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Abstract
The manifestation of chronic, neuropathic pain includes elevated levels of the cytokine tumor
necrosis factor-alpha (TNF). Previously, we have shown that the hippocampus, an area of the
brain most notable for its role in learning and memory formation, plays a fundamental role in pain
sensation. Using an animal model of peripheral neuropathic pain, we have demonstrated that
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intracerebroventricular (icv) infusion of a TNF antibody adjacent to the hippocampus completely
alleviated pain. Furthermore, icv infusion of rTNF adjacent to the hippocampus induced pain
behavior in naïve animals similar to that expressed during a model of neuropathic pain. These data
support our premise that enhanced production of hippocampal-TNF is integral in pain sensation.
In the present study, TNF gene expression was induced exclusively in the hippocampus eliciting
increased local bioactive TNF levels, and animals were assessed for pain behaviors. Male,
Sprague-Dawley rats received stereotaxic injection of gold nanorod (GNR)-complexed cDNA
(control or TNF) plasmids (nanoplasmidexes), and pain responses (i.e., thermal hyperalgesia and
mechanical allodynia) were measured. Animals receiving hippocampal microinjection of TNF
nanoplasmidexes developed thermal hyperalgesia bilaterally. Sensitivity to mechanical stimulation
also developed bilaterally in the rat hind paws. In support of these behavioral findings,
immunoreactive staining for TNF, bioactive levels of TNF, and levels of TNF mRNA as per PCR
analysis were assessed in several brain regions and found to be increased only in the hippocampus.
These findings indicate that the specific elevation of TNF in the hippocampus is not a
consequence of pain, but in fact induces these behaviors/symptoms.

1. Introduction
Pain is a sensation, as well as a perception involving cognition that integrates awareness
with emotional responses and memory. The positioning of the hippocampus facilitates
processing of direct and indirect nociceptive inputs of pain. The indirect nociceptive inputs
from the periphery innervate the hippocampus through the spinothalamic and parabrachial
ascending pathways [27], while septo-hippocampal neurons receive direct input from the
spinal cord [17,28,42]. The hippocampus is connected to the parabrachial or thalamic
regions through neuronal networks that modulate spinal nociceptive processing through
activation of descending monoaminergic pathways from the brain stem [26,72].

The proximal pleiotropic cytokine tumor necrosis factor-alpha (TNF) is involved at all
levels of the neuroaxis in the pathogenesis of chronic pain and is an integral determinant/
component of nociception [19,20,22,37,39,48,53,61,64-66,73,74,76,79]. TNF is essential to
the cognitive experience of pain and associated mood changes related to chronic pain.
Concomitant with peripheral nerve injury in the sciatic nerve chronic constriction injury
(CCI) model, hippocampal noradrenergic neurotransmission is dampened following elevated
levels of hippocampus-TNF [19,37]. TNF-regulated release of brain norepinephrine is
dependent upon α2-adrenergic receptor activation [40], and the presynaptic α2-adrenergic
receptor is a principle regulator of norepinephrine release [69]. There is a correlation
between α2-adrenergic receptor inhibition of norepinephrine release and upregulated levels
of brain-TNF during neuropathic pain [19]. Therefore, it is not surprising that tricyclic
antidepressant drug alleviation of pain correlates with enhanced norepinephrine release in
the hippocampus following intra-peritoneal administration [39,40]. Alleviation of chronic
pain by antidepressants involves an increase of monoamine neurotransmitter availability for
neurogenesis [60], and the prevention and/or reversal of hippocampal volume loss [10,36].
Our data indicate that antidepressant-induced analgesia is mediated by the inhibition of TNF
production [39,70,71]. Furthermore, intracerebroventricular (icv) microinfusion of
recombinant TNF adjacent to the hippocampus produces pain behavior in the absence of any
peripheral injury, implicating the hippocampus as a site of TNF's nociceptive action within
the CNS [20,37,49]. We hypothesize that the sustained elevated levels of TNF limited to the
hippocampus induce pain behaviors. Consequently, we designed a protocol that applies
nanotechnology and gene transfection to enhance TNF production specifically in the
hippocampus.
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Gold nanorods (GNRs) and nanoparticles are used as delivery platforms in vivo and in vitro
because of their low toxicity [18,35,57,77] and their non-immunogenic properties [6].
Previously, we used GNRs coated with cationic polyelectrolytes to deliver siRNA to silence
the expression of glyceraldehyde 3-phosphate dehydrogenase in the hippocampus [7]. In the
present study, we complexed cDNA plasmids that produce red fluorescent protein (RFP)-
TNF fusion protein (GNR-pTagrfp-Mutnf complexes, or TNF nanoplasmidexes) with
GNRs, as “naked” plasmids exhibit poor cellular uptake, thereby offering protection and
facilitating delivery to target cells. Since anti-nociception is elicited by decreasing
hippocampus-TNF [20,37], it follows that elevated levels of TNF mediate the development
of pain behaviors. Therefore, we stereotaxically injected TNF nanoplasmidexes into the
CA1 region of the rat hippocampus and assessed the development of thermal hyperalgesia
and mechanical allodynia. The nanoplasmidex-induced enhancement of bioactive TNF, TNF
mRNA, and TNF-immunoreactive staining was assessed in various brain regions.

2. Materials and methods
2.1. Nanoplasmidex materials

Cetyltrimethylammonium bromide (CTAB), hydrogen tetrachloroaurate(III) trihydrate
(HAuCl4·3H2O), silver nitrate (AgNO3), L-ascorbic acid, glutaraldehyde (50% aqueous
solution), and sodium borohydride were purchased from Aldrich, and HPLC-grade water
was used in all the experiments. Stock solutions of sodium borohydride and L-ascorbic acid
were freshly prepared for each new set of experiments. Poly(3,4-ethylenedioxythiophene)/
poly(styrenesulfate) (PEDT/PSS, molecular weight 240,000) and poly(diallyldimethyl
ammonium chloride) (PDDAC, 20%) were obtained from Polysciences, Inc.

2.2. Nanoplasmidex synthesis
The gene carriers were prepared using a seed mediated growth method described by Ding, et
al. 2007. The GNR surface was prepared for DNA plasmid loading by adding two
successive polymer layers of polyelectrolytes, PEDT/PSS (20%) for negative charge and
PDDAC (20%) for positive charge. The detailed procedures in each step have been
described [24,78]. The binding efficiency of plasmid DNA with GNRs was confirmed using
agarose gel electrophoresis as described previously [7,8,13]. This data indicates that plasmid
DNA complexed with GNRs, with the most efficient plasmid DNA loading of GNRs
calculated to be 50 ng pDNA/μl of GNR. The nanoplasmidexes were prepared fresh before
each experiment by incubating cDNA plasmid with GNR carrier (50 ng/μl) at room
temperature for 10 min. The formation of nanoplasmidexes was confirmed by (a) surface
charge measurements and (b) electrophoretic migrations under electric field. An important
factor that dictates the behavior of GNRs is the surface charge or zeta potential [24]. Studies
to examine nanoplasmidex surface charge were performed using a 90-Plus particle size
analyzer (Brookhaven Instrument Corp) where the zeta potential was measured in the
presence and absence of plasmid molecules. The experiments were performed at room
temperature and the results were recorded after 4 measurements per sample. The zeta
potential of the free GNRs used in these experiments was +25.71 mV, and upon successful
complex formation to TNF plasmids, the zeta potential was reduced to -10.20 mV. Previous
studies have shown that the zeta potential values influence the efficiency of GNR
transfections, with slightly negatively charged complexes being more favorable [2,13,24].
Taken together, the combination of results in electrophoretic migration and charge
determination confirmed the successful complex formation between GNRs and the Tagrfp-
TNF pDNA constructs.

