in cell survival between the bcl-2 overexpressing treatment groups and controls;
however, enhanced THir neurite extension with bcl-2 overexpression was reported [21,36].
This finding is not surprising given that the bcl-2 molecule has been demonstrated to have the
capacity to induce and maintain axonal growth [10]. The authors concluded from their findings
that cell death in grafted cells can circumvent regulation by bcl-2 [36]. While our present
findings support this conclusion, these studies could not rule out the possibility that inadequate
levels of bcl-2 were expressed at the time of implantation to provide protection. Given that
grafted cells die immediately following implantation [38,41], bcl-2 must be overexpressed
during this interval in order to promote graft survival. While the aforementioned studies
confirmed bcl-2 overexpression, this confirmation was not conducted immediately prior to
implantation. Instead, verification of bcl-2 protein expression was conducted via Western blots
of mesencephalic tissue pieces, post mortem examination of transgenic tissue or in vitro at 48
hours after plating [21,36]. Bcl-2 overexpression was not demonstrated after tissue
dissociation, a disruptive process that can temporarily interrupt protein expression and render
cells quiescent. It is possible that the stress of dissociation into cell suspension downregulated
bcl-2 to physiologically inactive levels during the immediate post-grafting interval. We
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propose that our mesencephalic reaggregate system has eliminated this potential confound
thereby allowing us to definitively determine that bcl-2 overexpression, at least at the present
levels, does not elicit survival promoting effects.

One advantage of gene transfer to cells prior to implantation (ex vivo gene therapy) is the ability
to methodically evaluate the extent and cell-specificity of transduction prior to implantation.
In the case of primary mesencephalic cell suspensions, this opportunity is critical to predicting
success. Mesencephalic cells are a heterogeneous mixture of neurons (GABAergic,
serotonergic, dopaminergic) as well as glia. The THir cell population within this diverse cell
mixture varies (dependent on dissection size) from around 1-20%. If the gene of interest to be
used to promote DA neuron survival must be expressed by the DA neurons themselves in order
to elicit survival effects then the ability of the vector to infect a significant percentage of THir
neurons must be established. Our experimental design has allowed us to verify that THir
neurons are indeed transduced with the HF HSVTH9 vector (≈50%). Conversely, if THir
neurons do not require expression of the gene and protein to be investigated in order to elicit
trophic effects then transduction of the nondopaminergic cell population may suffice. This
latter situation may be most applicable to ex vivo transduction of mesencephalic cells with
trophic factors such as glial cell line derived neurotrophic factor (GDNF) or brain derived
neurotrophic factor (BDNF).

Significant agreement has emerged from the work of researchers worldwide that specific
conditions associated with the transplant procedure render grafted cells susceptible to apoptotic
death. The potential triggers of apoptosis during the transplantation procedure include:
hypoxia, anoikis, oxidative stress and neurotrophic factor withdrawal. Treatment strategies that
aim to reduce or eliminate the triggers of grafted cell death appear to be more successful than
approaches that target the downstream intracellular apoptotic cascade [37]. In particular,
treatment of mesencephalic cell suspensions with isolated trophic factors (GDNF, BDNF, NT
4/5) as well as glial-derived factors, and antioxidant therapies have demonstrated consistent
survival promoting effects. Nevertheless, despite significant improvements in grafted DA
neuron survival using these treatments, the overwhelming majority of grafted embryonic cells
(60-70%) still do not survive the grafting procedure. Perhaps the application of gene therapy
delivery of trophic factors via carefully optimized ex vivo transduction could further improve
upon the survival rates observed with trophic factor protein incubation. Future studies are
underway to investigate the effectiveness of such an approach.

5. Experimental Procedures
Dissection and Dissociation

Ventral mesencephalic brain regions were dissected using sterile techniques from embryonic
day 14 F344 rat fetuses and pooled in a cold, sterile calcium-magnesium-free buffer (CMF) as
described previously [38,39,40,41]. Cell suspensions of embryonic mesencephalic tissue were
then prepared through a series of CMF rinses, incubated in 0.125% trypsin for ten minutes at
37°C, rinsed in CMF again, and triturated in 0.004% DNase to disperse the cells into solution.
Trypan blue was added to a sample of cell suspension and viewed in a hemocytometer to assess
cell viability and to determine cell counts. Each mesencephalon yielded approximately 600,000
cells under our dissection parameters, an average of 40 embryos was routinely dissected from
3-4 dams. Cell suspensions of greater than 95% viability were used for cell culture, aggregation
and transplantation.

