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Glioblastoma multiforme (GBM) is an invasive and aggres-
sive primary brain tumor which is associated with a dis-
mal prognosis. We have earlier developed a macroscopic, 
intracranial, syngeneic GBM model, in which treatment 
with adenoviral vectors (Ads) expressing herpes simplex 
virus type 1 thymidine kinase (HSV1-TK) plus ganciclovir 
(GCV) resulted in survival of ~20% of the animals. In this 
model, treatment with Ads expressing Fms-like tyrosine 
kinase 3 ligand (Flt3L), in combination with Ad-HSV1-TK 
improves the survival rate to ~70% and induces systemic 
antitumor immunity. We hypothesized that the growth 
of a large intracranial tumor mass would cause behav-
ioral abnormalities that can be reversed by the combined 
gene therapy. We assessed the behavior and neuropa-
thology of tumor-bearing animals treated with the com-
bined gene therapy, 3 days after treatment, in long-term 
survivors, and in a recurrent model of glioma. We dem-
onstrate that the intracranial GBM induces behavioral 
deficits that are resolved after treatment with Ad-Flt3L/
Ad-TK (+GCV). Neuropathological analysis of long-term 
survivors revealed an overall recovery of normal brain 
architecture. The lack of long-term behavioral deficits and 
limited neuropathological abnormalities demonstrate the 
efficacy and safety of the combined Ad-Flt3L/Ad-TK gene 
therapy for GBM. These findings can serve to underpin 
further developments of this therapeutic modality, lead-
ing toward implementation of a Phase I clinical trial.
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Introduction
Glioblastoma multiforme (GBM) is a highly invasive and aggres-
sive primary brain tumor. The median survival (~12 months after 
diagnosis) has remained unchanged for the past several decades 

despite advances in surgery, chemotherapy, and radiotherapy.1–6 
Surgical success is often limited by a poorly defined tumor bor-
der because of the highly infiltrative nature of GBM and its close 
proximity to vital brain structures. Chemotherapy plus radiation 
are unable to eliminate all residual GBM cells. Residual glioma 
cells, often become resistant to chemotherapeutic agents, and 
give rise to recurrent GBM tumors, a hallmark of the disease.6 
Gene therapy has been proposed as a new therapeutic approach 
to treat this devastating disease.2–4,6–8

Therapeutic approaches include the use of oncolytic, condi-
tionally replicating viral vectors,7,9,10 replication-defective viral 
vectors to transfer conditionally cytotoxic genes such as herpes 
simplex virus type 1 thymidine kinase (HSV-1-TK),8,11,12 death 
receptor ligand interactions using TRAIL or FasL,13–15 and immu-
nostimulatory genes such as interleukin-2 (IL-2), IL-12, inter-
feron-β, tumor necrosis factor-α, and granulocyte–macrophage 
colony-stimulating factor.6,16–18 Several gene therapy strategies 
have been implemented in clinical trials to treat GBM, using 
adenoviral, adeno-associated viral (AAV), HSV-1, and retroviral 
vectors.6 Most of the clinical trials using gene therapy approaches 
to treat GBM have been Phase I safety trials, and therefore effi-
cacy data cannot be extracted from these trials. One large Phase 
III trial using retroviral vectors expressing HSV1-TK failed to 
extend patients’ survival.19 To date, two gene therapy clinical tri-
als have shown statistically significant prolongation of life expec-
tancy (~2 month increase), by using adenoviral vectors to deliver 
HSV1-TK.8,12 In a Phase IIa trial Sandmair et al. compared deliv-
ery of TK into the tumor cavity with either replication-defective 
adenoviral vectors or retroviral vector-producing cells.12 Patients 
treated with an adenoviral vector expressing TK showed pro-
longed survival. In a Phase IIb clinical trial conducted by 
Immonen et al., 36 patients were randomized and treated with 
either current standard of care consisting of radical tumor resec-
tion followed by radiotherapy, or with standard of care plus intra-
operative injections of an adenoviral vector expressing HSV1-TK 
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into the margins of the tumor cavity following tumor resection. 
The mean survival time for patients treated with adenoviral 
vectors was 70.6 weeks as compared to 39 weeks in those who 
received standard of care alone.8 This approach has been recently 
tested in a large multicenter Phase III trial.20

We have shown earlier that treatment of microscopic tumors 
with Ad-TK plus ganciclovir (GCV) effectively inhibits tumor pro-
gression of syngeneic intracranial GBM in 100% of the animals.21 
In order to model the characteristics of human GBM more closely, 
we developed a large, macroscopic, syngeneic rat model of GBM. 
In this stringent GBM animal model Ad-TK plus GCV resulted in 
the survival of only ~20% of the animals, while other single thera-
pies tested in this model failed.22 We therefore used this model to 
test the efficacy of novel, combination gene therapies, and dem-
onstrated that the efficacy of Ad-TK is greatly enhanced when 
combined with gene transfer of Fms-like tyrosine kinase 3 ligand 
(Flt3L), rescuing ~70% of the treated, tumor-bearing animals.22,23 
We have also shown that treatment with Ad-Flt3L and Ad-TK is 
effective in a multifocal model of intracranial GBM, in which only 
one GBM lesion was treated.24

Striatal lesions induced by using the neurotoxin 6-hydroxy-
dopamine are used to generate a model of Parkinson’s disease 
in rats, resulting in rapid reduction in the tyrosine hydroxylase 
(TH) immunoreactive cells in the striatum25 and elicits behav-
ioral deficits such as asymmetry in limb use and abnormalities in 
amphetamine-induced turning behavior and sensorimotor reac-
tivity.26–29 These behavioral abnormalities can be quantitated and 
used as response variables for testing the efficacy of Parkinson’s 
disease therapies.26–29 Because the growth of the GBM in the stria-
tum induces the displacement of normal striatal tissue, seen as 
a displacement of TH-immunoreactive axons in the striatum, we 
sought to use the same tests to assess the behavioral impact of the 
combined Ad-Flt3L/Ad-TK-mediated tumor progression/regres-
sion in this model.