Martuscello et al. Page 3

Pain. Author manuscript; available in PMC 2013 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



2.3. TNF-inducing plasmid
A plasmid encoding for a red fluorescent protein (RFP)-TNF fusion protein, TagRFP-
MuTNF , was constructed by inserting the mouse tnf coding sequence into the mammalian
expression vector, pTagrfp-C (Evrogen, Axxora, San Diego, CA). Briefly, E. coli HB101/
pMutnf (a mouse tnf-encoding plasmid, ampR, GenBank: M11731) was obtained from
ATCC (Manassas, VA). The mouse tnf coding sequence was amplified by PCR with primers
to add restriction sites, EcoRI and BamHI, to the 5’ and 3’ ends, respectively (forward: 5’-
CAGAAGGAATTCCATGAGCACAGAAAGC-3’, reverse: 5’-
ACACGCGGATCCTTCACAGAGCAATGAC-3’). Both the pTagrfp-C and Mutnf PCR
products were subjected to a combined EcoRI and BamHI restriction reaction and the
resulting linear DNA products were ligated to generate the pTagrfp-Mutnf fusion plasmid.
The RFP-TNF fusion protein produced from the plasmid in a transfected eukaryotic cell is
processed for TNF secretion by inserting into the plasma membrane with the TNF N-
terminus head in the cellular ectodomain and the RFP C-terminus in the cytosol. Proteolytic
cleavage at the plasma membrane-ectodomain boundary releases the TNF extracellularly,
and the RFP is retained within the cell.

A functioning fusion protein, TagRFP-MuTNF was determined by transfecting HeLa cells
with plasmid using FuGENE® HD (Roche Diagnostics, Indianapolis, IN) and assessing RFP
production with fluorescence microscopy (see below). Culture supernatants and cell lysate
preparations were assayed for TNF bioactivity. Transfection of these cells with pTagrfp-C
served as the TNF bioactivity negative control.

2.4. Cell cultures
HeLa cells (ATCC, Manassas, VA) were cultured in DMEM + penicillin and streptomycin +
amphotericin B + 10% heat-inactivated fetal bovine serum (Invitrogen, Chicago, IL) in T75
flasks at 37°C, 95% RH, 5% CO2.

WEHI-13VAR fibroblast cells, a TNF-sensitive cell line derived from a mouse fibrosarcoma
(ATCC, Manassas, VA), were grown in culture medium containing: RPMI-1640, 2 mM L-
glutamine, 10% heat-inactivated fetal bovine serum (Invitrogen, Chicago, IL), and 3 μg/ml
gentamicin (Sigma-Aldrich Chemical, St. Louis, MO) in T75 flasks at 37°C, 95% RH, 5%
CO2. Cells used in the TNF bioassay were always below passage 25 to avoid loss of TNF
sensitivity.

2.5. In vitro assessment of pTagrfp-Mutnf to produce functioning protein
HeLa cells were grown to 80 - 90% confluency then seeded into 35 mm glass bottom culture
dishes with a 10 mm #1.5 glass microwell (MatTek, Ashland, MA) or a 6-well plastic
culture plate at 1.5 × 105 cells/dish (well) in 2 ml HeLa cell culture medium. After growing
to 50-80% confluency, the cells were washed 2X with Opti-MEM® (Invitrogen, Chicago,
IL), 1 ml Opti-MEM® was added, and the cells were incubated for 1 hr at 37°C, 95% RH,
5% CO2. The transfection complex was prepared by combining 4 μl of 500 ng/μl
appropriate plasmid DNA in H2O with 8 μl FuGENE HD® and 100 μl Opti-MEM®,
vortexing briefly, and incubating at room temperature for 20 min. The entire volume of
transfection complex was added to the appropriate dishes (wells) and incubated, as above,
for another 4 hr. The transfection medium was replaced with 2 ml HeLa culture medium and
incubated, as above, for 72 hr.

For assessment of TNF production, the culture medium was collected from the wells of the
multiwell plate and centrifuged for 5 min at 400 × g at 4°C and the cell-free supernatant
stored at -80°C. The attached cells were scraped into 0.5 ml buffer containing: 15 mM Tris,
150 mM NaCl, 1 mM CaCl2, 1 mM MgCl2, pH =7.4, and 1X protease inhibitor cocktail
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(500 μM AEBSF HCl, 150 nM aprotinin, 1 μM E-64, 0.5 mM EDTA disodium, 1 μM
leupeptin hemisulfate, EMD Chemicals, Gibbstown, NJ). The cells were sonicated on ice for
10 sec on 50% duty cycle (Sonifier Cell Disruptor 350 with microtip probe, Branson
Ultrasonics, Danbury, CT) and the resultant sonicate transferred to a microfuge tube and
stored at -80°C. The cell-free and cell-associated samples were assayed for TNF bioactivity.

For assessment of RFP fluorescence, the glass bottom culture dishes were observed with a
Zeiss AxioObserver Apotome fluorescence microscope with 63X/1.4 PlanApo oil objective
(Carl Zeiss MicroImaging, Thornwood, NY) equipped with a dsRed filter cube (ex filter,
dichroic mirror, em filter: BP550/25, FT570, BP605/70). Representative photomicrographs
were acquired using an AxioCam MrM cooled CCD camera and AxioVision v.4.8 image
acquisition software (Carl Zeiss MicroImaging, Thornwood, NY) with all illumination and
exposure settings the same for all samples.

