
Chagas’ disease parasite-derived neurotrophic factor activates
cholinergic gene expression in neuronal PC12 cells

Nsikan Akpan1,2, Kacey Caradonna1, Marina V. Chuenkova, and Mercio PereiraPerrin
Parasitology Research Center, Department of Pathology, Tufts University School of Medicine,
Boston, Massachusetts 02111

Abstract
A parasite-derived neurotrophic factor (PDNF) produced by the Chagas’ disease parasite
Trypanosoma cruzi binds nerve growth factor (NGF) receptor TrkA, increasing receptor
autophosphorylation, activating phosphatidylinositol 3-kinase (PI3K) and mitogen-activated protein
kinase (MAPK/Erk) pathways, and transcription factor CREB. The end-result is enhanced survival
and neuritogenesis of various types of neurons. PDNF also enhances the expression and activity of
tyrosine hydroxylase, a rate limiting enzyme in the synthesis of dopamine and other catecholamine
neurotransmitters. It remains unknown, however, if PDNF alters expression and metabolism of
acetylcholine (ACh), a neurotransmitter thought to play a role in Chagas’ disease progression. Here
we demonstrate that PDNF stimulates mRNA and protein expression of choline acetyltransferase
(ChAT) and vesicular acetylcholine transporter (VAChT), which are critical for synthesis and storage
of ACh. Stimulation requires functional TrkA because it did not occur in cell mutants that lack the
receptor and in TrkA-expressing wild-type cells treated with K252a, an inhibitor of TrkA kinase
activity. It also requires TrkA-dependent PI3K and MAPK/Erk signaling pathways because PDNF
stimulation of cholinergic transcripts is abolished by specific pharmacological inhibitors.
Furthermore, the cholinergic actions of PDNF were reproduced by PDNF-expressing extracellular
T. cruzi trypomastigotes at the start of host cell invasion. In contrast, host cells bearing intracellular
T. cruzi showed decreased, rather than increased, cholinergic gene expression. These results suggest
that T. cruzi invasion of the nervous system alters cholinergic gene expression and that could play a
role in neuropathology, and/or lack thereof, in Chagas’ disease patients.
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Introduction
Acetylcholine (ACh) mediates neurotransmission throughout the central and peripheral
nervous systems. It is essential for learning and memory (Robbins, 2005), somatic nervous
system function (Madhavan and Peng, 2003), and fast excitatory synaptic neurotransmission
in the autonomic nervous system (Galligan et al., 2000). Perturbed ACh signaling resulting
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from selective degradation of cholinergic neurons in basal forebrain and from deficits in
neuromuscular junction are associated with Alzheimer disease (Lahiri et al., 2005) and
myasthenia gravis (Nizri et al., 2007) pathogenesis, respectively. ACh is also an important
component of a recently described vagus nerve-mediated mechanism termed cholinergic anti-
inflammatory pathway, where the cholinergic neurons are believed to interact with the innate
immune system to repress potentially damaging immune responses (Pavlov and Tracey,
2005).

Many aspects of cholinergic neuron morphology and function are closely associated with nerve
growth factor (NGF). NGF promotes survival of cholinergic neurons after damage, maintains
the cholinergic phenotype of uninjured neurons, and alters neuronal excitability by remodeling
neurotransmitter receptors (Yeh et al., 2001). NGF also directly regulates cholinergic
neurotransmission by increasing levels of choline acetyltransferase (ChAT), ACh release, and
choline uptake in synaptosomes (Auld et al., 2001; Ekstrom and Reinhold, 2004; Heisenberg
et al., 1994; Knipper et al., 1994; Sofroniew et al., 1993). Reduction in NGF supply to basal
forebrain causes atrophy of cholinergic cortical projection neurons reminiscent of neuronal
changes in Alzheimer’s disease (Tuszynski et al., 1990). Similarly, the selective loss of NGF-
sensitive enteric neurons in experimental colitis correlates with a decrease in cholinergic
excitatory neurons (Lin et al., 2005a), further emphasizing the role of NGF in the maintenance
of cholinergic phenotype.

