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Abstract
Although some studies have shown that the cell penetrating peptide (CPP) TAT can enter a variety
of cell lines with high efficiency, others have observed little or no transduction in vivo or in vitro
under conditions mimicking the in vivo environment. The mechanisms underlying TAT-mediated
transduction have been investigated in cell lines, but not in primary brain cells. In this study we
demonstrate that transduction of a green fluorescent protein (GFP)-TAT fusion protein is
dependent on glycosaminoglycan (GAG) expression in both the PC12 cell line and primary
astrocytes. GFP-TAT transduced PC12 cells and did so with even higher efficiency following
NGF differentiation. In cultures of primary brain cells, TAT significantly enhanced GFP delivery
into astrocytes grown under different conditions: 1) monocultures grown in serum-containing
medium; 2) monocultures grown in serum-free medium; 3) cocultures with neurons in serum-free
medium. The efficiency of GFP-TAT transduction was significantly higher in the monocultures
than in the cocultures. The GFP-TAT construct did not significantly enter neurons. Experimental
modulation of GAG content correlated with alterations in TAT transduction in PC12 cells and
astrocyte monocultures grown in the presence of serum. In addition, this correlation was predictive
of TAT-mediated transduction in astrocyte monocultures grown in serum free medium and in
coculture. We conclude that culture conditions affect cellular GAG expression, which in turn
dictates TAT-mediated transduction efficiency, extending previous results from cell lines to
primary cells. These results highlight the cell-type and phenotype-dependence of TAT-mediated
transduction, and underscore the necessity of controlling the phenotype of the target cell in future
protein engineering efforts aimed at creating more efficacious CPPs.
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INTRODUCTION
A growing number of protein therapeutics are being developed, however the vast majority of
these proteins suffer from an inability to cross the plasma membrane and enter cells, thereby
greatly diminishing their therapeutic potential (Trehin and Merkle 2004). Methods such as
microinjection, electroporation, viral and nonviral vectors, and lipid encapsulation have
associated undesirable characteristics such as low transfer efficiency, limited cell targeting,
damaging effects to cell membranes, and/or unwanted immunoresponse (Sakurai et al.
2007). Engineering an efficient vehicle for transmembrane delivery, therefore, would have
wide-spread applications.

CPPs are short, mainly basic peptides that have the ability to cross the plasma membrane
and enter cells (Chauhan et al. 2007; Dietz and Bahr 2004; Joliot and Prochiantz 2004;
Temsamani and Vidal 2004; Trehin and Merkle 2004; Vives 2005). At active
concentrations, most CPPs have negligible effects on membrane integrity (Suzuki et al.
2002) and can be fused to heterologous proteins for delivery across cell membranes
(Nagahara et al. 1998). As opposed to viral vectors and cationic lipid complexes, engineered
CPP fusion proteins require little processing and can be produced as a single protein
construct. In addition, CPPs may have a broad tissue distribution (Schwarze et al. 1999) and,
because the delivered cargo is the fully-functional, therapeutic construct, CPP-delivered
cargoes can be immediately active.

Although our understanding of neurodegenerative mechanisms in central nervous system
(CNS) disorders, traumatic brain injury, and ischemia continues to increase, drug delivery to
the CNS remains a major obstacle to therapeutic development (Begley 2004; Pardridge
2005). Entry of compounds to the brain is tightly regulated as there is limited substance
distribution along extracellular fluid-flow pathways, and fluid is constantly cleared by CNS-
specific lymphatics (Huynh et al. 2006). Even if these in vivo brain delivery barriers could
be overcome, the difficult task of penetrating the cell membrane remains. Non-viral gene
transfer into post-mitotic cells, including primary cortical and hippocampal neurons, has
proven to be inefficient (Washbourne and McAllister 2002). Therefore, there is a critical
need for the development of a more efficient method of transducing brain cells, in particular.

In a landmark study, the TAT protein, a well studied CPP, was reported to deliver the active
enzyme β-galactosidase to all tissues in the mouse, including the brain, following
intraperitoneal injection (Schwarze et al. 1999). Subsequently, several other groups have
used CPPs to deliver functional neuroprotective cargos, such as the anti-apoptotic proteins
Bcl-2 and Bcl-xL, into the brain in in vivo animal models (Asoh et al. 2002; Cao et al. 2002;
Yin et al. 2006), as well as into in vitro cultures of primary neurons (Asoh et al. 2002; Cao
et al. 2002; Soane and Fiskum 2005) and hippocampal brain slices (Matsushita et al. 2001).