2.6. TNF bioassay
The WEHI-13VAR fibroblast cell line that is sensitive to the lytic effects of TNF [41] was
used to analyze extracts derived from brain tissue homogenates for the presence of
biologically active TNF [40] with modification. Briefly, animals were euthanized by rapid
decapitation and the locus coeruleus, the right and left hippocampi, and the parietal cortex,
used as a control region, were isolated on ice for assay. Supernatants from homogenates
centrifuged at 14,000 × g (15 min at 4°C) were stored at -80°C until analyzed for bioactive
TNF. In addition, samples from HeLa cells transfected with the control and TNF-producing
plasmid DNA were also analyzed. Briefly, WEHI-13VAR cells were cultured to
approximately 90% confluency in culture medium as described above. Cells were prepared
for the assay by detaching with 0.25% trypsin and 0.02% EDTA (Sigma-Aldrich Chemical,
St. Louis, MO), adding 10 ml/flask culture medium, centrifuging at 800 × g for 5 min at RT,
and resuspending in culture medium supplemented with 1 μg/ml actinomycin D
(Calbiochem, La Jolla, CA) to a concentration of 500,000 cells/ml. One hundred microliters
of cell suspension was added to each well of a flat-bottom 96-well tissue culture plate
containing 100 μl of 2-fold serial dilutions of unknown samples, in triplicate, or known
concentrations of rat recombinant TNF (for tissue sample analyses) or human recombinant
TNF (for HeLa cell analyses) standards (R&D Systems, Minneapolis, MN) in diluting
medium, RPMI-1640, 2 mM L-glutamine, 1% heat-inactivated fetal bovine serum, and 15
mM HEPES (Sigma-Aldrich Chemical, St. Louis, MO). Following 20 hr of incubation at
37°C, 95% RH, 5% CO2, 10 μl of Cell Proliferation Reagent WST-1 (a solution of the
tetrazolium salt, WST-1 (4-[3-(4-iodophenyl)-2-(4-nitrophenyl)-2H-5-tetrazolio]-1,3-
benzene disulfonate and the electron coupling reagent, mPMS (1-methoxy-5-methyl-
phenazinium methyl sulfate), Roche Diagnostics, Indianapolis, IN) in diluting medium was
added to each well. After incubating for 4 hr at 37°C, 95% RH, 5% CO2, the absorbance at
440 and 700 nm was measured using a SpectraMax 190 microplate reader with SoftMax Pro
v.4.0 acquisition and analysis software (MDS Analytical Technologies, Sunnyvale, CA). A
standard curve (0.01 pg/ml – 10,000 pg/ml, reverse sigmoid in shape) of the (OD440-OD700)
vs log[TNF] was plotted and the [TNF] of each sample was determined from the dilution
closest to the inflection point of the standard curve. This assay has a detection limit of
approximately 1 pg/ml [31]. The assay is based on the specific cytotoxicity of the
WEHI-13VAR cells to TNF in the presence of actinomycin D. WST-1 counting solution
was used as a cell viability indicator, which is quantitated spectrophotometrically [5].
Increasing TNF concentration results in increased cell death and, therefore, a reduced
absorbance at 440 nm. Results are expressed as the percentage of control values (pg/100 mg
tissue weight) for the brain tissue samples and pg/ml for the HeLa cell samples.
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2.7. Animals
Male, Sprague-Dawley rats (Harlan Sprague Dawley Inc., Indianapolis, IN) initially
weighting 200-230 g were used for all experiments. The rats were housed in single cages at
23 ± 1 °C in Laboratory Animal Facility–accredited pathogen-free quarters with ad libitum
access to food and water. The animals were maintained on a 12 h light/dark cycle with the
lights on from 0600 to 1800 h. Rats were given at least 3 days to acclimate to the animal
facilities before baseline testing occurred. All experiments were carried out in concord with
protocols approved by the Institutional Animal Care and Use Committee (IACUC) of The
University at Buffalo, as well as in accordance with the guidelines for the ethical treatment
of animals established by the National Institute of Health and the Committee for Research
and Ethical Issues of IASP [80]. All efforts were used to ensure animal safety and minimal
animal suffering, as well as the use of only enough animals to guarantee statistical accuracy.

2.8. Intra-hippocampal injection
Animals were anesthetized with an i.p. injection of ketamine (75 mg/kg) and xylazine (10
mg/kg) and secured on a stereotaxic platform. Coordinates: A-P, -3.3 mm relative to
bregma; lateral, 1.6 mm relative to the midline; depth, -2.8 mm from dura were used for
microinjection into the CA1 region of the hippocampus [51]. TNF nanoplasmidexes or
control nanoplasmidexes were bilaterally injected into the CA1 region of the hippocampi.
GNRs alone were not injected due to a difference in surface charge as compared to the
nanoplasmidexes [7,8], and therefore are not an appropriate control. The concentration of
nanoplasmidexes (150 ng in 3 μl) for injection was based on both in vitro and in vivo
studies. Each injection was at a rate of 0.5 μl/min using a 30 G stainless steel needle on a 10
μl Hamilton syringe, held by the micromanipulator on the stereotaxic apparatus [43]. The
needle remained in place for another 3 minutes after each injection to allow for sufficient
diffusion. Authentication of the injection site was established by gross morphology of the
hippocampus at dissection.

2.9. Thermal hyperalgesia measurements
Hyperalgesia (increased reaction to painful sensory stimuli) was measured by determining
changes in hind paw withdrawal latency using a plantar algesia apparatus [34]. Paw
withdrawal was measured using an intense heat source to stimulate thermal receptors in the
sole of the foot. A maximum automatic cut-off time of 15s was used to prevent tissue
damage. Rats were placed in Plexiglas chambers, on top of a temperature regulated (32 ± 0.1
°C) glass surface. Rats were acclimated to this testing apparatus for 7-10 minutes prior to
testing, and measurements of the thermal withdrawal were taken for the left and right hind
paws. Baseline tendencies were determined for 3 days before experimental treatment for all
animals and expressed as the mean values of three separate trials. Paw withdrawal responses
were measured every other day alternating one day post-surgery for a 21 day period. Only
rapid hind paw withdrawal movements were considered as a reaction response to the thermal
stimulus; weight shifting or normal movement within the Plexiglas boxes were not
considered significant movements. Each hind paw was measured three times at an interval
of ≥ 4 min. All measurements were recorded between 0800 and 1200 hours.

2.10. Mechanical allodynia measurements
Mechanical allodynia was determined by measuring the hind paw withdrawal threshold in
response to stimuli from von Frey filaments [14]. Rats were placed in a wire-mesh raised
cage and were acclimated for 7-10 min (or until exploratory behavior ceased). Calibrated
filaments were applied to the plantar surface of the hind paws and paw withdrawal reflexes
were recorded for each hind paw. The criterion response is reflexive withdrawal without
stepping. A series of von Frey hairs was applied to the central region of the plantar surface
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in ascending order. Each hind paw was measured two times with brief probes at ≥ 1 min
intervals. If withdrawal did not occur, the next larger filament was applied. When the hind
paw was withdrawn from a filament, the value of that filament (grams) was the withdrawal
threshold. The differential response between the baseline and post-surgery values for each
hind paw is a measure of tactile allodynia. Individual paw withdrawal threshold was
determined by 3 days of baseline testing performed between 0800 h and 1200 h. Paw
withdrawal responses were measured every other day alternating one day post-surgery for a
21 day period. Regular movement and inadvertent movements were not considered as a
direct response to the filament application.