NGF signaling is critically dependent on membrane expression of two cognate receptors –
TrkA and p75NTR – on target cells. Signaling through high-affinity TrkA receptor, a member
of the tyrosine receptor kinase superfamily, underlies most of the biological activities of NGF
(Counts and Mufson, 2005; Miller and Kaplan, 2001). TrkA is expressed in all cholinergic
neurons in the brain (Holtzman et al., 1995), and in the peripheral nervous system, in most
sympathetic and sensory nociceptive neurons (Snider and McMahon, 1998) and in more than
75% of enteric cholinergic neurons (Lin et al., 2005b). The widespread expression of TrkA in
cholinergic neurons, and the particular dependence of these neurons on NGF for survival and
maintenance of cholinergic phenotype, strongly indicates a direct relationship between the
functional integrity of the cholinergic system and NGF/TrkA signaling.

PDNF, a neurotrophin-like factor produced by the Chagas’ disease parasite Trypanosoma
cruzi, the agent of Chagas’ disease, binds TrkA and starts a complex cascade of intracellular
signaling, including activation of MAPK and PI3K kinetic pathways and cAMP-response
element CRE-dependent (CREB) gene transcription (Chuenkova and Pereira, 2000;
Chuenkova and Pereira, 2003; Chuenkova and PereiraPerrin, 2004; Chuenkova and
Pereiraperrin, 2006). This triggers multiple TrkA-dependent neurotrophic responses in
neuronal cells, including enhanced survival and differentiation, and upregulation of
catecholaminergic response (Chuenkova and Pereira, 2000; Chuenkova and Pereira, 2001;
Chuenkova and PereiraPerrin, 2005; Chuenkova and Pereiraperrin, 2006).

Given the specific effects of NGF/TrkA signaling on the cholinergic phenotype, and the altered
ACh metabolism in experimental Chagas’ disease (Machado et al., 1979; Machado et al.,
1987), we sought to determine whether PDNF and T. cruzi invoke cholinergic responses by
investigating whether PDNF regulates expression of two key proteins that largely define
cholinergic phenotype in neurons: choline acetyltransferase (ChAT) and vesicular ACh
transporter (VAChT).

ChAT synthesizes ACh from choline and acetyl-CoA, while VAChT is the proton-ACh
antiporter that shuttles ACh into synaptic vesicles. The genes encoding ChAT and VAChT are
colocalized in the same “cholinergic” locus, where VAChT gene is clustered within the first
intron of the ChAT gene (De Gois et al., 2000; Eiden, 1998); thus their products are co-
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expressed and known to be coordinately regulated by NGF through TrkA binding (Berse and
Blusztajn, 1995; Eiden, 1998; Oosawa et al., 1999; Pongrac and Rylett, 1998a). The signaling
pathways through which the cholinergic locus is activated by NGF are not well understood,
although there is evidence that protein kinase pathways of PI3K and PKA/CREB and the
immediate-early gene c-fos play a role in NGF-induced ChAT expression (Castell et al.,
2003; Madziar et al., 2005; Pongrac and Rylett, 1998b; Toliver-Kinsky et al., 2000).

We show here that PDNF and invasive extracellular T. cruzi trypomastigotes increase the
expression of cholinergic genes in PC12 neuronal cells via activation of TrkA, while the
intracellular T. cruzi infection has the opposite effect. The findings suggest that T. cruzi
invasion of the nervous system deregulates ACh metabolism, which could be important in the
neuropathology that characterizes Chagas’ disease progression.

Results
PDNF induces ChAT and VAChT expression in PC12 cells

PC12 is a cholinergic cell line that expresses tyrosine kinase TrkA, but not TrkB or TrkC
(Segal and Greenberg, 1996), and responds to NGF by acquiring sympathetic neuron
phenotype, including an increase in cholinergic gene expression (Greene and Tischler, 1976;
Pongrac and Rylett, 1998a). We previously demonstrated that PDNF induces TrkA-dependent
PC12 cell survival and sympathetic neuron-like differentiation (Chuenkova and Pereira,
2000).