While early evidence suggested that TAT peptides could transduce the cell membranes of a
variety of cell types in vitro with almost 100% efficiency (Asoh et al. 2002; Cao et al. 2002;
Nagahara et al. 1998), much of this data has been called into question in light of more recent
experiments. Specifically, Richard et al. have convincingly demonstrated that the use of
fixation prior to fluorescent microscopic analysis and/or a lack of trypsinization before flow
cytometric analysis produce spurious results (Richard et al. 2003). Many of the previously
mentioned successful in vitro studies used immunohistochemistry to confirm cell
transduction, which includes a fixation step following CPP transduction (Asoh et al. 2002;
Cao et al. 2002; Matsushita et al. 2001; Nagahara et al. 1998). Although many of these
constructs provided neuroprotection both in vitro and in vivo, studies have shown that Bcl-2
is neuroprotective in hippocampal slice cultures when simply added to the medium
(Panizzon et al. 1998).

Simon et al. Page 2

Biotechnol Bioeng. Author manuscript; available in PMC 2010 September 1.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



The controversy of CPP-mediated transduction extends to non-brain cells as well. CPP-
mediated transduction has been successful in cell lines such as Jurkat (Ho et al. 2001;
Nagahara et al. 1998; Wender et al. 2000), HeLa (Suzuki et al. 2002; Violini et al. 2002),
and HEK293 (Niesner et al. 2002), however poor or no CPP-mediated cargo delivery has
been observed in other cell lines such as MDCK epithelial cells (Kramer and Wunderli-
Allenspach 2003; Violini et al. 2002) and CaCo-2 colonic carcinoma cells (Violini et al.
2002), both of which are thought to be morphologically and biochemically representative of
primary cells. Similar poor cell transduction has been observed in studies of muscle cells in
vivo (Caron et al. 2001). Moreover, several of the previously published successful in vivo
results, including those of Schwarze et al. (1999) and Cao et al. (2002) could not be
repeated, even in some cases using the same construct (Cai et al. 2006). As such, there is an
unresolved controversy regarding the ability of TAT to cross plasma membranes and
whether CPP studies performed on one cell type can translate to other cell types or even the
same cell type under different environmental conditions.

We hypothesized that variability in the amount of cell surface proteoglycan may contribute
to some of the variability in TAT-mediated transduction efficiency between cell lines and
between various primary cells both in vivo and in vitro. Although the exact mechanism by
which TAT crosses the plasma membrane has been debated, it is commonly believed that
the process involves an electrostatic interaction with cell surface proteoglycans, in particular
heparan sulfate (Bugatti et al. 2007; Duchardt et al. 2007; Kumarasuriyar et al. 2007; Nakase
et al. 2007; Poon and Gariepy 2007; Tyagi et al. 2001; Vives 2003; Wadia et al. 2004); these
conclusions have all been drawn based on studies of TAT-mediated transduction into cell
lines. The amount of proteoglycan on the surface of a cell varies depending on cell type,
location and function (David 1993; Warda et al. 2006), even within a single organ like the
brain (Costa et al. 2007). Herein, we extend previous results from cell lines to cultures of
primary brain cells. To test this hypothesis, we used flow cytometry to quantify TAT-
mediated delivery efficiency in undifferentiated and differentiated PC12 cells, monocultures
of primary astrocytes grown in either a serum-containing medium or a serum-free medium,
and cocultures of primary neurons and astrocytes grown in a serum-free medium.

We observed significant differences in overall transduction efficiency between different cell
types and for a given cell type under distinct culture conditions. Furthermore, we found that
the different culture conditions affected the glycosaminoglycan (GAG) content of the cells,
and, within a single cell type, GAG content was positively correlated with efficiency of
TAT-mediated GFP transduction. Elimination of cell-surface GAG by trypsin treatment
reduced TAT transduction whereas enhancement of GAG production increased transduction.
We conclude that TAT-mediated protein delivery is strongly dependent on cell type and
growth environment, which in turn affect GAG content. Our results indicate that, while it
may be an efficient delivery vehicle for cells with high GAG content, TAT may be an
inefficient vehicle for many types of primary cells and tissues with low GAG content. Our
results also highlight the pitfalls of extrapolating transduction efficiencies from cell-lines to
primary cells, or even from primary cells grown in one environment to the same cells in a
different environment, when engineering novel delivery vehicles.