2.11. Immunohistochemistry for TNF
Upon decapitation, the hippocampi were harvested. The left hippocampus was processed for
either TNF bioassay or PCR analysis for TNF mRNA. The right hippocampus was
embedded in Tissue-Tek® OCT compound (Finetech, Torrence, CA), snap frozen in liquid
nitrogen and processed for immunohistochemistry. Cryostat sections (4-6 μm) of harvested
tissues were serially cut and collected on StarFrost™ glass slides (Mercedes Medical,
Sarasota, FL). Sections were fixed with acetone (15 min), fan-dried (30 min) and stained for
TNF according to previously published protocols [38] with the following changes: Sections
were incubated with 10% goat serum in PBS supplemented with 0.1% BSA (MP
Biomedicals Inc., Irvine, CA) for 30 minutes to block non-specific binding. Goat serum was
dripped off of the slides, and sections incubated with the primary antibody, polyclonal rabbit
anti-mouse TNF (Calbiochem-Novabiochem, La Jolla, CA) that cross-reacts with rat TNF,
at 1:200 dilution (in PBS supplemented with 0.1% BSA) for 1 h. Following two PBS rinses,
biotinylated goat anti-rabbit secondary antibody (Vectastain kit, Vector Labs, Burlingame,
CA), preabsorbed (1:100 dilution) in normal rat serum at 37 °C for 45 min prior to use, was
added to sections and incubated for 45 minutes. Slides were rinsed in PBS, incubated with
biotinylated enzyme conjugate (Vector) for 30 min, and the reaction localized using 3,3’-
Diaminobenzidine (DAB) substrate for 5 min. SIGMA FAST™ DAB tablets were dissolved
in 0.05 M Tris supplemented with 0.01 M imidazole. Rinsing with distilled water (two
rinses, 5 min each) terminated the development of color. Unless stated otherwise, all
incubations were carried out at room temperature. As a negative control, primary antibody
was substituted by normal rabbit serum at the same protein concentration, which did not
result in any specific labeling.

2.12. Quantitative analysis of TNF immunoreactive staining
As previously published, images from stained tissue sections were captured under bright-
field conditions using a digital camera (Pixera 600ES-CU) attached to a Zeiss Axiovert 35
microscope and using imaging device Viewfinder (version 3.0.1; Pixera Corp.) and Studio
(version 3.0.1; Pixera Corp.) software [71]. Images from paired animals were obtained on
the same day using the same light intensity and magnification (200X or 400X) settings by
one observer who was not aware of the treatment groups. Images were saved as tiff files and
analyzed using ImageJ 1.32j software (NIH, USA, http://rsb.info.nih.gov/ij/) with the Color
Deconvolution plug-in to perform stain separation. Following background subtraction, color
deconvolution of the RGB tiff files was performed using the built-in hematoxylin and DAB
(H DAB) vector, as the third (complementary) 8-bit image generated was completely white
[58]. The second 8-bit tiff file corresponding to the DAB (TNF) contribution was then
further analyzed. This 8-bit tiff file was converted to grey-scale and thresholded in ImageJ
using the auto threshold tool. Resultant mean density values for TNF staining were
compared.
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Confocal microscopic images were obtained using a spectral confocal microscope (TCS
SP2, Leica Microsystems Semiconductor GmbH) with a HXC PL APO CS 63.0x1.40 oil
immersion objective.

2.13. Immunofluorescent staining
Hippocampal sections on slides stored at -30°C in the dark were brought to room
temperature and fixed in acetone, 10 min at room temperature. Slides were completely dried
prior to hydration in 1X PBS at room temperature, 3 times, 5 min each. Immunofluorescence
staining procedures were followed as previously published [7]. Briefly, non-specific
immunoglobulin binding was blocked with 10% goat serum for 20 min at room temperature.
Slides were blotted without washing to remove serum. Sections were incubated with primary
antibody for either glial fibrillary acidic protein, mouse monoclonal anti-GFAP (1:30,000,
Sigma-Aldrich) or neurofilament-200, mouse monoclonal NF-200 (1:30,000, Sigma-
Aldrich), both of which cross-react with rat, 120 min, in 1X PBS/1% bovine serum albumin
(BSA) (fraction V)/10% goat serum at room temperature in a humidified chamber in the
dark. Slides were washed 3 times, 5 min each, in 1X PBS. Sections were incubated with the
secondary antibody, goat anti-mouse IgG1-AlexaFluor 647 (1:2,000, Invitrogen), in 1X
PBS/1% BSA, 120 min at room temperature in a humidified chamber in the dark. Slides
were washed 5 times, 5 min each, in 1X PBS. Sections were incubated with Hoechst nuclear
stain (10 M) for 1 min. Slides were rinsed with 1X PBS, 1 time, 5 min. Fluoromount
aqueous mounting medium with anti-fade properties (Sigma) was added to slides, which
were then cover slipped and edges sealed with Cytoseal™-60 (Thermo Scientific). Slides
were stored in the dark at 4°C until analyzed. Fluorescence images were obtained with a
Zeiss Axio Imager Z1 fluorescence microscopy system with 20X objective (Carl Zeiss
MicroImaging, Thornwood, NY). Representative photomicrographs were acquired using an
AxioCam MrM cooled CCD camera and AxioVision v.4.8 image acquisition software (Carl
Zeiss MicroImaging, Thornwood, NY) with constant illumination and exposure settings.

2.13. PCR analysis
Upon dissection, the CA1 region and the CA3/dentate gyrus portion of the hippocampus, as
well as a portion of the parietal cortex directly over the site of hippocampal injection, were
each placed into 1 ml RNAlater solution (Ambion) and stored at -80°C until RNA
extraction. Total RNA was extracted by an acid guanidinium-thiocynate-phenol-chloroform
method as described using TRIzol reagent (Invitrogen-Life Technologies, Carlsbad, CA)
[15]; brain tissue samples were processed as published [7,8]. RNA concentrations were
determined using a Nano-Drop ND-1000 spectrophotometer. Isolated RNA was stored at –
80°C.