Preparation of amplicon vectors: Cell culture
Baby hamster kidney (BHK) and RR1 cell lines were maintained as previously described
[24]. The NIH-3T3 mouse fibroblast cell line was originally obtained from American Type
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Culture Collection and maintained in Dulbecco's modified Eagle medium plus 10% fetal bovine
serum.

Amplicon Construction
The coding sequence for E. coli ß-galactosidase was cloned into an HSV amplicon plasmid
vector as previously described [19]. An HSV amplicon expressing bcl-2 under the control of
the TH promoter was constructed. To obtain pHSVTH9bcl-2, a 750-bp cDNA fragment from
human bcl-2 was used (a gift from Dr. Arnon Rosenthal). This fragment was ligated into an
HSV amplicon vector containing the rat tyrosine hydroxylase promoter. Specifically, a SalI-
EcoRI fragment from pTH900 (a kind gift of Dr. Jin Son) containing 9 kb of the rat tyrosine
hydroxylase promoter was subcloned into the Xho I-Eco RI sites of the HSVminOriSmc
amplicon vector to create pHSV-TH9. pHSV-TH9 was subsequently linearized with Eco RI
and ligated to the 750 bp Eco RI fragment of human bcl2 cDNA. The final construct, pHSV-
TH9bcl2 is capable of TH promoter-directed expression of bcl-2.

Helper virus-based amplicon packaging (HC HSV)
Amplicon DNA was packaged into HSV-1 particles using a previously published method
[32]. Viral pellets were resuspended in PBS (Ca2+ and Mg2+ free) and stored at −80°C for
future use.

Helper virus-free amplicon packaging (HF HSV)
Amplicon stocks were also prepared using a modified helper virus-free packaging method
[6]. Viral preparations were subsequently purified and concentrated as performed for helper
virus-containing stocks.

Virus Titering
Helper virus-containing stocks (HC HSV) were titered for helper virus by standard plaque
assay methods [20]. Amplicon titers for both helper virus-based and helper-free stocks (HF
HSV) were determined using a previously published transduction titering method [5]. Helper
virus titers (pfu/ml), amplicon expression titers (bfu/ml), and amplicon transduction titers (TU/
ml) obtained from these methods were used to calculate amplicon titer and thus standardize
experimental viral delivery. Amplicon titers of the various virus preparations ranged from 1-2
× 107 bfu/ml while helper titers were in the range of 0.5-1 × 107 pfu/ml.

Transduction of Mesencephalic Cells in Monolayer Cultures
All cell culture experiments were performed in triplicate. Primary dispersed mesencephalic
cultures were plated at a concentration of 3000 cells/μl using the microisland dry plating
method [45] to allow for standardized determinations of THir cell survival and transduction
efficiency. Microislands 10 μl in size were plated on 24-well poly-D-lysine and primaria-coated
culture plates and fed after one hour with serum-free Neurobasal media including 1X B-27
supplement, 25 μM L-glutamic acid, 2.0 mM glutamine, 10 U/ml penicillin, and 2.5 μg/ml
fungizone in order to support mesencephalic neurons in a relatively glial-free condition [7,8].
After feeding, cells were exposed immediately to varying multiplicity of infection levels (MOIs
0.5, 1.0, 2.0) of HC HSVlac, HF HSVlac or HF HSV-TH9lac. Initial results with HF HSV-
TH9lac revealed no transduction of any cells when virus was added at the time of plating.
Therefore, all cell culture experiments with HSV-TH9 amplicons were subsequently conducted
with exposure to vector at DIV 1. Twenty-four hours after transduction, the medium was
changed. Cultures were analyzed 4 (post infection day 4, PID 4) or 7 days (PID 7) later for
number of THir neurons, β-galactosidase immunoreactive (βgal-ir) cells, and cells that
colocalized for both antigens using confocal microscopy (see methods below). For the lactate
dehydrogenase (LDH) assay, mesencephalic cells were plated 200,000 cells/well in 96-well
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poly-D-lysine and primaria-coated culture plates in 200 μl Neurobasal medium, transduced
with vectors as described above, medium changed at 24 hs and subsequently analyzed at PID
4.

