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Injured fluoro-jade positive hippocampal neurons contain high
levels of zinc after traumatic brain injury
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Abstract

Hippocampal damage contributes to cognitive dysfunction after traumatic brain injury (TBI). We
previously showed that Fluoro-Jade, a fluorescent stain that labels injured, degenerating brain
neurons, allows us to estimate the extent of hippocampal injury after experimental fluid-percussion
TBI in rats. Coincidentally, we observed that injured neurons in the rat hippocampus also stained
with Newport Green, a fluorescent dye specific for free ionic zinc. Here, we show that, regardless
of injury severity or drug treatment, the post-TBI population of injured neurons in rat hippocampal
subfields CA1, CA3 and dentate gyrus is indistinguishable, both in numbers and anatomical
distribution, from the population of neurons containing high levels of zinc. Treatment with
lamotrigine, which inhibits presynaptic release of glutamate and, by inference, zinc that is co-
localized with glutamate, reduced numbers of Fluoro-Jade-positive and Newport Green-positive
neurons equally as did treatment with nicardipine, which blocks voltage-gated calcium channels
through which zinc enters neurons. To confirm using molecular techniques that Fluoro-Jade and
Newport Green-positive neurons are equivalent populations, we isolated total RNA from 25 Fluoro-
Jade-positive and 25 Newport Green-positive pyramidal neurons obtained by laser capture
microdissection (LCM) from the CA3 subfield, linearly amplified the mRNA and used quantitative
ribonuclease protection analysis to demonstrate similar expression of mMRNA for selected TBI-
induced genes. Our data suggest a strong association between reduced neurotoxic zinc levels after
TBI and reduced hippocampal neuronal injury.
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Traumatic brain injury (TBI) injures approximately 1.5 million patients per year in the United
States, causes 50,000 deaths [7,25,37] and generates an enormous economic burden in long-
term disability [27,42]. The long-term disabilities suffered by survivors very often include
cognitive deficits, which are attributable in part to damage to the hippocampus, a central locus
of learning and memory [3,5].
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Hippocampal vulnerability to TBI is striking histologically; within anatomically homogeneous
populations of hippocampal neurons, injured neurons are scattered among apparently uninjured
neurons. In rats subjected to TBI, we observed that injured neurons, identified by Fluoro-Jade
(FJ) staining, expressed significantly lower levels of neuroprotective genes than adjacent
uninjured neurons [18].

The hippocampus contains substantial amounts of sequestered ionic zinc [14]. Intraneuronal
cytosolic levels of ionic zinc, while normally low, increase dramatically after excitotoxic
injury, presumably in part because zinc is co-released with glutamate from presynaptic
glutamatergic nerve terminals [9] and also because zinc is released from intraneuronal depots
as a consequence of intracellular nitric oxide signaling [6]. Zinc neurotoxicity contributes to
neurodegeneration and cell death after ischemic brain injury and TBI [10,21,22,34,35]. In rat
hippocampal neurons, chelation of zinc with Ca-EDTA significantly reduced both neuronal
zinc accumulation and neuronal death [8,36]. We showed that intracerebroventricularly
injected CaEDTA significantly increased mRNA levels of neuroprotective genes in the rat
brain after TBI [17].

Cell-impermeant Newport Green (NG), a di-2-picolylamine derivative bound to
dichlorofluorescein, is a selective zinc indicator [32,39] that is considered to be specific for
zinc but less sensitive than other zinc indicators [38,39]. We chose NG to detect neurotoxic
zinc accumulation in hippocampal neurons because staining with an ultra-sensitive or cell-
permeant indicator could obscure injury-induced neuronal accumulation due to high levels of
zinc in pre-synaptic mossy fibers.