Quantitative real-time PCR (qRT-PCR) was used to quantitate the relative abundance of
each mRNA species using specific primers for rat TNF-α: Forward primer: 5’-
TACTGAACTTCGGGGTGATTGGTCC-3’ and reverse primer: 5’-
CAGCCTTGTCCCTTGAAGAGAACC-3’. These sequence data are available from
GenBank under accession number X66539. RNA was reverse transcribed to cDNA using a
reverse transcriptase kit (Promega Inc, Madison, WI). Relative abundance of each mRNA
species was quantitated by q-PCR using specific primers (Maxim Biotech, Inc., Rockville,
MD) for TNF and -actin (GenBank Accession number X00351) using the Brilliant®
SYBR® green q-PCR master mix (Stratagene Inc, La Jolla, CA). Relative expression of
mRNA species was calculated using the comparative CT method [11,52]. All data were
controlled for quantity of RNA input by performing measurements on an endogenous
reference gene, -actin. Results on RNA from treated samples were normalized to results
obtained on RNA from the control sample. Briefly, the analysis was performed as follows:
for each sample, a difference in CT values (ΔCT) was calculated for each mRNA by taking
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the mean CT of duplicate tubes and subtracting the mean CT of the duplicate tubes for the
reference RNA ( -actin) measured on an aliquot from the same RT reaction. The CT for the
treated sample was then subtracted from the ΔCT for the control sample to generate a
ΔΔCT. The mean of these ΔΔCT measurements was then used to calculate expression of
the test gene relative to the reference gene and normalized to the control as follows: Relative
Expression/Transcript Accumulation Index = 2-ΔΔCT. This calculation assumes that all PCR
reactions are working with 100% efficiency. All PCR efficiencies were found to be >95%;
therefore, this assumption introduces minimal error into the calculations. Data are the mean
± SD of 3 separate experiments done in duplicate. Statistical significance was determined
using Student's t-test based on comparisons between TNF nanoplasmidexes and control
nanoplasmidexes.

2.14. Statistics
All results are expressed as mean values S.E.M. Analysis of data was performed using
SigmaStat statistical software (SPSS Inc., Chicago, IL). Data were analyzed using Student's
t-test, Paired t-test, Mann-Whitney Rank Sum test, or Kruskal-Wallis ANOVA on Ranks
and Dunn's post-hoc test. A difference was accepted as significant when p < 0.05.

3. Results
3.1. In vitro assessment of pTagrfp-Mutnf function by cell culture transfection

Constructed plasmid production of functioning fusion protein, TagRFP-MuTNF, in
eukaryotic cells was determined by transfecting HeLa cells with plasmids using FuGENE®
HD (Roche Diagnostics, Indianapolis, IN) and assessing RFP production with fluorescence
microscopy. Seventy-two hours following transfection, the pTagrfp-C (non-TNF producing
control plasmid) transfected HeLa cells demonstrated homogenous cytosolic distribution of
RFP fluorescence, whereas the pTagrfp-Mutnf transfected cells demonstrated heterogenous,
punctate fluorescence associated with the Golgi apparatus, vesicular packaging, and plasma
membrane insertion of the RFP-MuTNF fusion protein (Figure 1). Fluorescence was not
detected (autofluorescence) in non-transfected, control samples when acquired using the
same illumination and camera settings as those used with the transfected samples. An
identical pattern was seen in COS-1 cells (data not shown).

Culture supernatants and cell lysate preparations were assayed for the production of TNF
bioactivity using a WEHI-cytotoxicity bioassay. Culture supernatants from pTagrfp-Mutnf
transfected HeLa cells had ≈ 5,700-fold higher levels of bioactive TNF than cells transfected
with the pTagrfp-C plasmid control (3,510 ± 35.8 vs 0.61 ± 0.04 pg/ml, p < 0.00001, n = 3).
Similarly, cell lysate preparations from the pTagrfp-Mutnf transfected cells had ≈ 1,200-fold
higher levels of bioactive TNF than the cells transfected with the pTagrfp-C plasmid control
(668 ± 147 vs 0.55 ± 0.04 pg/ml, p < 0.02, n = 3).

3.2. Weight gain for nanoplasmidex injected animals
Rats microinjected bilaterally into the CA1 region of the hippocampus with the TNF
nanoplasmidexes did not experience any difference in weight gain over time (three weeks)
as compared to the paired control animals (data not shown). Weight was matched before
surgery, and all rats maintained good health throughout the experimental period; no motor
dysfunction was observed in rats receiving microinjection surgery.

3.3. Hind paw thermal hyperalgesia in TNF nanoplasmidex microinjected animals
In addition to decreasing depressive-like behavior, antidepressants have been shown to
decrease levels of TNF in the brain [38,54,71]. These same drugs are also employed for the
treatment of neuropathic pain. Therefore, we determined whether increasing localized
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hippocampal TNF expression and consequently TNF bioactive levels would induce the
expression of pain behaviors in rats. Animals were initially injected with 30 ng/3 μl of the
nanoplasmidexes into the hippocampal CA1 regions. The animal receiving the TNF
nanoplasmidexes did exhibit a slight thermal hyperalgesic response when observed over
time in the pain behavioral assay (data not shown). These initial findings together with
increased message for TNF in the hippocampus of an animal injected with the TNF
nanoplasmidexes as compared to the control nanoplasmidexes encouraged further in vivo
experiments using the TNF nanoplasmidexes. However, in order to induce a more robust
behavioral response in the pain assays, the dosage was increased in subsequent animals to
150 ng/3 μl.

Sprague-Dawley rats (250–300 g) microinjected with 150 ng/3 μl TNF nanoplasmidexes
bilaterally into the hippocampal CA1 region developed thermal hyperalgesia that was
similar to that expressed by rats undergoing neuropathic pain in the CCI model [19,37,39].
Withdrawal latency for the right and the left hind paws (Figure 2A and B) demonstrated that
TNF nanoplasmidexes injected into the CA1 hippocampal region induced hypersensitivity to
a thermal stimulus for each hind paw. At day 12 (for the right paw) and day 16 (for the left
paw) post-injection there was an increased sensitivity to thermal stimuli in the TNF
nanoplasmidex-injected animals as compared to the control nanoplasmidex-injected animals.
The increased sensitivity remained elevated throughout the time frame assessed (up to
day-21 post-injection). Additionally, the control plasmid injected rats did not show any
significant differences in withdrawal latency over time as compared to their respective hind
paw baseline values, whereas withdrawal latencies were reduced upon thermal stimulation
of the hind paws in the TNF plasmid injected rats (right hind paw baseline value = 13.14 ±
0.35 sec, post-microinjection day 16 = 10.77 ± 0.88 sec and day 20 = 10.49 ± 1.05 sec, p <
0.05, Paired t-test; left hind paw baseline value = 13.74 ± 0.28 sec, post-microinjection day
16 = 10.88 ± 1.18 sec, day 18 = 11.33 ± 0.98 sec, and day 20 = 10.98 ± 0.80 sec; p < 0.05,
Paired t-test). These findings support the hypothesis that enhanced production of TNF in the
hippocampus is sufficient for development of behavior indicative of chronic pain.

3.4. Mechanical allodynia in TNF nanoplasmidex-microinjected rats
Mechanical withdrawal thresholds were assessed for three weeks in animals receiving a one-
time, bilateral microinjection of TNF nanoplasmidexes and those receiving control
nanoplasmidexes into the CA1 region of both hippocampi. As presented in figure 3,
mechanical withdrawal thresholds were significantly reduced in rats that were microinjected
with the TNF nanoplasmidexes. Allodynia observed in both the right (Figure 3A) and left
hind paws (Figure 3B) is sporadic and temporary in control nanoplasmidex microinjected
rats, but is consistent and more robust within the TNF nanoplasmidex group beginning at
day-12 post surgery.