Lactate Dehydrogenase (LDH) Assay
Transduced cultures were analyzed for rates of necrotic cell death by assaying LDH release to
the media. LDH release to the media is a measure of membrane integrity. On PID 4, medium
samples from mesencephalic cells in 96-well plates and medium blanks were incubated for 30
min. at a 2:1 ratio with equal parts substrate, enzyme and dye solutions from the LDH Based
In Vitro Toxicology Assay Kit (Sigma, St. Louis, MO). Next, 1 N HCl was added to stop the
reaction and absorbance measured immediately at a wavelength of 490 nm on a
spectrophotometer. Background medium measurements were subtracted to determine
appropriate totals for each condition. This experiment was conducted three times.

Mesencephalic Reaggregates
Mesencephalic reagggregates were generated as described previously [39,40]. 3 × 106

mesencephalic cells were added to sterile 10 ml Erlenmeyer flasks containing 2.5 ml of 50%
striatal O-2A conditioned medium [40] with 10% fetal bovine serum (FBS). Mesencephalic
cell-containing flasks were gassed for 10 min. each with a blood gas mixture, stoppered and
placed in a rotary incubator at 90 rpm and 37°C. After twenty-four hours small reaggregates
formed and maintained for a total of 3-5 days. Media was changed on day 2 and flasks were
gassed with blood gas mixture every other day.

Transduction of Mesencephalic Reaggregates
Twenty-four hours after aggregation, aggregates for transduction with HF HSV-TH9bcl2 or
HF HSV-TH9lac were exposed to the vector at a MOI of 2.0. Non-infected aggregates were
also cultured as a negative control condition. Aggregates were rinsed 24 h later, regassed and
re-fed with fresh 50% striatal O-2A conditioned medium containing 10% FBS. Reaggregates
were assayed on PID 4 and PID 7 for protein expression via Western blot.

Western Blotting
Western blots were conducted according to previously described methods [12]. In brief, control
and transduced mesencephalic reaggregates were harvested in ice-cold phosphate-buffered
saline (pH = 7.2) containing protease inhibitors (1 mg/ml each of leupeptin, aprotinin and
pepstatin A), and protein preparations were denatured in sodium dodecyl sulfate (SDS) loading
buffer. Sample proteins (10 μg/sample) were separated by SDS polyacrylamide gel
electrophoresis (20-25%, Longlife Microgel™, Life Therapeutics Ltd., Australia) and
transferred to polyvinylidene fluoride membranes (Immobolin P, Millipore, Bedford, MA)
electrophoretically. Blots were blocked in TBS/0.1% Tween-20/5% milk and incubated
overnight at 4°C with mouse anti-bcl-2 (1 μg/ml, Research Diagnostics, Flanders, NJ), rabbit
anti-β-galactosidase (1:5000; Cortex Biochem) and mouse anti-β-actin (1:10,000; Abcam,
Cambridge, UK) antibodies in blocking buffer. After several rinses the blots were incubated
for 1 hour at room temperature in either horseradish peroxidase-conjugated goat anti-mouse
IgG or goat anti-rabbit IgG secondary antibody (1:10,000; ICN, Costa Mesa, CA).
Immunoreactive proteins were visualized by enhanced chemiluminescence (Kirkegaard &
Perry, Gaithersburg, MD) and quantified using NIH Image 1.62. β-gal-ir and Bcl-2ir signals
were normalized to β-actin signals on the same blot for quantitative analysis.

X-Gal (5-bromo-4-chloro-3-indoyl- β- D-galactoside) Histochemistry
For detection of ß-galactosidase, sections through gelatin embedded reaggregates were rinsed
in 0.1M PO4 buffer and incubated overnight at 37° C in x-gal/iron/PBS solution consisting of
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6.12 mM 5-bromo-4-chloro-3-indoyl- β- D-galactoside, 5 mM FeK3(CN)6, 5 mM K4Fe
(CN)6, 0.2% NP-40, 0.01% sodium deoxycholate, and 2 mM MgCl2. Reacted sections were
rinsed in 0.1M PO4 buffer followed by distilled H2O before coverslipping.