To test whether PDNF regulates cholinergic gene expression, PC12 cells were treated with
various concentrations of PDNF in 1% FCS followed by analysis of ChAT and VAChT
transcripts by RT-PCR. The results showed that after 48 hrs mRNA of both ChAT and VAChT
increased in the PDNF-treated cells in a dose-dependent manner (Fig. 1A). The PDNF-induced
increase in the transcripts at 200 ng/ml (3.5 nM) was similar to that of mammalian NGF, 100ng/
ml (0.8 nM) (Fig. 1A). Such PDNF-dependent stimulation was confirmed by quantitative real-
time PCR, which revealed a statistically significant dose-dependent increase in cholinergic
gene expression (Fig. 1B). As with the RT-PCR results, the stimulatory effect of NGF at 100
ng/ml (1.87 ± 0.30 and 2.19 ± 0.52 fold-increase in ChAT and VAChT mRNA, respectively)
was close to that of PDNF at 250 ng/ml (ChAT and VAChT mRNA increase by 1.69 ± 0.17
fold and 1.81 ± 0.33 fold, respectively) (Figure 1B).

The PDNF-induced increase in ChAT transcript was reflected in the production of the
corresponding protein determined by western blotting and immunofluorescence. PDNF
augmented ChAT protein levels in PC12 cells in a dose-dependent manner, with the fourfold
increase at 250 ng/ml comparable to that of NGF at 100 ng/ml (Fig. 2A). Similarly, enhanced
ChAT production by both PDNF and NGF was visualized by immunofluorescence (Figure 3).

PDNF-regulated cholinergic gene expression via TrkA and downstream PI3K and MAPK/
Erk1/2 signaling

To determine if PDNF-induced cholinergic gene expression is TrkA-dependent, we tested
whether the T. cruzi ligand would be active or not in TrkA-deficient PC12nnr5 cells in a protocol
similar to that used for wild-type PC12 cells. We found that, in contrast to the stimulatory
action on parental PC12 cells, PDNF and NGF did not enhance expression of ChAT and
VAChT in PC12nnr5 cells (Fig. 4A). Consistent with this result, K252a, an inhibitor of TrkA
tyrosine kinase autophosphorylation, blocked PDNF-induced increase in ChAT mRNA, as it
did with NGF activated cells (Fig. 4B). However, K252a did not alter PDNF- and NGF-induced
expression of VAChT mRNA, in agreement with the notion that ChAT and VAChT,
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coordinately regulated in general, also have distinct trancriptional control mechanisms (Castell
et al., 2003;Holler et al., 1996).

To verify whether the PDNF actions on cholinergic gene expression depended on PI3K and
MAPK/Erk pathways, which are stimulated following TrkA activation (Chuenkova and
Pereira, 2000; Chuenkova and Pereira, 2001), we determined whether PDNF would still be
active in PC12 cells treated with LY294002 (a selective inhibitor of PI3K (Vlahos et al.,
1994)) or U0126 (a specific inhibitor of MEK, a kinase that exclusively phosphorylates Erk1/2
(Dudley et al., 1995)). We found that upregulation of ChAT mRNA was completely reversed
by the PI3K inhibitor LY294002 and inhibited by the MEK inhibitor U0126 (Figure 4B). Both
PI3K and MAPK inhibitors also blocked PDNF-induced VAChT expression. In contrast to
PDNF, NGF-dependent increase in ChAT expression was sensitive only to the PI3K but not
to MEK inhibitor (Figure 4B), in agreement with previous results (Madziar et al., 2005).