MATERIALS AND METHODS
Vectors

The GFP gene was encoded in a pRSET-S65T vector (Yang et al. 1996) containing a 6-
histidine tag at the NH2-terminus of the GFP gene. The 14 amino acid TAT sequence
(NGYGRKKRRQRRRG) was inserted onto C-terminus of the GFP gene to create the
pGFP-TAT expression vector, as described previously (Gao et al. 2009).
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Expression and purification of recombinant proteins
As described in our previous work (Gao et al. 2009), the GFP and GFP-TAT proteins were
expressed in BL21 competent E. coli (Sigma-Aldrich, St. Louis, MI) using the pRSET-S65T
and pGT vectors, respectively. The proteins were purified using a HisTrap crude FF 5 ml
column in an FPLC apparatus (GE Healthcare, Uppsala, Sweden). The concentration of the
purified proteins was determined by their absorbance at 280nm using 0.6766(mg/mL)−1

cm−1 and 0.6737(mg/mL)−1 cm−1 as extinction coefficients (Gill and von Hippel 1989) for
GFP and GFP-TAT, respectively. Construct molecular weights were verified by MALDI-
TOF mass spectrometry.

Cell culture
PC12 cells (ATCC, Manassas, VA) were plated onto poly-L-lysine coated 24-well plates at
a density of 100,000 cells per well and grown in F12K medium (ATCC, Manassas, VA)
supplemented with 15% horse serum and 2.5% newborn calf serum for approximately 5
days until confluent. Differentiation was achieved by treating PC12 cells with 100ng/mL
2.5S nerve growth factor (NGF, Invitrogen, Carlsbad, CA) for 7 days.

Astrocyte cultures and mixed cortical cell cultures were obtained from the cortices of 8–10
day old Sprauge-Dawley rat pups. All procedures involving animals were approved by the
Columbia University IACUC. For cocultures, cortices were minced, digested with papain,
triturated, and plated at a density of 100,000 cells/coverslip onto poly-D-lysine/laminin
coated coverslips (Becton Dickinson, San Jose, CA). The cultures were fed every 2 days
with Neurobasal medium (Neurobasal-A medium, 5% B27 Supplement, 1mM glutamine,
5mg/ml D-glucose) and grown for approximately 7 days. The distribution of neurons and
astrocytes in the cocultures was verified by immunocytochemistry for GFAP to detect
astrocytes, and β-III tubulin and Thy-1 to detect neurons.

Astrocyte monocultures were prepared from minced cortices that were digested with papain,
triturated and plated into T75 tissue culture flasks. After an hour, the flasks were vigorously
shaken to remove non-adherent cells, and the media was discarded resulting in a pure
astrocyte culture. The remaining astrocytes were grown in a serum-containing medium
(DMEM, 10% heat-inactivated newborn calf serum, 1mM glutamine) for 2 weeks. The cells
were then trypsinized and replated onto uncoated, tissue culture 24-well plates at a density
of 36,000 cells per well and grown for another week in either serum-containing medium or
Neurobasal. The purity of astrocyte monocultures was verified by GFAP
immunocytochemistry.

Quantification of protein transduction into PC12 cells
To examine differences in GFP transduction efficiency between undifferentiated and
differentiated PC12 cells, the cells were incubated with 100µg/mL GFP or GFP-TAT for 4
hours. The optimal concentration was determined from previously calculated dose-response
curves (Gao et al. 2009). Cells were washed twice with PBS, trypsinized for 5 minutes, and
resuspended in 300µL PBS. The trypsinization step was essential to remove any surface-
bound protein, which could cause an overestimation of GFP transduction (Richard et al.
2003). Cells were kept on ice until analysis using either an LSRII or a FACSCanto II flow
cytometer (Becton Dickinson, San Jose, CA). The percent increase in geometric mean
fluorescence (excitation 488nm, emission 530/30nm) above background was calculated to
account for autofluorescence. A total of 30,000 events per sample were counted. Statistical
differences between GFP and GFP-TAT transduction, as well as between the GFP-TAT
transduction of undifferentiated and differentiated PC12 cells were calculated using
Student’s t-tests with p<0.05. Equality of variance was confirmed using the Levene test and,
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if necessary, data was log transformed to ensure a normal distribution prior to statistical
analysis.