Because the GBM tumor cells were implanted into the stria-
tum we hypothesized that tumor growth would cause behav-
ioral abnormalities in the experimental animals. Further, we also 
hypothesized that because the combined gene therapy approach 
using Flt3L with TK plus GCV was effective at inducing tumor 
regression and long-term survival of the treated animals, the treat-
ment would also correct the behavioral abnormalities. We there-
fore assessed the behavior and neuropathology of tumor-bearing 
animals treated with our combined gene therapy at three time 
points: 3 days after treatment, in long-term survivors (60 days 
after tumor implantation), and in long-term survivors that had 
been rechallenged with a second GBM tumor in the contralateral 
brain hemisphere (200 days after the initial tumor implantation).

Our results demonstrate that the large, syngeneic, intracra-
nial GBM displaces the normal striatal tissue and induces behav-
ioral deficits. We show a complete resolution of tumor-induced 
behavioral deficits as a result of gene therapy-mediated tumor 
regression in long-term survivors. In addition, behavioral abnor-
malities were not observed in long-term survivors that had been 
rechallenged with a second GBM tumor. Neuropathological 
analysis of long-term survivors after tumor rechallenge revealed 
an overall recovery of normal architecture of the injected stri-
atum. The lack of long-term behavioral deficits and limited 

neuropathological abnormalities demonstrate the efficacy and 
good safety profile of the combined Flt3L and TK adenoviral 
vector-mediated gene therapy for GBM. These results may form 
the basis for further developments, leading toward the imple-
mentation of a Phase I clinical trial for GBM using this com-
bined gene therapy strategy.

Results
Tumor growth induces behavioral deficits
We evaluated the behavioral consequences resulting from the 
growth of an intracranial tumor mass implanted in the striata of 
Lewis rats (Figure 1a). Three days post-treatment with Ad-Flt3L 
and Ad-TK (+GCV) or saline (control group) (i.e., 13 days after 
tumor implantation) the animals were analyzed for amphetamine-
induced rotational behavior. The day after the behavioral tests 
were completed, three animals from each group were killed and 
the brains were processed for neuropathology. The rest continued 
to be monitored for tumor progression and were later used in fur-
ther behavioral tests.

In animals with unilateral 6-hydroxydopamine striatal 
lesions, amphetamine induces stereotypical rotational behav-
ior ipsilateral to the lesion.26–29 As expected, an analysis of 
amphetamine-induced rotational behavior revealed that all the 
tumor-bearing animals (red bars) exhibited asymmetric rota-
tion toward the tumor-bearing striatum when compared to ani-
mals without tumors (black bars) [Figure 1b; P < 0.05, two-way 
analysis of variance (ANOVA)]. These data demonstrate that 
significant behavioral abnormalities result from large intracra-
nial tumors growing within the striatum, thereby showing that 
the tumors disrupt normal striatal function. Also, these data 
suggest that rotational behavior can be used as a surrogate end 
point to monitor both tumor progression and treatment efficacy 
in vivo. There were no differences in rotational behavior between 
tumor-bearing animals treated with Ad-Flt3L/Ad-TK and those 
treated with saline (Figure 1b; P > 0.05, two-way ANOVA), 
thereby indicating that gene therapy treatment did not produce 
behavioral abnormalities over and above those produced by 
tumor growth. No behavioral abnormalities were observed 
in naïve animals (not implanted with CNS-1 cells) treated 
with either Ad-Flt3L/Ad-TK or saline (Figure 1b; P > 0.05,  
two-way ANOVA). The lack of short-term behavioral abnor-
malities in control animals (without tumor) treated with Ad-
Flt3L and Ad-TK is indicative of high safety profile of these 
vectors for intracranial administration at the dose tested (5 × 
107 infection units of each vector).

Tumor growth displaces nerve terminals and axon 
bundles in the rat striatum
Nissl staining reveals the presence of CNS-1 tumors in all the 
tumor-implanted animals that had been treated with either Ad-
Flt3L in combination with Ad-TK (Figure 1e) or with saline 
(Figure 1c) at 3 days after treatment. Notably, substantial tumor 
regression was already evident in tumor-bearing animals treated 
with Ad-Flt3L and Ad-TK (+GCV) (Figure 1e), as compared 
to saline-treated animals. In naïve animals (not implanted with 
CNS-1 cells) treated with Ad-Flt3L and Ad-TK or with saline 
(Figure 1d and f), Nissl staining reveals the absence of gross 
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anatomical abnormalities within the brain beyond the scarring 
surrounding the needle tract (Figure 1e).

Staining for TH and for myelin basic protein (MBP) demon-
strate that CNS-1 tumor growth displaces and compresses nerve 
terminals (TH+) and axon bundles (MBP+) coursing through-
out the striatum (Figure 2a). Tumor-induced alterations to 
striatal structure are most likely to account for the behavioral 

abnormalities detected. Treatment with Ad-Flt3L and Ad-TK 
(+GCV) was able to induce tumor regression even at this early 
time point; as a result, there are smaller areas of disrupted stria-
tal structure visualized through the staining of dopaminergic 
fibers (TH), or axon bundles traversing the striatum (MBP) 
(Figure 2b). We observed enlargement of the ventricles in the 
hemisphere where the tumor had been implanted (Figure 2b, 
black arrow), indicating some residual reduction in striatal mass. 
High-magnification images of immunoreactivity for markers 
of macrophages/microglial cells (CD68), CD8 + T cells (CD8), 
and cells expressing major histocompatibility class II reveal 
that tumors are heavily infiltrated with immune cells, regardless 
of treatment type. CNS-1 cells within the tumor mass exhibit 
vimentin expression, as expected of activated astrocyte-derived 
glioma cells (Figure 2a and b).