To confirm the conclusion that PDNF induced cholinergic gene via PI3K and MAPK, the state
of respective signaling was analyzed by western blot. LY294002 completely blocked PDNF-
induced phosphorylation of Akt kinase, an enzyme that works downstream of PI3K; and the
MAPK kinase inhibitor U0126 also abrogated PDNF-induced Erk1/2 phosphorylation (Fig.
4C), in accordance with our earlier results (Chuenkova and Pereira, 2000;Chuenkova and
Pereira, 2001).

The data demonstrate that PDNF-induced increase in ChAT and VAChT mRNA expression
required activation of PI3K/Akt, as well as MAPK/Erk1/2 signaling pathways, and underscore
that PDNF-elicited TrkA activation is not identical to that of NGF.

Intracellular T. cruzi infection decreases and extracellular parasites increases cholinergic
gene expression in PC12 cells

PDNF is expressed on the outer surface of T. cruzi trypomastigotes, the infectious form, and
allows parasites to directly activate TrkA receptor (Chuenkova and PereiraPerrin, 2004) as
well as utilize TrkA for invasion of host cells (de Melo-Jorge and PereiraPerrin, 2007). After
adhering and entering cells by receptor-mediated endocytosis, trypomastigotes differentiate
into a replicative stage - amastigotes - that after several division cycles re-differentiate into
trypomastigotes and exit infected cells to adhere and invade other cells through the circulation.
To investigate whether T. cruzi invasion alters cholinergic gene expression, PC12 cells were
infected with 106× trypomastigotes/ml for 3 hrs, extracellular parasites were removed, and
cells were incubated for additional 24 or 48 hrs to develop the intracellular infection.
Quantitative PCR analysis revealed that transcription of ChAT and VAChT was reduced in
infected cells (Figure 5A). However, cells that were incubated with T. cruzi for only 3 hrs
showed an increase in ChAT mRNA (Fig. 5A). Therefore, we sought to verify that a surface-
mediated host-parasite interaction, presumably via T. cruzi-expressed PDNF, rather than
intracellular infection, is responsible for cholinergic gene stimulation. To eliminate the
influence of cell invasion, T. cruzi trypomastigotes were heat-inactivated at 50°C for 10
minutes, then assayed for PDNF trans-sialidase (TS) activity to ensure native conformation of
the protein and to approximate PDNF concentration, 300 ng PDNF per 1 × 106 parasites. This
amount of inactivated parasites stimulated expression of ChAT and VAChT in PC12 cells after
48 h of treatment, while higher concentrations produced less effect (Figure 5B), consistent with
the results obtained with purified PDNF (Figs. 1, 2). Thus the data suggest that the stimulation
of cholinergic gene expression is a result of surface -mediated interactions between T. cruzi
and host cells rather than intracellular infection.
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Discussion
PDNF, first discovered as an enzyme with neuraminidase or trans-sialidase activity
(Schenkman et al., 1994), is located in the outer membrane of trypomastigotes through a
glycosylphosphatidylinisotol (GPI) anchor (Prioli et al., 1991) and as a soluble protein in the
extracellular environment (Prioli et al., 1990) where it can act on substrates on cell surfaces.
Subsequently, it was discovered that it can function as a parasite-derived neurotrophic factor
(PDNF) by stimulating neurite outgrowth and neuron survival through the activation of NGF
receptor TrkA in a way that does not require neuraminidase or trans-sialidase activities
(Chuenkova and Pereira, 2000; Chuenkova and PereiraPerrin, 2004); it was also shown that
PDNF targets TrkB receptor (Woronowicz et al., 2007). Recognition of TrkA by PDNF on the
surface of trypomastigotes also promotes T. cruzi invasion (de Melo-Jorge and PereiraPerrin,
2007). PDNF activity in triggering trophic responses in neuronal cells and in promoting
trypanosome invasion of host cells is an important cue for understanding progression of
Chagas’ disease pathogenesis.