3.5. Quantitative real time-PCR (qRT-PCR) analysis for TNF mRNA
Results from qRT-PCR analysis of brain tissue harvested from rats receiving intra-
hippocampal CA1 injection of TNF nanoplasmidexes (150 ng/3 μl) display an increase in
TNF mRNA expression (Figure 4A). Compared to values obtained after control
nanoplasmidex injections, the TNF nanoplasmidexes induced an 85% increase in TNF
mRNA expression in the CA1 region of the hippocampus (Figure 4A).

3.6. TNF bioassay
Results obtained from TNF bioassays show a significant increase in the bioactive levels of
TNF in the hippocampus as compared to hippocampi from animals injected with the control
nanoplasmidexes (Figure 4B). Hippocampal tissue homogenates prepared from pTagrfp-
Mutnf microinjected rats had ≈ 13-fold higher levels of bioactive TNF than homogenates
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prepared from rats microinjected with the pTagrfp-C plasmid control (145 ± 58.5 pg/ml//100
mg tissue vs 11.2 ± 4.51 pg/ml/100 mg tissue, p = 0.011, Student's t-test). Furthermore, an
increase in TNF does not occur in other areas of the brain investigated (Figure 4B). This
confirms that TNF nanoplasmidexes were injected into the correct region of the brain and
remain localized in the hippocampus without diffusing into other areas of the brain.
Therefore, it can be concluded that while there are significantly higher amounts of TNF in
the hippocampi from the TNF nanoplasmidex-injected animals, levels of TNF in the other
areas of the brain that were assessed from the TNF nanoplasmidex-injected animals did not
differ from the levels in animals receiving the control nanoplasmidexes.

3.7. RFP detection in hippocampal tissue sections
Figures 5a and 5b show the cellular uptake of nanoplasmidexes in hippocampal cells after
stereotaxic injection into the CA1 region of hippocampus [51]. The nanoplasmidexes appear
to remain localized to the CA1 region, with little diffusion to adjacent regions, as detection
of RFP fluorescence is pronounced in the CA1 region when viewed across each of the
coronal sections throughout the rostral half of the hippocampus [7]. These results confirm
that stereotactic injection allows for localization of the nanoplasmidexes to desired/specific
regions, as well as the uptake of the nanoplasmidexes into cells of the hippocampus.

3.8. Immunohistochemical staining for TNF in hippocampal tissue sections
Figure 5 shows sections from paired rats receiving (c) control or (d) TNF nanoplasmidex
microinjection. It can be seen in panel d that the TNF nanoplasmidex-injected animal shows
an increased amount of TNF in the cells. The brighter and more vibrant brown color in the
surrounding tissue of this section is believed to indicate increased secretion of TNF in this
area of the brain. The section prepared from the control animal (Figure 5c) show a lighter,
purple color (hematoxylin) in the cells indicating lack of significant staining for TNF.
Quantitative analysis of the hippocampal sections is presented in figure 6. Statistical analysis
was achieved by analyzing staining in individual neurons (n = 10/section) and comparing
staining results between the TNF nanoplasmidex and the control nanoplasmidex
hippocampal sections. It can be seen that there is a higher concentration of TNF expressed in
the sections from TNF nanoplasmidex-injected animals than in the control nanoplasmidex-
injected animals with respect to integration density (sum of the values of the pixels in the
selected image; equivalent to Area × Mean Gray Value) and the percent area (percentage of
pixels in the selected image) of the individual neurons in the stained tissue. These findings
suggest that the compartmentalization of TNF synthesis within neurons remains conserved
to some extent since the area within the neuron that produces TNF does not increase that
much (19.26% increase for TNF nanoplasmidex, Figure 6B), whereas the amount of TNF
produced in the neuron is greatly increased (48.93% increase in integrated density values in
TNF nanoplasmidex as compared to control nanoplasmidex, Figure 6A). These findings
demonstrate that intra-hippocampal CA1 injection of TNF nanoplasmidexes induces a
significant increase in staining for TNF in this brain region, with robust staining observed in
neurons as identified by cell morphology.

3.9. Immunfluorescent staining for neurons and glial cells in hippocampal tissue sections
In an attempt to determine the cell type(s) in which the uptake of the nanoplasmidex was
associated in vivo, rat coronal hippocampal sections were labeled with primary antibodies to
either glial fibrillary acidic protein (GFAP) (glial cells) or neurofilament-200 (NF-200)
(neurons) [7]. Visualization of the primary antibody labeling was achieved using an IgG1-
AlexaFluor 647 (AF-647) secondary antibody, with the excitation/emission maxima at
650/668 nm. The nanoplasmidex-RFP uptake into hippocampal cells was visualized in the
same tissue sections, since the excitation/emission maxima of 555/584 nm for RFP provides
emission in the orange region of the spectrum and is well separated from the far-red
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(AF-647) fluorophore emission, thereby facilitating a multicolor analysis. An overlay of the
respective images (Figure 7, Rows A and B, panel c) demonstrates that co-localization of
nanoplasmidexes may occur with either neuronal (NF-200 positive; Row A) or glial (GFAP
positive; Row B) cells (Figure 7). Whereas the punctuate red staining together with the more
diffuse RFP staining in Row A, panel b indicates production of TNF by neurons (NF-200
positive co-localization); the mainly diffuse RFP staining in Row B, panel b may indicate
that the fusion protein has already been delivered to the glial cell (GFAP positive co-
localization) plasma membrane, and the TNF released freeing the RFP to diffuse throughout
the cytosol.