In naïve animals (not implanted with CNS-1 cells) treated 
with Ad-Flt3L and Ad-TK (Figure 3b, TH and MBP) or with 
saline (Figure 3a, TH and MBP), TH and MBP immunoreactiv-
ity demonstrate minimal disruption to the striatum beyond scar-
ring at the needle tract. While vimentin immunoreactive cells 
are detected in the Ad-Flt3L/Ad-TK animals and in the saline-
treated animals, an analysis of immunoreactive cell morphology 
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Figure 1  Glioblastoma multiforme tumor growth induces behav-
ioral abnormalities. (a) Schematic representation of the experimental 
paradigm. 5,000 CNS-1 cells were injected unilaterally into the striata 
of Lewis rats. Naïve rats were injected with an equal volume of saline. 
Ten days later 5 × 107 infection units (i.u.) of Ad-Flt3L and 5 × 107 i.u. 
of Ad-TK were injected intratumorally (n = 12) or into the striata of 
naïve Lewis rats (n = 11). As controls, an equal volume of saline was 
injected into tumor bearing (n = 13) or naïve animals (n = 11). Twenty-
four hours after viral vector injection, animals received twice-daily injec-
tions of ganciclovir (GCV) (25 mg/kg, intraperitoneally twice daily for 
7 days). (b) Amphetamine-induced rotational behavior was assessed 3 
days after treatment (i.e., 13 days after tumor implantation). All tumor-
bearing animals (red bars) exhibited asymmetric rotational movement 
toward the tumor-bearing striatum, when compared with naïve control 
animals (black bars) (*P < 0.05, two-way analysis of variance). Behavioral 
abnormalities were absent in nontumor-bearing animals treated with 
Ad-Flt3L and Ad-TK when compared with animals receiving saline alone. 
Individual bars represent mean asymmetry scores from 11 to 13 animals 
per group. Error bars represent mean values ± SEM. (c–f) The animals 
were killed the day after behavioral testing, and NissI staining was used 
for elucidating the gross morphology of the brain. Nissl staining indi-
cates the presence of CNS-1 tumors in all animals treated with either 
(e) Ad-Flt3L and Ad-TK or (c) saline. (e) Tumor regression was evident in 
tumor-bearing animals treated with Ad-Flt3L and Ad-TK. Nissl staining 
of naïve animals treated with (f) Ad-Flt3L and Ad-TK or (d) saline reveals 
minimal anatomical abnormalities localized to the area surrounding the 
needle tract. (f) Naïve animals treated with Ad-Flt3L and Ad-TK (+GCV) 
displayed more intense Nissl staining around the needle tract when 
compared with (d) naïve animals treated with saline alone. Ad, adenovi-
rus; Flt3L, Fms-like tyrosine kinase 3 ligand; n.s., no significance.
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Figure 2 N europathological correlates of behavioral phenotype in 
tumor-bearing Lewis rats 5 days after treatment with Ad-Flt3L and 
Ad-TK, or with saline. (a) Representative brain sections from animals 
depicted in Figure 1a stained for tyrosine hydroxylase (TH) and myelin 
basic protein (MBP) reveals that CNS-1 tumor growth displaces nerve 
terminals (TH+) and axon bundles (MBP+) within the striata of tumor-
bearing animals that had been treated with an intratumoral injection 
of saline 3 days earlier. The lack of TH and MBP immunoreactivity of 
CNS-1 tumor cells results in a well-delineated tumor mass (labeled “T”). 
High-magnification images taken within the tumor mass reveal a high 
level of immune cell infiltration including cells expressing major histo-
compatibility class II (MHC II), CD8 + T cells (CD8), and macrophages/
microglia (CD68). CNS-1 cells were identified using vimentin staining. 
(b) Treatment with Ad-Flt3L- and Ad-TK-induced tumor regression and, 
as a result, such animals show a smaller area of striatal disruption of TH+ 
axons and myelin (MBP+) 3 days after treatment. Enlargement of the 
ventricles ipsilateral to the tumor-injected hemisphere (black arrow) is 
observed as early as 5 days after treatment. High-magnification images 
taken within the tumor mass reveal a high level of immune cell infiltra-
tion including cells expressing MHC II+, CD8 + T cells (CD8), and mac-
rophages/microglia (CD68). CNS-1 cells were identified using vimentin 
staining. Scale bars represent 1,000 and 50 μm, respectively. Ad, adeno-
virus; Flt3L, Fms-like tyrosine kinase 3 ligand; HSV1-TK, herpes simplex 
virus type 1 thymidine kinase.
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indicates that in these animals vimentin labels the reactive astro-
cytes (Figure 3a and b). Tissue disruption and inflammation at 
the needle tract was restricted to an area of tissue surrounding 
the injection site (Figure 3).