Given that PDNF functions described so far depend on NGF-like binding and activation of
TrkA, it may be that T. cruzi could have other neurotrophin-like biological actions of possible
relevance to Chagas’ disease pathogenesis. Here we show that soluble PDNF potently up-
regulates expression of ChAT and VAChT in PC12 cells at the mRNA and protein levels (Figs.
1-3), and that the actions of soluble PDNF is reproduced by trypomastigote, the extracellular
stage of T. cruzi that expresses PDNF on the surface and that uses PDNF to invade cells (Fig.
5A). In contrast, cells bearing intracellular T. cruzi amastigotes decreased, rather than
increased, cholinergic gene expression (Fig. 5B).

As with neurotrophic activity and cellular invasion, the cholinergic actions of PDNF were
strictly dependant on the expression of functional TrkA on the target cells because TrkA-
deficient mutant of PC12 cells (PC12nnr5) did not respond to PDNF and T. cruzi, nor did wild-
type PC12 cells treated with a pharmacological inhibitor of TrkA autophosphorylation (Fig.
4). Accordingly, blocking TrkA-dependent PI3K/Akt and MAPK/Erk signaling with
pharmacological inhibitors prevented the cholinergic actions of PDNF (Fig. 4). Additionally,
stimulation of ChAT and VAChT expression by both PDNF and parasites increased with the
concentration of the stimulants to decrease at high concentrations (Figs 1, 5), an effect
reminiscent of that of bona fide TrkA ligand NGF (Conti et al., 2004).

The cholinergic actions of T. cruzi in general and of PDNF in particular could relate to the
pathogenesis of Chagas’ disease, especially concerning TrkA-expressing neurons in brain and
PNS. In acute Chagas’ disease, when parasites multiply avidly inside cells, ChAT activity and
ACh content are reduced (Machado et al., 1979; Machado et al., 1987). Accordingly cholinergic
gene expression is down-regulated in T. cruzi-infected PC12 cells (Fig. 5A), as well as in
fibroblasts and cardiomyocytes (Imai et al., 2005; Mukherjee et al., 2003). In vivo such
decrease could relate not only to ChAT activity (Machado et al., 1979), but also to the
degeneration of cholinergic neurons during acute T. cruzi infection (Rodrigues et al., 2002;
Tafuri, 1970).

Extracellular T. cruzi could activate TrkA by adhering to neurons as a prelude to cellular entry
or by releasing PDNF that could diffuse in the nervous tissue, act on un-invaded cells and
restore cholinergic phenotype, ChAT activity and ACh levels as observed in the heart, sub-
mandibular gland, and esophagus of rats chronically infected with T. cruzi (Machado et al.,
1979; Machado et al., 1987). The increase in ACh concentration could be a factor in the
regeneration of sympathetic neurons observed in many Chagasic patients (Koberle, 1968),
because ACh stimulation of nicotinic receptors not only promotes neuron survival in ANS
(Garrido et al., 2001; O’Neill et al., 2002), it also elicits potent anti-inflammatory responses

Akpan et al. Page 5

Brain Res. Author manuscript; available in PMC 2009 June 27.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



in regions surrounding the vagus nerve - a major nerve fiber involved with autonomic
innervation to the heart and gut (Pavlov and Tracey, 2005). Since the gastro-intestinal and
cardiac ganglia are affected in Chagas’ disease, it is possible that this cholinergic anti-
inflammatory pathway plays a role in recovery of the damaged tissues via parasite-induced
ACh.

It may be that PDNF stimulation of cholinergic gene expression facilitates recovery of
parasympathetic function in Chagas’ disease. It would be consistent with our earlier results
showing that parasite invasion and PDNF promoted survival of neuronal cells (Chuenkova and
Pereira, 2000; Chuenkova et al., 2001; Chuenkova and Pereira, 2003; Chuenkova and
PereiraPerrin, 2005) and activated tyrosine hydroxylase, a rate-limiting enzyme in the synthesis
of catecholamine neurotransmitters (Chuenkova and Pereiraperrin, 2006), reflecting a
corresponding increase in T. cruzi-infected mammals (Machado et al., 1978). Such help is in
keeping with the chronic nature of T. cruzi infection, which can last for decades in humans
without causing significant pathology.