4. Discussion
Injury to peripheral nerves sends pain signals to the brain. If left unabated, the signals
continue to be sent to the brain, which can essentially memorize the pain and become
hypersensitive (central sensitization). Therefore, understanding the messengers involved in
this process and the brain regions affected by this process is imperative for prevention of
chronic pain development. Of particular interest, the hippocampal region plays an integral
role in the perception of pain [27,28,30,42,47,63]. Peripheral nociception affects the
hippocampus and induces biomolecular changes that helps further characterize the affective-
cognitive aspects of pain, including the relationship between pain and mood, individual
coping strategies, and formation of memories about painful stimuli [25]. Clinical reports
estimate that over half of chronic pain patients also display characterized symptoms of
clinical depression [29]. Yet, the importance of the emotional component of pain and its
impact on the perception and cognition of pain has yet to be grasped by the pain-studying
scientific community [25]. The central pain theory that explains the mechanisms of
antidepressants that are involved in the inhibition of pain perception appears to be distinct
from their antidepressant action, based on the observation that lower doses are effective in
alleviating symptoms of chronic pain [1]. Inhibition of monoamine reuptake in the CNS
[56], as well as activation of the opioid system [9,59] has been offered as a possible
mechanism mediating antidepressant analgesia/anti-nociception. However, the finding that
the phosphodiesterase inhibitor (rolipram) that is both an analgesic, as well as an
antidepressant, does not directly affect neurotransmitter reuptake or the opioid system, but
does suppress TNF production [32,33,67], supports the hypothesis that neuromodulators/
neurotrophic factors mediate the anti-nociceptive action of antidepressants [39]. One such
factor, TNF, is a pleiotropic cytokine produced by a plethora of cell types affecting
numerous cellular functions. Although originally classified as a pro-inflammatory cytokine
that regulates both innate and adaptive immune responses, it is now also recognized as a
neuromodulator, regulating many neuron functions. In fact, both receptors for TNF
(TNFR-1, p55TNFR and TNFR-2, p75TNFR) are constitutively expressed on all neuron cell
types, but not on astrocytes and oligodendrocytes. Therefore, TNF does serve as a
neuromodulator in the nervous system. This is supported by previous findings from our
laboratory showing that: (1) TNF is produced in the brain, and specifically, in the
hippocampus [19,20,38,68,71]; (2) antidepressants decrease TNF expression in the brain
[38,71], which supports our premise that the over-expression of TNF mediates chronic pain;
and (3) TNF inhibits norepinephrine release in the hippocampus [19,38,40,54,55]; thus, the
lower level of norepinephrine that is linked to neuropathic pain may be explained by the
greater inhibition of norepinephrine release due to enhanced production of TNF during this
devastating disorder. Based on all of the above, it is plausible that enhanced TNF production
contributes to the ongoing inflammatory cascade, synaptic dysfunction, and neuron death
characteristic of neuropathic pain.

The hippocampus receives noradrenergic innervation exclusively from the locus coeruleus
[44] and is involved in tonic pain perception [47]. Projections from the locus coeruleus to
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the hippocampus: (a) are replete with terminals expressing presynaptic α2-adrenergic
receptors; (b) contain α2-adrenergic receptors that mediate antidepressant therapeutic action;
and (c) process painful stimuli [45]. Our selection of the CA1 region of the hippocampus for
our microinjection experiments is based on the knowledge that neurons in this region
respond to painful stimuli. Our lab has demonstrated that icv microinfusion of TNF into the
right lateral cerebral ventricle adjacent to the hippocampus induces pain behavior [37,71].
Studies from other laboratories have confirmed that the hippocampal CA1 region and
dentate gyrus are involved in neural processing related to persistent pain [63]. In addition,
many clinical and basic research studies have shown hippocampal involvement in the action
of antidepressant drugs [46,62]. These observations support the notion that the hippocampus
is involved in the development and reoccurring effects of chronic pain.

TNF is involved in pain processing as established by assessing its levels systemically and/or
peripherally and finding associations between the amount of TNF and disease severity/
progression. We have assessed TNF levels in the brain during pain, especially considering
the involvement of the hippocampus. Our past findings support an induction of TNF
synthesis in the brain following peripheral chronic constriction injury [19,68]. However,
from those studies, it could not be excluded that peripheral TNF might be transported into
the CNS [4,50]. Whereas the effect of icv [37,49], systemic [21], or intraneural [73,79]
application of TNF has been studied, we present for the first time a nociceptive effect of
intra-hippocampal production of TNF. The present findings strongly support a direct role for
TNF in the brain in the development of persistent pain behavior in the absence of peripheral
nerve injury. Localized pathological changes during the development of chronic pain are
evident in the hippocampus, which is also the most severely affected brain region resulting
in hippocampal atrophy. By microinjecting TNF nanoplasmidexes that express RFP
bilaterally into the CA1 region of naïve rats, we have confirmed the importance of the
hippocampus in the development of pain. Rats developed peripheral hypersensitivity
(Figures 2 and 3) concomitant with localized hippocampal increase in TNF (Figures 4-6) in
the absence of injury. Whereas we have previously shown direct evidence for enhanced
production of TNF in the hippocampus during a neuropathic pain model [19,71], we now
demonstrate that TNF production alone in the hippocampus induces pain behavior. These
data provide proof-of-principle that the hippocampus, a region involved in the emotional and
cognitive components of pain, is integral in the development of chronic, persistent-like pain
behaviors.

In order to support our hypothesis that states that enhanced TNF production limited to the
hippocampus elicits pain symptoms similar to that observed during chronic pain models, we
designed an effective and direct approach of nanoplasmidex delivery by bilateral CA1
microinjection. The success of our experimental approach allows for future studies delving
into the complexities of the hippocampus including the analysis of unilateral injection
effects. Some investigations demonstrated that various stimuli mediate bilateral effects in
the hippocampus [3,12,16,27,75], while other investigations showed a unilateral or specific
hippocampal effect following noxious stimuli [23,70]. In regards to the present study,
previous investigations showed that alterations in the hippocampus have been detected
following the onset of persistent inflammatory pain [27]. This observation leads to a
fundamental question: whether the changes in the hippocampus are a consequence of the
perception of pain or, as proposed in previous studies where enhanced hippocampal TNF
production occurs during chronic pain [20,37,70,71], elicits the pain symptoms. The present
findings indicate that enhanced hippocampal TNF production alone is sufficient to induce
chronic pain symptoms. Future studies would be of interest to determine whether unilateral
TNF nanoplasmidex microinjection produces similar changes within each hippocampus as
well as in regards to ipsilateral versus contralateral peripheral hypersensitivity.
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This study demonstrates that stereotaxic injection of TNF nanoplasmidexes into the brain,
specifically into the hippocampus can effectively enhance TNF gene expression locally
resulting in development of chronic pain behaviors. While nanoplasmidex expression of
RFP and immunofluorescence labeling with anti-GFAP and anti-NF-200 antibodies
indicates that either glial cells or neurons, respectively, are capable of being transfected and
thereby producing TNF, the finding that enhanced TNF production restricted to the
hippocampus is sufficient for inducing chronic pain behaviors is novel. These results reveal
not only the pivotal role that a specific pleiotropic cytokine solely in the hippocampus plays
in the development of chronic, persistent pain, but also suggests that this experimental
paradigm may produce an animal model for chronic pain. In conclusion, all of the data
presented herein in combination with previously published findings demonstrates a
causative role for TNF specifically within the hippocampus in the pathogenesis of chronic
pain as shown at the behavioral, physiological and cellular levels.
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Summary

Increasing only the expression of the pleiotropic cytokine tumor necrosis factor-alpha
exclusively in the hippocampus of naïve rats induces peripheral hypersensitivity to
thermal and mechanical stimulation reminiscent of chronic pain behaviors.