Fluoro-Jade, an anionic fluorochrome considered to be a specific indicator of lethal neuronal
injury [2,13,28], has been used to quantify acute neuronal degeneration after TBI [2]. In
previous studies, we determined that the number of FJ-positive neurons correlated with the
severity of TBI [16]. We also obtained preliminary evidence that adjacent sections of rat
hippocampus showed nearly identical distribution and numbers of FJ-positive and NG-positive
neurons, as Suh et al. had previously suggested with TSQ staining and eosinophilic
counterstaining [34]. We therefore hypothesized that acute hippocampal neuronal degeneration
after TBI was closely associated with intracellular zinc accumulation. Here, we provide
evidence supporting our hypothesis that zinc neurotoxicity and hippocampal neuronal injury
after TBI are closely associated. Therefore, we speculate that zinc neurotoxicity is a potential
mechanism of hippocampal neuronal injury.

Material and Methods

Surgical Procedures

Adult, male, Sprague-Dawley rats, 400-500g (n = 6 per experimental group, 54 rats total for
the first study and the subsequent study with lamotrigine and nicardipine) were anesthetized
with 4% isoflurane, endotracheally intubated and mechanically ventilated with 1.0-1.5%
isoflurane throughout the surgical procedure and subsequent experiments. We performed a
right-sided craniotomy lateral to the sagittal suture, midway between bregma and lambda and
subjected the animals to sham, mild (1.2 atmospheres) or moderate (2.0 atm) TBI using a fluid
percussion device. Fluid percussion TBI is described in detail in several articles [12,23,24].
For the first study examining the effects of injury severity on numbers and gene expression of
Fluoro-Jade positive and Newport Green positive neurons, rats were sacrificed 4 and 24 hour
post-TBI.

In the second study, to examine the effects of lamotrigine and nicardipine, male Sprague
Dawley rats (n=6 per group) were anesthetized (4% isoflurane), intubated, mechanically
ventilated (1.5% isoflurane in O2:air (30:70)), prepared for moderate (2.0 atm) or sham
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parasagittal fluid percussion injury and randomly assigned to receive saline, nicardipine (5mg/
kg) or lamotrigine (20mg/kg) 30 minutes pre-TBI. In each experiment, the right common
jugular vein was cannulated for intravenous fluid administration and the tail artery was
cannulated for arterial blood gas sampling and mean arterial pressure (MAP) monitoring.
Baseline measurements of each animal’s MAP, blood gasses, blood glucose and body (rectal)
and temporalis temperatures were taken immediately before drug administration to ensure each
rat is within a normal range. Using blood removed from the tail artery, blood gasses and pH
measurements were taken using an iStat cartridge and read on an iStat machine (Abbott
laboratories). Adjustments of tidal volume and breath rate were made to correct for abnormal
PCO2 values and a table lamp and heating pad were used to regulate the temperatures. All drug
treatments were infused through the right jugular vein over a 15 minute period. Twenty-four
hours later, rats were anesthetized, brains were harvested and frozen sectioned. Adjacent
sections were stained with FJ or NG as described below. Numbers of FJ- or NG-positive
neurons in CA1 and CA3 were counted by an investigator who was blinded to group
assignment.

Sectioning & Staining

In order to perform counts of FJ- and NG-positive neurons, we collected ten sets of 10 um
adjacent hippocampal sections at every 15th section throughout the injury site (10 pairs of
adjacent sections per brain). All sections were fixed in 75% ethanol, dehydrated in graded
alcohols and counterstained for 15 seconds with 1% cresyl violet [18]. We stained one section
per pair with .001% FJ for 4 minutes; the other was stained with 5 uM NG (cell-impermeable)
for 4 minutes.

Neuronal Counting Procedure

Standard methods for stereological counting of neurons require thick sections (30 to 50 um).
Since adjacent sections were used for laser capture (for which we require thin 10 pm sections)
and since our goal was to determine concordance of the two types of labeled neurons in adjacent
sections, we employed a systematic neuronal counting procedure that we used previously to
estimate numbers of injured neurons in TBI rats [16]. Two investigators who were blinded to
treatment groups counted simultaneously and independently using the PixCell Ile imaging
system monitor (Arcturus, Mountain View, CA). The fluorescence signal from both FJ and
NG is best viewed using the FITC filter. For data presentation, the hippocampus was divided
into the CA1/2, CA3 and dentate gyrus subfields. The investigators recorded the number of
FJ- or NG-positive neurons for each region and the numbers for each indicator were added to
obtain a total count for that region. The two investigators’ counts were averaged to get a mean
count for each animal for CA1/2, CA3 and DG.