Quantification of protein transduction into primary brain cells
Cocultures and astrocyte monocultures were incubated with 100µg/mL GFP or GFP-TAT
for 4 hours. Cells were washed twice in PBS, trypsinized for 5 minutes and resuspended in
300µL PBS. To quantify GFP transduction by cell type in cocultures, cells were incubated
with mouse anti-Thy1 (Abcam, Cambridge, MA), to identify neurons, fixed with 4%
formaldehyde and then incubated with rabbit anti-GFAP (Sigma-Aldrich, St. Louis, MO) to
identify astrocytes. Alexa-350 and Alexa-647 conjugated secondary antibodies (Invitrogen,
Carlsbad, CA) were used to detect the Thy1 and GFAP primary antibodies, respectively. All
antibody and fixation steps were performed on ice.

Cocultures and astrocyte monocultures were analyzed for both GFP transduction and cell-
type using either an LSRII or a FACSCanto II flow cytometer (Becton Dickinson, San Jose,
CA). GFAP was detected using a 633nm excitation and 660/20nm emission, while Thy1 was
detected using a 405nm excitation and 450/50 emission. GFAP+ and Thy1+ gates were
created based on control cells that had also been stained for the appropriate antibodies, but
were not treated with GFP or GFP-TAT. GFP and GFP-TAT transduction into cells positive
for GFAP or Thy1 was quantified by calculating the percent increase in geometric mean
fluorescence in the green channel (excitation 488nm, emission 530/30nm) above that of
untreated cells, to account for autofluorescence. A total of 10,000 events per sample were
counted. Statistical differences between GFP and GFP-TAT transduction were determined
independently for the neurons and each of the three astrocyte culture conditions using
Student’s t-tests. Comparisons between the GFP-TAT transduction of the three astrocyte
conditions were performed using one-way ANOVA followed by Bonferroni post-hoc tests.
Equality of variance was confirmed using the Levene test and, if necessary, data was log
transformed to ensure a normal distribution prior to statistical analysis.

Quantification of GAG
To determine cellular GAG content, cells were washed with PBS, incubated in 500µL of
lysis buffer (0.1M sodium acetate buffer, pH 5, containing 5mM EDTA, 5mM cysteine HCl,
and 0.6U papain/mL) overnight at 37°C, sonicated, and then analyzed using the 1,9-
dimethylmethylene blue (DMMB, Sigma-Aldrich, St. Louis, MO) dye-binding assay
(Farndale et al. 1986). GAG content was normalized to total DNA content using the Quant-
iT Picogreen assay (Invitrogen, Carlsbad, CA).

The role of GAG in GFP-TAT transduction
To further discern the role of GAG in GFP-TAT transduction, GAG content was
experimentally altered. Differentiation of PC12 cells with NGF, as described above, has
been shown previously to increase heparan sulfate proteoglycan expression (Katoh-Semba et
al. 1990). Ascorbic acid has been shown to promote extracellular matrix production in cells
such as fibroblasts (Kao et al. 1990). In the brain, ascorbic acid plays a role in brain
development, and has been shown to induce cell differentiation and proliferation (Lee et al.
2003; Yu et al. 2004). We hypothesized that ascorbic acid may increase GAG content in
astrocytes, and this was confirmed using the DMMB assay. 250µM ascorbic acid was added
to the astrocytes every two days for one week prior to the addition of GFP or GFP-TAT.

Cell-surface proteoglycans were removed by treating undifferentiated PC12 cells or serum-
grown astrocytes with trypsin for 30 minutes. Following the trypsin treatment, the cells were
incubated in media for 30 minutes prior to the addition of GFP or GFP-TAT. A decrease in
GAG content was confirmed using the DMMB assay. The GAG/DNA content of the
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experimentally GAG-modulated PC12 cells and serum-grown astrocyte monocultures was
normalized to the untreated condition, and statistically compared using a Dunnett post-hoc
comparison using the untreated condition as a control.

To confirm the importance of electrostatic interactions at the cell surface, in particular with
heparan sulfate proteoglycans, cells were pretreated with 100µg/mL heparin (Sigma-
Aldrich, St. Louis, MO) for one hour. Heparin has a structure that is similar to heparan
sulfate, and if GFP-TAT does electrostatically interact with heparan sulfate, heparin should
act as a competitive inhibitor and decrease GFP-TAT transduction (Tyagi et al. 2001). The
heparin was left on the cells during the GFP or GFP-TAT treatment.