Recovery from behavioral deficits in Ad-Flt3L  
and Ad-TK treated long-term GBM survivors
Next we tested for any potential behavioral abnormalities in 
long-term GBM survivors treated with Ad-Flt3L and Ad-TK 
(Figure 4a). One-way ANOVA analysis of amphetamine-induced 
rotational behavior in long-term survivors and naïve, age-matched 
control animals treated with an intracranial injection of saline or 
Ad-Flt3L and Ad-TK showed no significant differences in rota-
tional asymmetry (Figure 4b). Tumor-bearing animals treated 
with saline did not survive to day 60 for evaluation. Log-rank test 
of Kaplan–Meier survival curves showed that treatment with Ad-
Flt3L and Ad-TK (n = 11) improved the survival of tumor-bearing 
rats (P < 0.001). Approximately 80% of the rats treated with Ad-
Flt3L and Ad-TK survived to day 60 while all the tumor-bearing 
animals treated with saline succumbed to tumor growth by day 
~15 post-GBM implantation (n = 8) (Figure 4c).

The brains of the long-term survivors were evaluated for 
structural integrity using Nissl staining (Figure 4d) and immu-
noreactivity for TH (Figure 4e), MBP (Figure 4f), and glial 
fibrillary acidic protein (Figure 4g). Damage to the striatum and 
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Figure 3 N europathological correlate of behavioral phenotype 
5 days after treatment with Ad-Flt3L and Ad-TK, or with saline, into 
brains of naive Lewis rats. (a) Representative brain sections from ani-
mals depicted in Figure 1a. Staining for tyrosine hydroxylase (TH) and 
myelin basic protein (MBP) of brain sections from naïve animals treated 
with saline reveals tissue damage to the striatum localized to the area 
surrounding the injection site 3 days after intratumoral saline injection. 
High-magnification images taken at the injection site indicate the pres-
ence of macrophages/microglia (CD68) and cells expressing major his-
tocompatibility class II (MHC II), but not CD8 + T cells (CD8). Vimentin 
immunoreactive cells are detected, with morphology indicative of reac-
tive astrocytes. (b) Staining for TH and MBP of brain sections from naïve 
animals treated with Ad-Flt3L and Ad-TK reveals an area of decreased 
TH staining around the needle tract 3 days after intratumoral adenovirus 
(Ad) delivery. High-magnification images taken at the injection site indi-
cate the presence of macrophages/microglia (CD68) and cells express-
ing MHC II as well as CD8 + T cells. Morphological analysis of vimentin 
immunoreactive cells suggests that they are reactive astrocytes. Scale 
bars represent 1,000 and 50 μm, respectively. Flt3L, Fms-like tyrosine 
kinase 3 ligand; TK, thymidine kinase.
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Figure 4 R eversal of behavioral deficits caused by tumor burden 
within 60 days after Ad-Flt3L/Ad-TK treatment. (a) Schematic repre-
sentation of experimental paradigm. 5,000 CNS-1 cells were injected uni-
laterally into the striata of naïve Lewis rats. Another group of naïve rats was 
injected with an equal volume of saline. Ten days later 5 × 107 infection 
units (i.u.) of Ad-Flt3L and 5 × 107 i.u. of Ad-TK were injected intratumor-
ally or into the striata. Saline was injected into tumor-bearing or naïve 
control animals. Twenty-four hours after the viral vector injection, the 
animals received twice-daily injections of ganciclovir (GCV). Long-term 
survivors were assessed for abnormalities in amphetamine-induced rota-
tional behavior. (b) Analysis of amphetamine-induced rotational behavior 
in long-term survivors (n = 9) and in naïve, age-matched control animals 
treated with an intracranial injection of saline (n = 6) or with Ad-Flt3L and 
Ad-TK (n = 7) showed no significant difference in rotational asymmetry 
(one-way analysis of variance). Tumor-bearing animals treated with saline 
did not survive to day 60 for evaluation. Individual bars represent mean 
asymmetry scores from 6 to 9 animals/group. Error bars represent mean 
values ± SEM. (c) Log-rank test of Kaplan–Meier survival curves showed 
that treatment with Ad-Flt3L and Ad-TK (+GCV) (n = 11) improved the 
survival of tumor bearing rats (P < 0.001). Approximately 80% of the rats 
treated with Ad-Flt3L and Ad-TK (+GCV) survived to day 60, whereas all the 
tumor-bearing animals treated with saline succumbed to tumor growth by 
approximately day 15 after glioblastoma multiforme implantation (n = 8). 
Representative brains of long-term survivors were evaluated for structural 
integrity using (d) Nissl staining and (e) immunoreactivity for tyrosine 
hydroxylase (TH), (f) for myelin basic protein (MBP), and (g) for glial fibril-
lary acidic protein (GFAP). Tissue damage to the striatum was limited to 
the area immediately adjacent to the injection site. Ventricles enlarged 
to varying degrees were observed in the ipsilateral hemisphere of tumor 
implantation in long-term survivors. (h) High-magnification images taken 
at the needle tract show vimentin positive immunoreactivity with mor-
phology suggestive of reactive astrocytes (black arrow). Immunoreactivity 
indicates the presence of (i) macrophages/microglia, (j) CD8 + T cells, and 
(k) cells expressing major histocompatibility class II (MHC II), which were 
limited to the area immediately adjacent to the injection site in long-term 
survivors. Scale bars represent 1,000 and 50 µm, respectively. Orange 
color represents hemosiderin within macrophages. Ad, adenovirus; Flt3L, 
Fms-like tyrosine kinase 3 ligand; TK, thymidine kinase.
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inflammatory cell influx was limited to the tissue immediately 
adjacent to the needle tract. Varying degrees of enlargement of the 
ventricles were observed in the hemisphere ipsilateral to the tumor 
implantation in long-term survivors. These data demonstrate that 

the initial influx of inflammatory cells into the tumor mass was 
mostly resolved by day 60 (Figure 4i–k).