Martuscello et al. Page 19

Pain. Author manuscript; available in PMC 2013 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 1.
HeLa cells were transfected with (A) pTagrfp-C, or (B) pTagrfp-Mutnf using FuGENE HD
as a transfection agent. The cells were imaged 72 hours later using the Zeiss Axio Observer
Inverted Microscope with dsRed filter set. The pTagrfp-C transfected cells demonstrate
homogenous cytosolic distribution of RFP, whereas the pTagrfp-Mutnf transfected cells
demonstrate heterogenous, punctate fluorescence associated with the Golgi apparatus,
vesiclular packaging, and plasma membrane insertion of RFP-MuTNF fusion protein.
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Figure 2.
Sprague-Dawley rats (250–300 g) microinjected with 150 ng/3 μl GNR-pTagrfp-Mutnf
nanoplasmidexes bilaterally into the hippocampal CA1 region develop thermal hyperalgesia.
Data are presented as the difference score of (A) right hind paw or (B) left hind paw
experimental (post-microinjection) – hind paw baseline withdrawal latencies in seconds.
Each point is expressed as the mean ± S.E.M. (number of rats in brackets). Statistical
significance different from GNR-pTagrfp-C control nanoplasmidex microinjected rats was
reached at * p < 0.05, ** p ≤ 0.01 using a Student's t-test. Baseline [n = 16] withdrawal
latencies averaged 12.8 ± 0.4 s for the right hind paw and 13.2 ± 0.3 s for the left hind paws.
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Figure 3.
Development of sensitivity to mechanical stimulation by von Frey hairs in animals receiving
GNR-pTagrfp-Mutnf nanoplasmidexes into the CA1 region of the hippocampus. Mechanical
sensitivity/allodynia was determined by measuring the paw withdrawal threshold every
other day post-surgery and comparing to the baseline (the measurements taken over 3 days
prior to surgery) values. (A) Right hind paw withdrawal thresholds expressed as grams of
force (mean ± S.E.M., n = 8); (B) Left hind paw withdrawal thresholds (mean ± S.E.M., n =
8). * p < 0.05 as compared with baseline, Kruskal-Wallis ANOVA on Ranks and Dunn's
post-hoc test. Note: Allodynia responses are more consistently produced by rats
microinjected with the GNR-pTagrfp-Mutnf nanoplasmidexes.
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Figure 4.
Induction of (A) gene expression and (B) bioactive production of TNF 21 days after bilateral
GNR-pTagrfp-Mutnf nanoplasmidex (150 ng/3 μl) microinjection into the hippocampal
CA1 region. Data in A represents the mean ± S.E.M. of three separate experiments.
Statistical significance indicated (* p < 0.05) was by Student's t-test. CA1, left hippocampal
CA1 region; CA3/DG, combined left hippocampal CA3/dentate gyrus regions; and PC, left
parietal cortex. The Control group in B represents combined GNR-pTagrfp-C control
nanoplasmidex (150 ng/3 μl) (n=3) and Control (naïve animals) (n=3) values, as there was
no difference between the two groups. LC = locus coeruleus; PC = parietal cortex; both
assayed as control regions to test for diffusion effects. Statistically significant from Control,
* p < 0.05 (p = 0.011), Student's t-test.
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Figure 5.
Nanoplasmidex RFP distribution and immunohistochemical TNF staining in rat
hippocampus. Confocal microscopic images of the CA1 region in right hippocampus
sections (4-6 μm, unfixed) of rats 21 days after injection of nanoplasmidex (a) GNR-
pTagrfp-C or (b) GNR-pTagrfp-Mutnf (150 ng/3 μl). Panels a and b display fluorescence
images acquired with a 590 nm filter overlaid with transmission images. Red indicates RFP
generated by transcription/translation of pTagrfp in successfully transfected hippocampal
cells. Injection of GNRs alone results in absence of fluorescence (data not shown); injection
of pTagrfp-C construct alone demonstrates staining that is of less intensity and more diffuse
(not cellularly localized; data not shown). Nanoplasmidex distribution data are
representative of three separate experiments. Panels c and d are representative coronal
hippocampal sections prepared from individual rats (at day-21 post-microinjection)
receiving bilateral CA1 hippocampal microinjection of nanoplasmidexes (150 ng/3 ul).
Sections are from paired rats receiving either (c) GNR-pTagrfp-C (control) nanoplasmidex
or (d) GNR-pTagrfp-Mutnf (TNF) nanoplasmidex. Note the increase in staining for TNF in
panel d representing tissue from rats receiving the GNR-pTagrfp-Mutnf nanoplasmidex
microinjection. TNF staining data are representative of six individual experiments.

Martuscello et al. Page 27

Pain. Author manuscript; available in PMC 2013 September 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 6.
Quantitative analysis of TNF immunoreactive staining. Representative coronal hippocampal
sections from paired rats receiving either (A) GNR-pTagrfp-C (control) nanoplasmidex or
(B) GNR-pTagrfp-Mutnf (TNF) nanoplasmidex. (C) Statistical analysis of integrated
density values (Mann-Whitney Rank Sum test) in hippocampal sections prepared from rats
bilaterally microinjected with 150 ng/3 μl GNR-pTagrfp-Mutnf nanoplasmidex into the
CA1 region as compared to the hippocampus from GNR-pTagrfp-C control nanoplasmidex
microinjected rats (* p < 0.001). (D) Statistical analysis of the % of the area of individual
neurons (n = 10/high field (400X) area/section randomly chosen from 3 separate rats/group)
that stained for TNF in hippocampal neurons from GNR-pTagrfp-Mutnf nanoplasmidexes
microinjected rats as compared to GNR-pTagrfp-C control nanoplasmidexes injected rats (*
p < 0.001, Mann-Whitney Rank Sum test). Images were analyzed using ImageJ 1.32j
software (NIH, USA, http://rsb.info.nih.gov/ij/) with the Color Deconvolution plug-in to
perform stain separation (hematoxylin and DAB).
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Figure 7.
Immunofluorescent labeling shows nanoplasmidex co-localization in rat coronal
hippocampal sections. Nanoplasmidexes, which express RFP, were injected into the CA1
region of the hippocampus. The hippocampi were isolated 21 days later and frozen tissue
sections were prepared. Identification of cell type was by immunofluorescent staining (4-6
μm section, acetone-fixed). Row A: Co-localization of RFP and NF-200 staining.
Visualization of Neurofilament-200, NF-200 (1:30,000, Sigma) staining for neurons (Row
A, panel a) using goat anti-mouse IgG1-AlexaFluor 647 (1:2,000, Invitrogen) secondary
antibody (indicated as green) and nuclear (Hoechst dye, 10 μM) blue staining (panel a);
GNR-pTag rfp-Mutnf (TNF) nanoplasmidex staining (red) and nuclear blue staining (panel
b); overlay of images (panel c) shows co-localization. Row B: Co-localization of RFP with
GFAP staining. Glial fibrillary acidic protein, GFAP (1:30,000, Sigma-Aldrich) staining for
glial cells (Row B, panel a) using goat anti-mouse IgG1-AlexaFluor 647 (1:2,000,
Invitrogen) secondary antibody (green); GNR-pTagrfp-Mutnf (TNF) nanoplasmidex
staining (red) and nuclear blue staining (panel b); overlay of images (panel c) shows co-
localization. Data is representative of three replicate experiments.
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