Statistical Analysis of neuronal counts

We completed statistical analysis using Statview 5.0. We performed one-way analyses of
variance (ANOVA) and Fisher’s post-hoc tests.

Laser capture microdissection (LCM)

LCM was performed on sections from brains of rats in the first study subjected to moderate
TBI and sacrificed 24 hours after injury. We fixed 10 um frozen hippocampal sections in 75%
ethanol (1 min), stained with FJ or NG, counterstained with 1% cresyl violet (15 sec) and
dehydrated in graded alcohols and xylene as previously described [18]. We performed LCM
with a PixCell lle LCM system (Arcturus, Mountain View, CA). 25 FJ-positive or 25 NG-
positive neurons were captured from each rat hippocampus on separate Capsure HS LCM Caps
(Arcturus). We isolated total RNA with the RNAaqueous Micro kit (Ambion, Austin, TX) and
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linearly amplified the mRNA once with T7 polymerase (MessageAmp Il kit, Ambion) as
previously described [18].

Ribonuclease Protection Assay (RPA)

We performed RPA analysis with 100 ng of linearly amplified antisense mMRNA using the
Hybspeed RPA kit (Ambion) as previously described [16,33]. This is equivalent to using
approximately 5 pg total RNA per sample (assuming mRNA is 2% of total RNA in the brain).
Sequences of primers used for RT-PCR cloning of four TBI-induced genes (Bcl-2, Caspase 3,
Caspase 9 and Hsp70) and primers for nested amplification of RPA templates from the cloned
fragments are shown in Table 1. Following exposure of RPA gels to phosphoimaging screens,
we analyzed gene expression data with OptiQuant software (Perkin Elmer Life Sciences,
Downers Grove, IL) and imported the data into Microsoft Excel for further analysis.

Statistical Analysis of gene expression levels

Results

We analyzed the levels of mMRNA separately for each gene (Bcl-2, Caspase 3, Caspase 9 and
Hsp70) using a two-way mixed model. The two factors were rat (random effect) and stain (FJ
and NG). To account for multiple testing, differences in gene expression of the four genes
between the two stained populations of neurons were considered significant at the 0.025 level.
We conducted data analysis using SAS® 9.1 [26]

Concordance of injured and zinc-positive neurons in rat hippocampus

To identify molecular mechanisms associated with neuronal survival following TBI, we
previously reported differences in gene expression between injured and uninjured neurons
[18]. To confirm our impression that injured neurons always appeared to stain with a zinc-
positive dye, we designed a series of experiments (Figure 1) to compare the distribution and
numbers of FJ-positive and NGreen-positive neurons in the injured rat hippocampus and
expression of selected TBI-induced genes in these two neuronal populations. As we reported
previously [18], we found virtually no injured or zinc-positive cells in the contralateral
hippocampus of injured rats or in the hippocampus of sham-operated rats. In injured rats, the
anatomical distribution of FJ-positive and NG-positive neurons was virtually indistinguishable
in the CA1 and CAS3 subfields (Figure 2).

Because both NG and FJ are fluorescent stains with overlapping emission spectra, we could
not study concordance using a dual-staining technique on the same slides. We performed
preliminary experiments to determine whether counting FJ-stained neurons in sections adjacent
to those stained with NG would permit precise correlation. In CA-1, 21 neurons were stained
in both slides, while 11 were visible only on the FJ-stained slide and 7 were visible only on
the NG-stained slide. In CA-3, 19 neurons were stained in both slides, while 17 were visible
only on the FJ-stained slide and 14 were visible only on the NG-stained slide. We then
compared adjacent slides, both stained with FJ: in CA-1, 22 neurons were stained in both slides,
while 16 were visible only on slide A and 23 were visible only on slide B. In CA-3, 22 neurons
were stained in both slides, while 16 were visible only on slide A and 23 were visible only on
slide B. Inthose slides in which a neuron was stained that did not appear on the adjacent section,
no corresponding unstained neuron was ever apparent. Consequently, we concluded 100%
correlation between NG-positive and FJ-positive neurons in adjacent 10 um sections was not
attainable. We reasoned that one 10 um section could contain one end of a 20-30 um neuron
that would not be present in the adjacent section. Given this limitation, we found a remarkable
concordance between the two populations of FJ-positive and NG-positive neurons after TBI.
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Numbers of FJ-stained and NG-stained neurons after TBI