Treatment with Ad-Flt3L and Ad-TK does not affect 
behavior after rechallenge with a second tumor in 
the contralateral hemisphere
In order to mimic the recurrent features of GBM, long-term 
survivors (60 days) were rechallenged with 5,000 CNS-1 cells 
injected into the contralateral hemisphere. No further treatments 
were administered. Behavior was assessed 140 days after rechal-
lenge, and the animals were killed 180 days after rechallenge and 
their brains analyzed for neuropathology and immune cellular 
infiltrates (Figure 5a).

After tumor rechallenge, 80% of the animals survived long 
term; 6 months after the tumor rechallenge they were perfused 
fixed for neuropathological analysis. In order to verify the viabil-
ity of the CNS-1 cells and their capacity to form tumors, these 
cells were implanted in control animals on the same day as the 
rechallenge. All these control animals died within ~15 days 
(*P < 0.001) (Figure 5b), thereby confirming the tumor-forming 
capacity and viability of the CNS-1 cells used in the rechallenge 
experiment.

As amphetamine-induced rotational abnormalities resolved 
by day 60, additional tests were implemented to test for forelimb 
use asymmetry (the cylinder test) and gross locomotor (base-
line and amphetamine-induced locomotor activity) deficits at 
day 200. Naïve, age-matched control animals were injected with 
saline intracranially and used as controls for behavioral assess-
ment of long-term survivors after rechallenge. First, behavioral 
testing was performed on the animals 3 days after intratumoral 
injection of either Ad-TK + Ad-Flt3L or saline (i.e., 13 days after 
tumor implantation) to demonstrate the behavioral consequences 
of tumor burden and short-term delivery of the combined gene 
therapy. Significant differences were observed in forelimb use 
asymmetry in tumor-bearing rats treated with either saline or 
gene therapy, when compared with naïve rats (Figure 5c, *P < 0.05 
versus naïve, Student’s t-test, n = 8–10). Further, statistically sig-
nificant differences in forelimb use asymmetry were also observed 
between Ad-TK + Ad-Flt3L-treated tumor-bearing animals tested 
at day 13 versus day 200 (Figure 5c, #P < 0.05, Student’s t-test, 
n = 8–10). These behavioral abnormalities resolved by day 200 in 
long-term survivors treated with gene therapy and implanted with 
a secondary GBM in the contralateral hemisphere. There were no 
significant differences in baseline locomotor activity (Figure 5d) 
or amphetamine-induced locomotor activity (Figure 5e) in any of 
the treatment groups, indicating that the behavioral abnormalities 
(e.g., amphetamine-induced rotational behavior and forelimb use 
asymmetry) found were not a consequence of nonspecific effects 
on locomotor activity.

Ad-Flt3L and Ad-TK-treated animals that survived primary 
and recurrent GBM were killed 240 days after the initial tumor 
implantation and were evaluated for neuropathology and the pres-
ence of immune cellular infiltrates using immunohistochemistry. 
Nissl staining and immunocytochemistry reveal scarring and 
inflammation limited to the injection site in both hemispheres 
and an enlarged ventricle ipsilateral to the site of the original 
tumor implantation (Figure 6). Immunoreactivity with markers 
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Figure 5  Behavior remains unaffected after rechallenge, in a recurrent 
model of glioma. (a) Schematic representation of experimental para-
digm. Five thousand CNS-1 cells were injected unilaterally into the striata 
of Lewis rats. Ten days later 5 × 107 infection units (i.u.) of Ad-Flt3L and 5 ×  
107 i.u. of Ad-TK, or saline as a control, were injected intratumorally. 
Twenty-four hours after viral vector injection, the animals received twice-
daily injections of ganciclovir (GCV). Long-term survivors were implanted 
with 5,000 CNS-1 in the contralateral hemisphere 60 days after the initial 
tumor implantation. No further treatment was administered. Tumor-bear-
ing long-term survivors, tumor-bearing saline-treated animals, and naïve, 
age-matched animals were tested at 13 and 200 days post-tumor implan-
tation. Tumor-bearing saline-treated animals were tested at the 13-day 
time point only, because they succumb to tumor burden at approximately 
day 15 post-tumor implantation. Animals were killed 240 days after ini-
tial tumor implantation for neuropathology evaluation. (b) Log-rank test 
of Kaplan–Meier survival curves showed that 80% of long-term survivors 
lived to 180 days after the tumor cell rechallenge (240 days after the initial 
tumor implantation, n = 5). As expected, naïve control animals implanted 
with tumor cells on the day of rechallenge died within ~15 days (*P < 
0.001; n = 5). (c) The cylinder test revealed forelimb use asymmetry in 
tumor-bearing animals treated with saline or with Ad-TK + Ad-Flt3L at day 
13 after tumor implantation, when compared with naïve control animals 
(*P < 0.05 versus naïve, Student’s t-test, n = 8–10). When tested at day 200, 
there were no differences observed in the forelimb use asymmetry in long-
term survivors after rechallenge, when compared with naïve age-matched 
controls. Statistically significant differences in forelimb use asymmetry were 
observed in the Ad-TK + Ad-Flt3L-treated tumor-bearing animals between 
day 13 and day 200 (#P < 0.05 versus naïve, Student’s t-test). Individual bars 
represent the percentage of right limb use from 8 to 10 animals/group. 
Error bars represent mean values ± SEM. Assessment of (d) baseline loco-
motor activity or (e) amphetamine treatment–induced locomotor activ-
ity demonstrated no significant differences among the treatment groups. 
Individual bars represent average locomotor activity scores from 8 to 10 
animals/group. Error bars represent mean values ± SEM. Ad, adenovirus; 
Flt3L, Fms-like tyrosine kinase 3 ligand; TK, thymidine kinase.
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for TH and MBP reveals limited tissue disruption in close proxim-
ity to the injection site, but otherwise normal expression patterns 
throughout the striatum, thereby indicating that damage to nerve 
terminals and axon bundles is minimal in long-term survivors 
after GBM rechallenge (Figure 6).