Finally, our results raise the possibility that PDNF, as a positive regulator of neuronal survival
and cholinergic gene expression, may be beneficial in restoration of lost cholinergic phenotype,
and may have therapeutic potential for Chagas’ disease.

Experimental Procedures
Materials

Dulbecco’s Modified Eagle’s Medium, fetal calf serum (FCS), and penicillin/streptomycin
cocktail were from Gibco-Invitrogen (Carlsbad, CA). Mouse recombinant nerve growth factor
(NGF, 7S) and MEK inhibitor U0126 were purchased from Sigma (St. Louis, MI); TrkA-
tyrosine kinase inhibitor K252a and PI3-kinase inhibitor LY294002 from Calbiochem (La
Jolla, CA); Trizol reagent, chloroform, SuperScript III reverse transcription kit and Platinum
Taq DNA polymerase High Fidelity Kit from Invitrogen (Carlsbad, CA); and Quantitect SYBR
green from Qiagen (Valencia, CA). Antibodies to phospho-Akt (Ser473), phospho-p44/42
MAPK (Thr202/Tyr204), Akt, and p44/42 MAPK were from Cell Signaling (Beverly, MA);
ChAT and actin from Santa Cruz Biotechnology (Santa Cruz, CA) and Chemicon (Temecula,
CA). Recombinant PDNF was expressed in E. coli and purified by Ni-affinity chromatography
and Fast Protein Liquid Chromatography (FPLC) as described earlier (Chuenkova et al.,
1999).

PC12 and Parasite Cultures
Rat pheochromocytoma cells PC12 wt and PC12nnr5 mutant, a generous gift of Dr. Lloyd
Greene (College of Physicians and Surgeons, Columbia University, New York, NY), were
maintained in Dulbecco’s modified Eagle’s medium supplemented with 10% fetal calf serum
and penicillin/streptomycin (100 U/ml and 100 μg/ml, respectively) at 37 °C in 5% CO2. For
all experiments, PC12 cells were plated in 35 mm plates in DMEM containing10% FCS at a
density of 2.0 – 3.0 × 105 cells/ml. After 24h, medium was replaced with DMEM containing
low serum (~1% FCS), and cells were incubated with PDNF and/or other reagents for additional
24 or 48 h. For experiments with pharmacological inhibitors of protein kinases, cells were
treated with inhibitors (K252a, 100 nM; LY294002, 10 μM; U0126, 10 μM) for 1 h prior to
the addition of growth factors, and the protocol repeated at 24 h intervals. T. cruzi parasites,
Silvio strain, were maintained in Vero cell cultures (Prioli et al., 1990), and swimming
trypomastigotes obtained after 3-5 days post-infection, (1 × 106 /ml) were used to infect PC12
cells. After 3 h, unattached parasites were removed; the monolayers washed with DMEM, and
incubated with DMEM/1% FCS for 24 or 48 h. For experiments with heat-inactivated T.
cruzi, trypomastigotes in DMEM were heated at 50°C for 10 min, a condition that blocks
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parasite invasion (Yoshida, 1983); heat-killed parasites and control viable parasites were used
at various concentrations to treat PC12 cells for 48 h, which were subsequently analyzed for
ChAT and VAChT expression by RT-PCR.