The geometric mean green fluorescence (excitation 488nm, emission 530/30nm) was
measured for each GAG-modifying treatment and was normalized to either untreated
undifferentiated PC12 cells or untreated astrocyte monocultures grown in serum. Statistical
differences were determined using one-way ANOVA followed by a Dunnett post-hoc
comparison to the control condition. Equality of variance was confirmed using the Levene
test and, if necessary, data was log transformed prior to statistical analysis to preserve
homoscedacity.

A straight line was fit to plots of TAT transduction versus GAG content for PC12 cells and
for astrocyte monocultures grown in serum medium. To account for errors in both variables,
the line was fit using a weighted least squares algorithm (Krystek and Anton 2007).
Confidence bands were calculated using the methods of Giordano (1999).

RESULTS
Protein construct and purification

In this study, the TAT CPP sequence (NGYGRKKRRQRRRG) was fused to the carboxy
terminus of the GFP protein which contained an N-terminal polyhistidine purification tag.
As opposed to previously reported PolyHis-TAT-GFP constructs (Han et al. 2001; Kilic et
al. 2002; Kilic et al. 2003; Lea et al. 2003; Park et al. 2002; Vazquez et al. 2003; Yang et al.
2002), our construct allowed for the purification domain (polyhistidine) and the CPP domain
(TAT) to be separated by the GFP protein, which may allow the TAT peptide to be more
accessible to participate in cellular transduction by preventing potential confounding
interactions by the polyhistidine purification tag. In addition, the GFP and GFP-TAT fusion
proteins were purified by Ni2+ affinity chromatography under native conditions so that
refolding of the protein was unnecessary. Many of the studies involving chimeric GFP-TAT
constructs report purification under denaturing conditions (Han et al. 2001; Kilic et al. 2002;
Kilic et al. 2003; Lea et al. 2003; Vazquez et al. 2003) while some report purification under
both denaturing and native conditions (Park et al. 2002; Ryu et al. 2003; Yang et al. 2002).

Analysis of the purified GFP and GFP-TAT proteins by SDS-PAGE showed apparent
homogeneity of the expressed products (Figure 1). Molecular weights obtained by MALDI-
TOF mass spectrometry, 31,313 Da for GFP and 33,194 Da for GFP-TAT, compared well to
the calculated theoretical molecular weights of 31,113 Da and 33,144 Da.

Quantification of protein transduction into PC12 cells
Significant GFP-TAT transduction, in comparison to GFP alone, was measured into both
undifferentiated (NGF-) and differentiated (NGF+) cells (Figure 2). In addition, overall
GFP-TAT transduction into differentiated cells was significantly (p<0.05) more efficient
than into undifferentiated cells, indicating that the cell’s phenotype may influence the
transduction of GFP-TAT.
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Quantification of protein transduction into primary brain cells
TAT significantly (p<0.05) enhanced GFP delivery into astrocyte monocultures grown in
serum-containing medium, astrocyte monocultures grown in serum-free Neurobasal
medium, and astrocytes in coculture (Figure 3). In addition, total GFP-TAT transduction
into the monocultures was significantly greater than into astrocytes in coculture. GFP-TAT
delivery into neurons was not significant (Figure 4). Together, these data imply that GFP-
TAT transduction is dependent not only on cell type, but also on the cell’s phenotypic state
affected by environment.

Role of GAG in transduction of PC12 cells
NGF treatment significantly increased the GAG content of PC12 cells (Figure 5a), and also
caused significant increases in GFP-TAT transduction (Figure 5b). Trypsin treatment
significantly decreased GAG content and caused significant decreases in TAT transduction.
Heparin also significantly decreased TAT transduction. (Figure 5b). The relationship
between GAG content and increased TAT transduction, compared to GFP alone, for NGF-
treated, untreated and trypsin-treated PC12 cells was linearly correlated (Figure 5c). These
results confirm that surface GAGs contribute to the ability of TAT to increase GFP
transduction in PC12 cells and that the electrostatic interaction can be competitively blocked
by a negatively charged, soluble molecule like heparin.