Discussion
Attempts at brain tumor therapy through induction of antibrain 
tumor immune responses have been challenged by our poor 

understanding of the brain’s immune responses, the disseminated 
nature of the disease, the high rate of glioma recurrences, the high 
rate of mutations occurring in glioma cells, and concerns that 
induction of an immune response within the brain could lead to 
autoimmune disease.

Importantly, so far it has been difficult to stimulate an immune 
response directly from within the brain parenchyma itself. In order 
to overcome some of these limitations we have developed a thera-
peutic approach based on the recruitment to the brain of antigen-
presenting cells, dendritic cells. These cells, which are essential for 
stimulating an antitumor immune response, are usually missing 
from the normal brain parenchyma.30–33 In our approach, recruit-
ment of dendritic cells to the brain is induced by Flt3L expres-
sion,30 while the killing of tumor cells is induced by HSV1-TK and 
GCV.21–23,34 This therapeutic combination not only induces tumor 
regression and long-term survival, but also inhibits the growth of 
a secondary tumor implanted in the contralateral hemisphere in 
long-term survivors, thereby suggesting the successful induction 
of anti-GBM systemic immunity.

In this study we examined the behavioral consequences of 
glioma growth within the striatum, and the effects of Ad-Flt3L/
Ad-TK gene therapy on tumor progression and behavioral pat-
terns. Herein we report the development of behavioral abnor-
malities caused by the growth of a large intracranial GBM tumor 
implanted into the striatum. Following intratumoral treatment 
with Ad-Flt3L and Ad-TK (+GCV), we demonstrated complete 
resolution of tumor-induced behavioral deficits in long-term sur-
vivors of GBM. Moreover, the long-term neuropathological con-
sequences observed were minimal.

Unilateral lesions of the striatum, or of its dopaminergic 
innervation, induce abnormal rotational behavior. Abnormal 
rotation, and the reversal of the abnormality after therapy, are a 
standard method of evaluating novel treatments for Parkinson’s 
disease, a disease that affects the structure and function of the 
basal ganglia.26–29 We tested the hypothesis that the growth of a 
large intracranial tumor would affect behavior as the tumors infil-
trate, displace and compress striatal tissue.

The development of a large intracranial GBM induced asym-
metric rotational movements toward the tumor-bearing striatum 
in response to amphetamine, and forelimb asymmetry in the 
cylinder test, thereby demonstrating that significant behavioral 
abnormalities result from tumor-induced disruption of striatal 
structure and function. In contrast, neither baseline locomo-
tor activity nor amphetamine-stimulated locomotor activity was 
different across the treatment groups. This finding demonstrates 
that, at the time of behavioral testing, there was no generalized, 
nonspecific reduction in locomotor activity produced by tumor 
implantation or gene therapy. In addition, the interpretation of the 
amphetamine-induced rotational behavior was not confounded 
by differential sensitivity to amphetamine. We have earlier estab-
lished that the syngeneic CNS-1 tumor model reproduces several 
histopathological characteristics of human GBM.1 The behavioral 
deficits encountered in this rat GBM model demonstrate its utility 
for testing the safety and efficacy of novel therapeutic strategies 
for GBM. Also, the data reported suggest that rotational behavior 
can be used as a surrogate end point of both tumor progression 
and treatment efficacy. Importantly, tumor-induced behavioral 
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Figure 6 N europathological correlates in long-term survivors after 
glioblastoma multiforme rechallenge; minimal long-term side-effects. 
The animals described in Figure 5a, treated with Ad-Flt3L and Ad-TK 
and surviving the primary and recurrent tumors, were killed 240 days 
after the initial tumor implantation and were subjected to immunohis-
tochemical evaluation for neuropathology and the presence of immune 
cellular infiltrates in both hemispheres of the brain. Representative brain 
sections are shown. (a) Nissl staining reveals scar tissue adjacent to the 
injection site in both hemispheres and an enlarged ventricle ipsilateral 
to the site of the original tumor implantation. (b,f) Vimentin staining 
and morphological analysis of immunoreactive cells suggests the pres-
ence of activated astrocytes at both injection sites. Immunoreactivity for 
(c,g) macrophages, (d,h) major histocompatibility class II (MHC II) + 
immunoreactive cells, and (e,i) CD8 + T cells reveals low levels of infiltra-
tion of immune cells both at the original and recurrent tumor injection 
sites. (j,k) Immunoreactivity with markers for tyrosine hydroxylase (TH) 
and myelin basic protein (MBP) reveals slight tissue disruption in close 
proximity to the injection site, but otherwise normal expression patterns 
throughout the striatum. Images showing disruptions to (j1) nerve termi-
nals and (k1) axon bundles are limited to the injection sites. Images from 
an area of the striatum distant from the injection site show (j2) normal 
TH distribution and (k2) MBP-coated axons. (l1) Increased glial fibril-
lary acidic protein (GFAP) immunoreactivity is localized to areas close to 
both injection sites, indicating the presence of activated astrocytes. (l2) 
Normal GFAP immunoreactivity is observed at an area of the striatum 
distant from the injection site. Ad, adenovirus; Flt3L, Fms-like tyrosine 
kinase 3 ligand; TK, thymidine kinase.
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deficits were reversed by successful elimination of the tumors by 
gene therapy. This indicates that the behavioral deficits detected 
are functional, and normal behavior is restored after successful 
elimination of the tumor.