RT-PCR
Total RNA was isolated from PC12 cultures with Trizol reagent and chloroform. cDNA was
synthesized from 500 ng total RNA with Superscript III reverse transcriptase using
manufacturers specifications for priming with random hexamers. The conditions for PCR
reactions performed with 1-2 μl cDNA using Platinum Taq DNA polymerase High Fidelity
were: 94°C for 2 min for initial denaturation, then 30-35 cycles 94 °C for 30 s, 53°C for 30 s,
and 68°C for 30 sec, followed by a final extension of 68 °C for 3 min. ChAT primers common
for all three ChAT isoforms were FWD: 5′~GCC TCA TCT CTG GTG TGC TTA G~3′; REV:
5′~CCC TCA CTG AGA CGG CGG AA~3′ (Madziar et al., 2005). VAChT primers were
FWD: 5′~AGC GGG CCT TTC ATT GAT CG~3′; REV: 5′~GGC GCA CGT CCA CCA GAA
AGG~3′ and β-actin primers were FWD: 5′~GTG GGC CGC CCT AGG CAC CAG~3′; REV:
5′~CTC TTT GAT GTC ACG CAC GAT TTC~3′. PCR products were analyzed by
electrophoresis in 2% agarose gels with 5 ug/ml ethidium bromide.

Quantitative Real-time PCR (qPCR)
RNA was isolated and cDNA prepared as described above. Quantitative PCR reactions were
performed with QuantiTect SYBR Green PCR kit (Qiagen) using Applied Biosystems 7300
Real-Time PCR system (Applied Biosystems, Foster City, CA). Conditions for the PCR
reaction were: 95 °C for 15 min, followed by 40 cycles of 94 °C for 15 s, 56 °C for 30 s, and
72 °C for 30 s, concluded with a dissociation stage to measure primer specificity. ChAT,
VAChT and β-actin real-time primers amplify within the same regions as the RT-PCR primers.
Chat primers were FWD: 5′~AGC CCT GCT GTG ATC TTT GCT CG~3′; REV: 5′~CCT
TGG CCC AGT CAG TGG GAA~3′; VAChT primers - FWD: 5′~CCC TTA AGC GGG CCT
TTC ATT GAT~3′; REV: 5′~AAA GGC AAA CAT GAC TGT GGA GGC~3′ and β-actin
primers - 5′~GTG GGC CGC CCT AGG CAC CAG~3′; REV: 5′~GGA TAC CTC TCT TGC
TCT GGG CC~3′. Experiments were performed in triplicates, and fold difference was
calculated using the 2ΔΔCt method [ΔΔCt = (Cttarget gene − Ctβ-actin)treated - (Cttarget gene −
Ctβ-actin)untreated] (Livak and Schmittgen, 2001).

Immunoblotting
Total cell proteins were extracted with a buffer containing 20 mM Tris, pH 7.5, 150 mM NaCl,
1 mM EDTA, 1% NP-40, 2.5 mM sodium pyrophosphate, 1 mM glycerophosphate, 1 mM
Na3VO4, 1 μg/ml leupeptin and 1 mM PMSF on ice for 10min and used immediately or kept
frozen at -80°C. Protein concentration was measured by the Bio-Rad DC protein assay
(Richmond, CA). Samples (50-70 μg of protein in each) were resolved by SDS-PAGE,
transferred to nitrocellulose, blocked with 5% nonfat milk, and probed overnight at 4°C with
antibody to ChAT (1:200), phospho-Akt (1:1000) or phospho-Erk1/2 (1:1000). Antibody
reaction was detected with horseradish peroxidase (HRP)-conjugated secondary antibody and
Western Lightning Chemiluminescence Reagent Plus (PerkinElmer, Boston, MA). Some blots
were stripped in appropriate buffer (50mMTris–HCl, pH 7.8, 2% SDS, 1% β-mercaptoethanol)
at 50 °C for 60 min and re-probed with Akt (1:1000), Erk1/2 (1:1000) or actin (1:500)
antibodies to ensure equal loading of proteins.