Unilateral Nigrostriatal Lesions
Stereotaxic injections of 6-hydroxydopamine (6-OHDA) were made unilaterally to the
nigrostriatal pathway of anesthetized (30 mg/kg, pentobarbital) 40 male Fischer 344 rats (F344,
200-225 grams). Each rat received two injections of 6-OHDA at a concentration of 5.0 μg/μl
at a rate of 1 μl/min for 2 min., one in the vicinity of the medial forebrain bundle (AP −4.3,
ML +1.2, DV −7.5) and the other in the pars compacta of the substantia nigra (AP −4.8, ML
+1.5, DV −7.5). Baseline measures of amphetamine-induced rotation were obtained at least 2
weeks following the 6-OHDA lesion of the nigrostriatal pathway. Lesioned animals were given
an injection of 5.0 mg/kg (i.p.) amphetamine and placed in cylindrical bowls in which rotational
behavior was observed and quantified by a Macintosh rotometer program 5 min. after injection
for a period of 85 min. Animals meeting the criterion of 6 turns/minute (averaged over 85
minutes) or greater (n = 32) were randomly assigned to transplant groups and grafted 2 weeks
later. Behavioral assessment was conducted at 4 and 6 weeks after grafting. Completeness of
the lesion was verified histologically at the conclusion of the experiment.

Grafting Parameters
Rats were assigned to one of four different treatment groups; Group 1: Suspension Group
(Susp) received grafts of freshly suspended embryonic mesencephalon on the day of dissection
(to control for the effects of aggregation); Group 2: Control Reaggregates (Control) received
grafts of mesencephalic reaggregates not exposed to viral vector; Group 3: ß-galactosidase
Transduced Reaggregates (Lac) exposed to HF HSV-TH9lac; and Group 4: Bcl-2 Transduced
Reaggregates (Bcl-2) exposed to HF HSV-TH9bcl2. All reaggregates were formed in rotary
culture over the course of 3 days. Dissociated mesencephalic cells for the fresh control group
(Group 1) were loaded into a 10 μl syringe with a 25-gauge needle and attached to a stereotaxic
needle holder for implantation. Anesthetized rats (30 mg/kg, pentobarbital) were grafted via
stereotaxic injections of 300,000 mesencephalic cells in 3 μl into the dorsomedial region of
the striatum (AP +0.7, ML +2.5, DV −6.5). Based on previous estimates [15], this represents
the implantation of approximately 18,500 THir cells per rat under our dissection parameters.
For the fresh cell suspension transplant group, cells were diluted to 100,000 cells/μl in Hank's
buffer solution (Gibco, Grand Island, NY) and grafted immediately (see methods below). The
remaining cells were utilized for aggregation. After 24 h in the flasks, reaggregates had formed
and were exposed to either HF HSV-TH9lac (Group 3) or HF HSV-TH9bcl2 (Group 4) at MOI
2.0, or no vector (Group 2) to provide an aggregate control condition. At day in vitro 3 (DIV
3), mesencephalic cells in reaggregate form were grafted to the remaining three groups of rats.
The number of aggregates per flask was counted, and the appropriate number (1/10th)
transplanted to the same above coordinates via a 25G spinal needle to represent 300,000
mesencephalic cells from the original cell suspension. All mesencephalic cells utilized within
an experiment originated from the same E14 dissection to control for THir neuron number.
Grafts found to be located outside of the dorsomedial region of the striatum were excluded
from behavioral analysis.