Enlarged ventricles were consistently observed ipsilateral to 
the striatum implanted with GBM. Enlargement of the ventricu-
lar space could be the result of loss of striatal cells or increased 
pressure in the ventricular system during the tumor elimination 
process. Most likely it reflects loss of striatal mass. However, in 
this model, such loss did not preclude behavioral recovery. This 
recovery is supported by the fact that large lesions into the stri-
atum or the nigro-striatal pathway are necessary for behavioral 
deficits to become evident, and the plasticity of the nigro-striatal 
system. Therefore, in our model, the loss, if any, of striatal mass is 
below the threshold needed to cause permanent behavioral defi-
cits. Short-term, transient immune infiltrates were observed in 
naïve animals injected with adenoviral vectors expressing Flt3L 
and TK (Figure 1f), and these resolved within 60 days after Ad 
administration (Figure 3d). This is caused by a transient inflam-
matory response to the adenoviral vectors.35,36

One of the clinical hallmarks of human GBM is the high rate 
of tumor recurrence. The majority of patients succumb to a recur-
rent tumor that develops usually 6–12 months following radical 
surgical resection and subsequent chemo- and/or radiotherapies. 
Recurrent tumors are often difficult to treat, because the recurrent 
GBM cells are resistant to previously utilized chemo- and radio-
therapies.6 When tumor-bearing Ad-Flt3L and Ad-TK-treated 
animals were rechallenged with tumor cells in the contralateral 
hemisphere, 80% survived long term despite receiving no further 
treatment. These animals showed neither gross locomotor abnor-
malities nor limb use asymmetry, and there was an absence of 
neuropathology in the contralateral hemisphere. These data sug-
gest that the second GBM implantation in the contralateral hemi-
sphere of long-term survivors 2 months after gene therapy did not 
result in the development of a second GBM because of the pres-
ence of an anti-GBM immune response in these animals.

In summary, our data demonstrate that tumors growing within 
the striata of rats cause behavioral abnormalities that are revers-
ible upon successful tumor elimination with combined cytotoxic 
and immune-stimulatory gene therapy. Flt3L in combination 
with TK constitutes an effective and safe gene therapy strategy for 
GBM. These results further support the need to proceed toward 
implementation of Phase I clinical testing of Ad-Flt3L and Ad-TK 
for primary and recurrent GBM in human patients.

Materials and Methods
Adenoviral vectors and cell lines. The adenoviral vectors used in this study 
are first generation, replication-deficient, recombinant adenovirus type 5 
vectors (Ad) encoding transgenes driven by the human cytomegalovirus 
intermediate early promoter situated within the E1 region: Ad-TK express-
ing HSV-1 thymidine kinase21–23 and Ad-Flt3L expressing human soluble 
Flt3L.22,30 They were generated and characterized by us as described ear-
lier37–39 All viral preparations were tested to ensure absence of replication-
competent adenovirus and lipopolysaccharide contamination using 
methodologies described earlier.37–39

CNS-1 cells were maintained in culture in Dulbecco’s modified Eagle’s 
medium (CellGro, San Diego, CA) supplemented with 10% fetal bovine 
serum (Omega Scientific, Tarzana, CA) and 1% penicillin/streptomycin 

(CellGro, San Diego, CA). On the day of injection, the cells were trypsinized, 
counted using trypan blue to exclude dead cells, and resuspended in 
phosphate-buffered saline at a final concentration of 5,000 cells in 3 μl. The 
cells were stored on ice until use in the injection.

Syngeneic intracranial rat tumor models and controls. Male Lewis rats 
(220–250 g, Harlan, Indianapolis, IN) were unilaterally injected in the stria-
tum (from bregma: +1 mm anterior, +3 mm lateral, and from dura: −5 mm  
with either 3 µl of phosphate-buffered saline containing 5,000 CNS-1 cells 
or phosphate-buffered saline alone as a control.22 Ten days later, 5 × 107 
infection units each of Ad-Flt3L and Ad-TK were mixed together and 
resuspended in a final volume of 3 μl of saline. Utilizing the same drill hole, 
the vectors were delivered in three locations (−5.5, 5.0, and −4.5 mm from 
dura, 1 μl/injection site) within the tumor mass or striatum. Control ani-
mals received an intracranial injection of saline alone. On the day after vec-
tor injection 25 mg/kg GCV (Roche Laboratories, Nutley, NJ) was injected 
intraperitoneally twice daily for 7 days.

Sixty days after the initial tumor implantation, long-term survivors 
were rechallenged with an intracranial injection of 5,000 CNS-1 cells 
into the contralateral striatum (from bregma: +1 mm anterior, −3 mm 
from lateral, −5 mm from dura). No further treatment was administered. 
Animals were monitored daily and killed by terminal perfusion at the 
first signs of moribund behavior. In order to control for cell viability and 
tumor progression in vivo, CNS-1 cells were also intracranially injected 
into naïve rats.

The animals were monitored daily and killed at the first signs of 
moribund behavior, or at the end of the experiment, by terminal perfusion-
fixation with oxygenated, heparinized tyrode solution followed by 4% 
paraformaldehyde in phosphate-buffered saline. The brains were removed 
for histopathological analysis. Animals were housed in a humidity- and 
temperature-controlled vivarium on a 12:12 hour light/dark cycle (lights 
on 07:00) with free access to food and water. All experimental procedures 
were carried out in accordance with the National Institutes of Health Guide 
for the Care and Use of Laboratory Animals and approved by Cedars-
Sinai Medical Center Institutional Animal Care and Use Committee.