Role of GAG in transduction of primary brain astrocytes
Ascorbic acid treatment of astrocyte monocultures grown in serum medium significantly
increased the GAG content of astrocytes, while trypsin treatment decreased GAG (Figure
6a). The ascorbic acid-treated cells had a significant increase in GFP-TAT transduction and
both trypsin- and heparin-treated cells had a significant decrease (Figure 6b). As with the
PC12 cells, the experimentally GAG-modulated astrocytes showed a linear correlation
between GAG content and increased GFP-TAT transduction, compared to GFP alone
(Figure 6d).

Both the cocultures and astrocyte monocultures grown in serum-free, Neurobasal medium
showed decreased GAG in comparison to astrocyte monocultures grown in serum-
containing medium (Figure 6c). The cocultures and astrocyte monocultures grown in
Neurobasal fall within the confidence bounds of the percent TAT transduction increase-
GAG regression line calculated using data from the experimentally GAG-modulated
astrocyte monocultures (Figure 6d). This indicated that for all astrocytes, GAG content
correlated with the ability of TAT to increase GFP transduction.

DISCUSSION
In this study we determined for the first time that GAG content affects TAT-mediated
delivery in primary astrocytes, and this relationship was confirmed in the PC12 cell line.
Furthermore, we found that commonly employed cell culture conditions can drastically alter
TAT transduction through the unforeseen consequence of altering GAG expression. Our
results help to explain conflicting results in literature surrounding TAT-mediated
transduction and highlight the crucial need for using a physiologic culture system in protein
engineering efforts aimed at creating improved CPP sequences.

We initially hypothesized that the discrepancy in TAT-mediated delivery efficiency in
previous publications may have been due to culture condition and/or phenotypic state.
Because mitotic activity is often required for DNA transfection (Mortimer et al. 1999; Wilke
et al. 1996), it was possible that TAT transduction would be more efficient in dividing cells.
However, for the PC12 cells, our GFP-TAT fusion protein translocated into differentiated
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(non-mitotic) PC12 cultures significantly more efficiently than into undifferentiated,
dividing cells (Greene and Tischler 1976). These findings were consistent with those of
Matsushita et al., who reported limited CPP-mediated GFP delivery to PC12 cells in the
undifferentiated state and high transduction efficiency after differentiation (Matsushita et al.
2001). In our study, a significant enhancement in transduction efficiency with NGF
treatment was measured (Figure 2). In PC12 cells, NGF treatment enhances the expression
of heparan sulfate proteoglycans (Katoh-Semba et al. 1990) which have been shown to be
essential for the initial electrostatic interaction between TAT and the plasma membrane
before internalization (Bugatti et al. 2007; Duchardt et al. 2007; Kumarasuriyar et al. 2007;
Nakase et al. 2007; Poon and Gariepy 2007; Tyagi et al. 2001; Vives 2003; Wadia et al.
2004). We showed that NGF treatment increased the GAG content by almost 50%, and
resulted in a significant increase in TAT transduction (Figure 5). Conversely, the trypsin
treatment, which eliminates surface GAG (Rapraeger et al. 1986), reduced the GAG content
by almost 30% and significantly decreased TAT transduction. Pretreatment with soluble
heparin, which competitively blocks TAT from binding to cell surface GAG (Tyagi et al.
2001), also resulted in a decrease in TAT transduction. Our results agree with previous
studies and confirm that in PC12 cells, TAT interactions with GAG play an important role in
TAT-mediated transduction.

To our knowledge, this dependence of TAT transduction on GAG expression has not been
validated for primary cells. Extending these results to primary cells is critical as protein
engineering efforts often attempt to create novel CPPs designed for in vivo use. Our results
showed a positive correlation between experimentally manipulated GAG content and TAT-
mediated transduction in primary astrocytes (Figure 6). Proteoglycan content was increased
by treating astrocytes with ascorbic acid, which resulted in an increase in TAT-mediated
transduction. Conversely, trypsin treatment reduced GAG content and decreased TAT-
mediated transduction. Pretreatment with free heparin decreased TAT-mediated transduction
by over 50%, confirming the importance of electrostatic interactions. From these results, we
determined a quantitative correlation between GAG content and TAT-mediated transduction
efficiency in primary cells (Figure 6d).