Immunohistochemistry
For all cell culture immunohistochemistry, the media was removed and the cells rinsed in Tris
Buffer (pH = 7.3), fixed in 4% paraformaldehyde in 0.1M PO4 buffer for 25 min. and rinsed
in Tris Buffer again. For analysis of mesencephalic reaggregates, aggregates were rinsed in
0.9% NaCl followed by a 30-min. incubation in 4% paraformaldehyde and subsequent rinses
in Tris buffer. For analysis of grafted tissue, 10 weeks after implantation rats were deeply
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anesthetized (60 mg/kg, pentobarbital, i.p.) and perfused intracardially with 4%
paraformaldehyde. Brains were removed, postfixed for 24 hours in 4% paraformaldehyde and
sunk in 30% sucrose in 0.1M PO4 buffer. Brains and gelatin-embedded reaggregates were
frozen on dry ice and sectioned at a 35-μm thickness using a sliding microtome. Every sixth
section through the graft was analyzed for surviving THir neurons; all sections through the
aggregates were immunostained. Microtome sections were immunostained using the free-
floating method. Following blocking in 10% normal goat serum, tissue sections and cells were
incubated in primary antisera directed against TH (Chemicon, mouse anti TH 1:4,000), β-
galactosidase (Cortex Biochem, rabbit anti β-gal, 1:500) or bcl-2 (DAKO, mouse anti BCL2
oncoprotein 1:200) overnight at room temperature. Triton-X (0.3 %) was added to the Tris
buffer during incubations and rinses to permeabilize cell membranes. Following primary
incubation, sections were incubated in biotinylated secondary antisera against mouse IgG
(Chemicon, 1:400) followed by the Vector ABC detection kit employing horseradish
peroxidase. Antibody labeling was visualized by exposure to 0.5 mg/ml 3,3' diaminobenzidine
(DAB) and 0.03% H2O2 in Tris buffer. Sections were mounted on subbed slides, dehydrated
to xylene and coverslipped in Pro-Texx. Manual counts of THir and βgal-ir cells within grafted
tissue sections were made at 20X, the sum of these counts was then adjusted according to the
method of Abercrombie [1]. Manual counts of immunocytochemically identified THir neurons
in cell culture experiments were made in nine different center microisland fields at 20X as
described previously [27,40]

Immunofluorescence
Antisera for immunofluorescence included those directed against TH (Chemicon, mouse anti
TH, 1:500) and β-galactosidase (Cortex Biochemicals, rabbit anti β-gal, 1:500). After fixation,
blocking in 10% goat serum and permeabilization as described above, cells or every sixth
grafted tissue section were incubated in primary antisera directed against TH overnight at 4°
C. After Tris Buffer rinses, specimens were incubated in rat anti-mouse secondary antibody
(Jackson, 1:200 with 1% goat serum) for 2 h, followed by rinses and finally incubated in Cy5
strepavidin tertiary antibody (Amersham, PA, Cy5 goat anti rat, 1:100) at room temperature
for 1 h. Next, specimens were rinsed with Tris and incubated overnight at 4°C in primary
antisera directed against β-galactosidase. After Tris Buffer rinses, specimens were incubated
in goat anti rabbit secondary antibody (Jackson, 1:200, with 1% goat serum) for 2 h, rinsed
and then incubated in Cy2 strepavidin tertiary antibody (Amersham, Cy2 goat anti-rabbit,
1:100). Sections were mounted on subbed slides, dehydrated to xylene and coverslipped in
DPX mounting media. Sections and cells were examined using a Fluoview laser confocal
system equipped with an Olympus microscope and argon/krypton lasers. Manual counts of
THir, βgal-ir and double-labeled neurons within grafted tissue sections were made at 20X, the
sum of these counts was then adjusted according to the method of Abercrombie [1]. Manual
counts in cell culture were made in nine different center microisland fields at 20X as described
previously [27,40].