Behavioral analysis.
Rotational asymmetry: Amphetamine-induced rotational behavior 
was assessed using the RotoMax apparatus and software (AccuScan 
Instruments, Columbus, OH). Rotational behavior was monitored for 
90 minutes after subcutaneous injection of 1.5 mg/kg d-amphetamine 
sulfate (Sigma, St. Louis, MO). Tumor-bearing animals or naïve, age-
matched animals were tested 13 and 59 days after the initial tumor 
implantation. Asymmetry values were calculated as the number of 
clockwise rotations minus the number of counterclockwise rotations. 
The statistical significance of rotational asymmetry was determined using 
two-way ANOVA at day 13 and one-way ANOVA at day 60.

Cylinder test: The cylinder test was used for detecting asymmetry and 
abnormalities in forelimb use.29,40,41 Tumor-bearing long-term survivors, 
tumor-bearing saline-treated animals, and naïve, age-matched animals 
were tested ~13 and 200 days after tumor implantation. Tumor-bearing 
saline-treated animals were tested only at the 13-day time point because all 
the animals in this group succumb to tumor burden at approximately day 
15 after tumor implantation. The cylinder test was performed with dim, 
indirect room lighting (09:00 to 14:00 hours). The rats were not habituated 
to the room or the test apparatus before testing. Contacts made by each 
forepaw with the wall of a 20.3 cm wide clear cylinder were scored from 
videotape over a 10-minute period in slow motion by two independent 
observers, blinded as to the experimental grouping. Forelimb contact with 
the walls of the cylinder was recorded, measuring only the initial contact. 
The data were converted to the number of placements of the right or the 
left forelimb divided by the total number of placements, or the number of 
simultaneous placements of both forelimbs divided by the total number of 
placements. Rats that made <20 placements were not included in the final 
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statistical analysis (one subject per group was eliminated). The statistical 
significance of forelimb use asymmetry values was determined using a 
Student’s t-test, corrected for multiple comparisons.

Open field test: Spontaneous motor behavior was assessed using the 
open field apparatus (San Diego Instruments, San Diego, CA). Tumor-
bearing long-term survivors, tumor-bearing saline-treated animals, and 
naïve, age-matched animals were tested ~13 and 200 days after tumor 
implantation. Tumor-bearing saline-treated animals were tested at the 
13-day time point only, because all the animals in this group succumb to 
tumor burden at approximately day 15 after tumor implantation. In order 
to ensure consistency of the data, testing was performed during the light 
cycle (09:00 and 14:00 hours) in a well-lit room 30 minutes after being 
transported in their home cages. Baseline spontaneous locomotor activity 
was recorded for 30 minutes in a 40.6 × 40.6 cm3 × 38.1 cm3 enclosed box, 
using photobeam breaks and optical sensors. Locomotor activity was 
then monitored for 120 minutes after subcutaneous injection of 1.5 mg/kg 
d-amphetamine sulfate (Sigma, St. Louis, MO). The data were recorded 
as the total number of photobeam breaks over the observation period. 
The statistical significance of total locomotor activity was assessed using 
Student’s t-test and, when failing the normality criteria, they were analyzed 
by Mann–Whitney test.

Immunocytochemistry. Sections of the striatum (60 µm), were used for 
immunohistochemical examination of the structural integrity of the brain 
and to look for immune cells markers using methodologies described by us 
earlier.1,22,42 The primary antibodies used in the immunohistochemical anal-
yses were: (i) ED1/CD68 (mouse anti-ED1, 1:1,000; Serotec, Raleigh, NC; 
cat. no. MCA341R) which labels macrophages/activated microglia, (ii) CD8 
(mouse anti-CD8, 1:1,000; Serotec, Raleigh, NC; cat no. MCA48G) which 
labels CD8 + T cells, (iii) major histocompatibility class II (mouse anti-I-
A, 1:1,000; Serotec, Raleigh, NC; cat no. MCA46G) which labels B lym-
phocytes, dendritic cells, and macrophages expressing I-A, (iv) vimentin 
(mouse monoclonal antivimentin, 1:1,000; Sigma, St. Louis, MO; cat no. 
V6603) which labels CNS-1 tumor cells and activated astrocytes, (v) TH 
(rabbit polyclonal anti-TH, 1:1,000; Calbiochem, La Jolla, CA; cat no. 
657012) which labels nerve terminals, (vi) MBP (mouse monoclonal anti-
MBP, 1:1,000; Chemicon, Temecula, CA; cat no. MAB1580) which labels 
axon bundles, and (vii) glial fibrillary acidic protein (mouse monoclonal 
antiglial fibrillary acidic protein 1:1,000; Chemicon, Temecula, CA; cat no. 
MAB3402) which labels activated astrocytes. Biotinylated secondary anti-
bodies (anti-mouse or anti-rabbit, 1:1,000; DAKO, Glostrup, Denmark) 
were visualized using the Vectastain Elite ABC kit (Vector Laboratories, 
Burlingame, CA) and developed with diaminobenzidine and glucose oxi-
dase. Nissl staining was performed on mounted, air-dried brain sections. 
The sections were mounted and incubated in cresyl violet (0.1%; Sigma, 
St. Louis, MO) for 15 minutes. They were washed in destain solution (70% 
ethanol, 10% acetic acid) for 1 minute and then dehydrated (100% ethanol 
and xylene) and mounted. The tissues were analyzed and photographed 
using a Zeiss Axioplan 2 microscope (Thornwood, NY).

Statistical analysis. Statistical analysis was performed using log-rank 
test of Kaplan–Meier survival curves, two-way or one-way ANOVA, and 
Student’s t-tests or, when failing the normality criteria, the Mann–Whitney 
test corrected for multiple comparisons. The cutoff point for significance 
was considered as P < 0.05.
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