Serum is normally excluded from the parenchyma, therefore neurons and astrocytes grown
in serum-free conditions may be more phenotypically like quiescent astrocytes in vivo
compared to astrocyte monocultures grown in serum-containing medium, which have been
used as models of reactive gliosis (Audouy et al. 1999). The removal of serum from
astrocyte cultures has been shown to shift astrocytes into a post-mitotic state (Chou and
Langan 2003; Langan and Slater 1991), and we showed that the removal of serum also
decreased GAG expression and decreased TAT transduction (Figure 2 and Figure 6). In
addition, the influence of neurons on astrocytes and vice versa could induce different
phenotypes in these cell types under coculture conditions, as has been shown previously for
other brain cell types in vitro (Duport et al. 1998; Nakagawa et al. 2007). In the cocultures,
however, both neuronal and astrocytic GAG content was measured together and the
individual contribution of each cell type could not be determined. The astrocyte
monocultures grown in serum-free medium and cocultures showed reduced GFP-TAT
transduction, both overall in comparison to background (Figure 3) and in comparison to
GFP alone. The latter agrees with the predicted relationship between GAG and TAT
transduction efficiency for astrocyte monocultures grown in serum developed using trypsin-
treated, untreated and ascorbic acid-treated astrocytes (Figure 6d). These results indicate that
cellular GAG content correlates with TAT transduction efficiency, and for our cultures of
primary brain cells, culture conditions affect GAG expression, and therefore TAT
transduction. Our study, however, only examines the transduction of a single CPP and a
single cargo. CPP transduction has been shown to be dependent not only on the CPP
sequence (Hallbrink et al. 2001; Mueller et al. 2008), but also on the attached cargo
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(Tunnemann et al. 2006), therefore extrapolation of these results to the transduction of other
protein constructs should be done with caution.

In studies targeting the brain, several groups have successfully demonstrated CPP-mediated
delivery of functional neuroprotective cargos both in vivo (Asoh et al. 2002; Cao et al. 2002;
Yin et al. 2006) and in vitro (Asoh et al. 2002; Cao et al. 2002; Matsushita et al. 2001; Soane
and Fiskum 2005). Recently, however, several in vitro and in vivo studies have not reported
the same success (Cai et al. 2006; Sengoku et al. 2004). Surprisingly, several recent studies
have even reported limited TAT transduction into commonly used, non-brain cell lines such
as HeLa and HEK293 cells (Koppelhus et al. 2002; Mueller et al. 2008). All of these results
add to the controversy as to whether CPPs such as TAT can efficiently enter a wide variety
of cells and indicate that environmental factors play an important role in the efficiency of
TAT transduction.