Immunofluorescence
Cells were plated on collagen-coated slides overnight in 10% FCS DMEM, which was replaced
with serum-free medium alone or with PDNF (250 ng/ml) or NGF (100 ng/ml) for 48 h. Fresh
PDNF and NGF were added after 24 h. Cells were washed with PBS, fixed with 4%
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paraformaldehyde in PBS for 15 min at RT and permeabilized with 0.1% Triton X in PBS for
15 min at RT. After blocking with 10% goat serum in PBS, slides were incubated overnight at
4°C with anti-ChAT antibody (1:100) in 5% goat serum followed by Alexa Flour 488-
conjugated secondary antibodies (30 min) (Molecular Probes). Cells were stained with DAPI
(250 ng/ml) for 30 sec to visualize DNA, and examined by fluorescent microscopy.
Micrographs were taken by SPOT camera (Diagnostic Instruments, Sterling Heights, MI).

Statistical Analysis
For statistical analysis of real-time data, unpaired Student’s t test was performed using
GraphPad Prism version 4.0 (GraphPad software, San Diego, CA). The statistical significance
level was set at P < 0.05. Data from three or more independent experiments were plotted as
mean ± SEM.
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Figure 1. PDNF stimulates ChAT and VAChT transcripts in PC12 cells
Cells plated in 6-well plates were treated with the indicated concentrations of PDNF or NGF
for 48 h in DMEM/FCS (1%).
(A) ChAT and VAChT expression analyzed by RT-PCR and by
(B) q PCR. β-actin expression was used as an internal control.
Values given are fold difference between treated samples and untreated controls. Error bars
represent SEM (n=3), * - P < 0.05, ** - P < 0.01.
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Figure 2. PDNF increases ChAT protein levels in PC12 cells
PC12 cells were incubated without or with indicated concentrations of PDNF or NGF for 48
h, and ChAT protein expression was tested by western blot using ChAT (H-95) antibody as a
probe. Graph represents densitometry analysis of ChAT expression compared with untreated
control after normalization to actin (average of four experiments).
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Figure 3. PDNF increases number of ChAT-expressing PC12 cells
Cells were treated as in Fig. 1 with or without 250 ng/ml PDNF or 100 ng/ml NGF, fixed in
paraformaldehyde, permeabilized with a non-ionic detergent, ChAT visualized with specific
antibody (AB144P) followed by a fluorescent-labeled secondary antibody (green), and nuclear
DNA with DAPI (blue).
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Figure 4. PDNF-induced expression of cholinergic gene depends on functional TrkA, and PI3K and
MAPK/Erk signaling
(A) TrkA-deficient (PC12nnr5) and wild-type (PC12) cells were treated with PDNF or NGF
for 48 h in 1% FCS/DMEM. (B) PC12 cells were pretreated for 1 h with K252a (K2, 100 nM),
U0126 (U0, 10 mM), LY294002 (LY, 10 mM) prior to addition of PDNF or NGF (250 ng/ml
and 100 ng/ml, respectively) for 48 h in 1% FCS/DMEM. b. Cells were treated with U0126
and PDNF as described above. ChAT, VAChT, and β-actin expression was analyzed by RT-
PCR (A and B,a) and by quantitative PCR (B, b). Error bars represent SEM (n=3), ** - P <
0.01.
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(C) Cells were treated as described for B and total cell lysates were analyzed by western blot
with phospho-Akt (Ser473), phospho-ERK1/2 (Thr202/Tyr204), Akt, or ERK1/2 antibodies.
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Figure 5. Cholinergic gene expression is down-regulated in PC12 cells with intracellular T. cruzi
infection and up-regulated by extracellular T. cruzi trypomastigotes
(A) PC12 cells were infected with 1.0 × 106 trypomastigotes for 3, 24 and 48 h, cells harvested
and analyzed for ChAT, VAChT, and β-actin expression by RT-PCR (a) and qPCR (b). Error
bars represent SEM (n=4), * - P < 0.05, ** - P < 0.01, ns – non-significant.
(B) PC12 cells were exposed to heat-treated trypomastigotes (106/ml) or NGF (100 ng/ml) for
48 h, and ChAT, VAChT transcripts determined by RT-PCR. Graph represents quantitation
of the response determined by scanning densitometry.
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