Statistical Analysis
Statistical analysis was performed using the Statview statistical package. ANOVA for repeated
measures was used to analyze the data obtained from rotational assessment, while ANOVA
was employed to analyze the data from all other measurements. The Bonferroni/Dunn post
hoc test was used to determine significant differences between LDH levels, THir neurons, β-
gal positive cells, and percentage of transduced THir neurons. The Fisher's Protected LSD post
hoc test was used to determine significant differences between rotation rates, grafted THir
neuron number and graftedß-gal-ir orß-gal-ir/THir cells.
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Figure 1. Cytotoxicity of Three Different HSV Amplicon Vectors
HC HSVlac, HF HSVlac and HF HSV-TH9lac were assessed for cytotoxic effects on
transduced mesencephalic monolayer cultures. A. Lactate Dehydrogenase (LDH) Assay
absorbance level results indicated that the highest multiplicity of infection level (MOI) of 2.0
all three vectors displayed significantly higher LDH levels than lower levels of the same vector
(* = P < 0.0001, comparisons within vector treatments). Additionally, both HC HSVlac and
HF HSVlac amplicons displayed significantly higher LDH levels than HF TH9lac (+ = P <
0.003, comparisons between same MOI, different vector treatments). B. Counts of THir
neurons revealed that only HC HSV transduction yielded significantly fewer THir neurons due
to higher levels of vector exposure (* = P < 0.0001, comparisons within vector treatments).
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No significant differences were observed in the number of THir neurons within cultures
transduced at MOI levels of 1.0 and 2.0 with HF HSVlac on post infection day 4 (PID4) and
HF TH9lac on PID7 (P ≥ 0.5, + = P < 0.0001, comparisons between same MOI, different vector
treatments). Values represent the mean ± S.E.M.
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Figure 2. Transduction Efficiency of Three Different HSV Amplicon Vectors
HC HSVlac, HF HSVlac and HF HSV-TH9lac were assessed for their ability to transduce
mesencephalic cells in general (A, B) and THir neurons in particular (C, D). Analysis was
conducted at either 4 days (A, C) or 7 days (B, D) after infection. HC HSV displayed
significantly higher overall transduction efficiency at MOI concentrations of 1.0 and 2.0 on
post infection day 7 (B, P < 0.0001) however 7 days after infection exposure to HF TH9-lac
at an MOI of 2.0 generated significantly greater transduction efficiency of dopamine neurons
within the cultures (D, P < 0.0001). * = P < 0.0001, comparisons within vector treatments; +
= P < 0.003, comparisons between same MOI, different vector treatments. Values represent
the mean ± S.E.M.
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Figure 3. Transduction of Mesencephalic Reaggregates
Cross sections were taken through mesencephalic reaggregates 4 days after infection with
either HF HSV-TH9lac (A, C) or HF HSV-TH9bcl-2 amplicon vectors. X-gal histochemistry
and bcl-2 immunohistochemistry (A and B respectively) reveal efficient transduction of
mesencephalic reaggregates. These same reagreggates possess numerous THir neurons (C).
Scale bars in A, B, C = 100 μm.

Sortwell et al. Page 18

Brain Res. Author manuscript; available in PMC 2007 October 24.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 4. Effects of Bcl-2 Transduction on Graft-Induced Recovery from Rotational Asymmetry
and Grafted THir Neuron Survival
A. Unilaterally lesioned rats received grafts of equivalent numbers of mesencephalic cells that
were either freshly put into suspension (Susp), aggregated in rotary culture for 3 days (Cont
Agg), aggregated and transduced with HF HS TH9lac (Lac Agg) or aggregated and transduced
with HF HSV TH9bcl-2 (Bcl-2 Agg). Six weeks after transplantation all graft treatments
displayed statistically similar behavioral recovery profiles (* = P < 0.05, compared to baseline
rotational scores). B. No significant difference was observed between treatment groups in
survival of grafted THir neurons 10 weeks after implantation. Values represent the mean ±
S.E.M. C. Representative photomicrographs of THir neurons within grafts of mesencephalic
cell suspension (Susp), control mesencephalic reaggregates (Control), aggregates transduced
with HF HSV TH9lac (Lac) and aggregrates transduced with HF HSV TH9bcl-2 (Bcl-2). Scale
bar in A = 250 μm.
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Figure 5. Coexpression of TH and β-gal in Mesencephalic Grafts
Mesencephalic reaggregates were transduced with HF HSV-TH9lac, implanted to the
denervated striatum of rats and analyzed using double label immunofluorescence. A. 10 weeks
after transplantation β-gal-ir cells (green), THir neurons (red) and neurons coexpressing both
β-gal and TH (yellow) are observed. B. An individual grafted neuron (arrow) expressing TH,
B. Expressing β-gal and C. Merged images. Scale bar in A = 15 μm.
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