Our results support the hypothesis that while TAT can enter most cell lines, the level of
GAG expression determines transduction efficiency in both the PC12 cell line and primary
astrocytes. Furthermore, even with the same type of cell, such as astrocytes or PC12 cells,
culture conditions affect GAG content, which in turn affects TAT-mediated transduction.
There is a critical need for efficient and safe protein delivery vehicles to the brain. A
reengineering of TAT may therefore be necessary to optimize protein transduction into a
particular target cell-type under a specific environmental condition by reducing the
dependence on this initial electrostatic interaction. Using a protein engineering process such
as directed evolution, novel CPPs could be developed with these optimal cell targeting and
cell penetrating properties. While the goal may be to generate novel CPPs with specific in
vivo targets, the initial screening processes could be done in vitro due to the volume of cells
needed and the ease of analysis. Our results highlight the critical necessity of using a
physiologic in vitro screen during these protein engineering efforts so that results can be
translated to primary cells in culture, as well as cells in vivo.
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Fig. 1.
SDS-PAGE analysis of GFP and GFP-TAT purity. Samples were run on a 4–12% NuPAGE
Bis-Tris gel under denaturing conditions. The gel was stained with SimplyBlue Safe Stain
and shows apparent homogeneity of the expressed products. The construct molecular
weights compare well to the calculated theoretical molecular weights of 31,113 Da and
33,144 Da for GFP and GFP-TAT, respectively.
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Fig. 2.
Transduction of GFP and GFP-TAT into differentiated and undifferentiated PC12 cells.
Undifferentiated PC12 cells and differentiated (NGF-treated) PC12 cells were incubated in
100 µg/mL GFP or GFP-TAT for 4 hours, and transduction was quantified using flow
cytometry. Results are expressed as the percent increase in geometric mean fluorescence
compared to untreated control cells, to account for background autofluorescence (n>3, error
bars: ±SEM). TAT significantly enhanced GFP transduction into both undifferentiated and
differentiated PC12 cells compared to GFP alone. *Significance from Student’s t-test
(p<0.05). Overall GFP-TAT transduction was significantly greater in differentiated
cells. #Significance from Student’s t-test (p<0.05).
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Fig. 3.
Transduction of GFP and GFP-TAT into astrocytes. Astrocytes in monoculture, grown
either in serum-containing medium or serum-free Neurobasal medium, and astrocytes in
coculture with neurons were incubated in 100 µg/mL GFP or GFP-TAT for 4 hours, and
transduction was quantified using flow cytometry. Cell type was confirmed by GFAP
immunofluorescence after trypsinization. The percent increase in geometric mean
fluorescence compared to untreated control cells was calculated, to account for background
autofluorescence (n>6, error bars: ±SEM). TAT significantly enhanced GFP transduction
into all three astrocyte cultures compared to GFP. *Significance from Student’s t-test
(p<0.05). Overall GFP-TAT transduction into cocultures was significantly less than into
astrocyte monocultures grown in serum medium and serum-free medium. #Significance
from Bonferroni post-hoc test (p<0.05).
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Fig. 4.
Transduction of GFP and GFP-TAT into neurons. Neurons in cocultures were incubated in
100 µg/mL GFP or GFP-TAT for 4 hours, and transduction was quantified using flow
cytometry. Cell type was confirmed by Thy1 immunofluorescence after trypsinization. The
percent increase in geometric mean fluorescence of Thy1+ cells compared to untreated
control cells was calculated, to account for background autofluorescence (n>6, error bars:
±SEM). TAT did not significantly enhance GFP transduction into neurons, compared to
GFP alone.
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Fig. 5.
Dependence of GFP-TAT transduction on PC12 cell GAG content. (A) The average µg of
GAG / ng of DNA, normalized to the average µg of GAG / ng of DNA in undifferentiated
cultures is shown for undifferentiated PC12 cells treated to experimentally alter GAG
content (n>4, error bars: ±SEM). There was a significant increase in GAG with
differentiation, and a significant decrease in GAG with trypsin treatment. (B) Geometric
mean fluorescence of GFP-TAT was normalized to undifferentiated PC12s (n>4, error bars:
±SEM). GFP-TAT transduction significantly increased in NGF-treated PC12 cells, and
significantly decreased in both trypsin and heparin treated cells. *Significance from Dunnett
post-hoc comparison to the control, undifferentiated condition. (C) Percent increase in GFP-
TAT transduction, compared to GFP alone, showed a positive correlation with GAG content
(n>4, three data points correspond to trypsin-treated, untreated, and NGF-treated PC12 cells,
error bars: ±SEM), indicating that GAG content influences the ability of TAT to enhance
GFP transduction.
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Fig. 6.
Dependence of GFP-TAT transduction on astrocyte GAG content. (A) The average µg of
GAG / ng of DNA, normalized to the average µg of GAG / ng of DNA in serum
monocultures is shown for serum-grown astrocyte monocultures treated to experimentally
alter GAG content (n>4, error bars: ±SEM). There was a significant increase in GAG
content with ascorbic acid treatment. Trypsin treatment decreased GAG content. (B) GFP-
TAT transduction was quantified in astrocyte monocultures grown in serum-containing
medium as well as in monocultures treated with ascorbic acid, trypsin, or heparin.
Geometric mean fluorescence was normalized to astrocyte monocultures grown in serum
(n>4, error bars: ±SEM). GFP-TAT transduction was significantly increased in ascorbic acid
treated astrocytes, and significantly decreased in both trypsin and heparin treated cells. (C)
Modifying the growth environment of astrocytes altered the cellular GAG content. Both
removal of serum and coculture with neurons resulted in a decrease in GAG. *Significance
from Dunnett post-hoc comparison to the control, undifferentiated condition. (D) Percent
increase in GFP-TAT transduction, compared to GFP alone, showed a positive correlation
with GAG content in astrocyte monocultures grown in serum that were experimentally
treated to modulate GAG (●, three data points correspond to trypsin-treated, untreated and
ascorbic acid-treated astrocytes grown in serum-containing medium). Both the astrocyte
monocultures grown in serum-free medium (▽) and cocultures (□) fell within the
confidence bounds of the regression formed by the monocultures grown in serum, indicating
that the ability of TAT to increase transduction of GFP in astrocytes correlated with GAG
content.
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