We found that adjacent sections of the rat hippocampus have similar numbers of FJ-and NG-
positive neurons in a similar distribution 4 and 24 hour after sham, mild and moderate fluid
percussion TBI (Figure 3). We found no statistical difference between the numbers of FJ- and
NG-positive neurons regardless of time-point (4 or 24 hour post-TBI), level of injury or
hippocampal region. Four hours after moderate TBI, there was a significant and equal increase
in the numbers of FJ-and NG-labeled neurons in all three hippocampal subfields (p<.05).
Twenty-four hours post-TBI there was also an injury-severity-dependent increase in the
numbers of injured and zinc-positive neurons in the CA1 and CA3 subfields (p<.05). In the
dentate gyrus, the numbers of positive neurons significantly increased after 24 hours with
moderate injury only (p<.05).

Influence of neuroprotective drug interventions

To test our hypothesis that that zinc neurotoxicity and hippocampal neuronal injury after TBI
are closely associated, we chose two interventions that have been shown to be neuroprotective
and that also exert pharmacologic effects that reduce intraneuronal accumulation of zinc. All
rats used for this study exhibited normal ranges for physiological measurements: PCO2: 35—
41 mmHg, pH: 7.40-7.44, MAP: above 80mmHg, rectal temperature: 37.0-37.5 °C, temporalis
temperature: 36.5-37.5 °C

We examined the effects of lamotrigine (a sodium channel blocker that inhibits presynaptic
release of glutamate and, by inference, the release of zinc that is co-located in presynaptic
vesicles with glutamate) and nicardipine (an L-type calcium channel antagonist) on FJ and NG
staining after TBI. We found that treatment of TBI rats with either drug significantly and
equally reduced numbers of FJ-positive and NG-positive neurons in the CA1 subfield and that
lamotrigine significantly reduced neuronal injury in the CA3 subfield (Figure 4).

Gene expression in injured and zinc-positive neurons

Because we found previously that TBI-induced gene expression was significantly different in
injured and immediately adjacent uninjured neurons [18], we reasoned that, if FJ and NG were
staining the same group of neurons, TBI-induced gene expression would be similar in neurons
identified with the two stains. Using LCM, we obtained equal numbers of FJ- and NG-positive
neurons in adjacent sections and compared injury-induced gene expression in the two sets of
neurons by quantitative RPA analysis. Expression of Bcl-2, Caspase 3 and Caspase 9 and Hsp
70 was not different between the two groups of stained neurons (Figure 5). Between-reading
variability (within-rat variability) of FJ was smaller than NG for Bcl-2, Caspase 3 and Hsp70,
but not Caspase 9. These data suggest that FJ staining is easier to visualize and quantify than
NG. Between rat variability and between-reading variability were similar in magnitude
regardless of gene expression.

Discussion

In our study, we sought to corroborate and confirm the strong association between neuronal
injury and zinc neurotoxicity in the rat hippocampus after TBI. Regardless of level of injury
or type or dose of experimental neuroprotective treatment, we found that, in adjacent
hippocampal sections, the population of FJ-positive (injured) and NG-positive (zinc-positive)
neurons had similar anatomic distributions and statistically similar numbers. In addition,
injury-induced gene expression, previously shown to be significantly different in injured and
uninjured hippocampal neurons after TBI [18], was similar in FJ-positive and NG-positive
neurons. Since our ultimate goal is to understand the molecular mechanisms of hippocampal
injury and then design effective therapeutic interventions that target the identified molecular
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mechanisms, the results of this study suggest that reducing zinc neurotoxicity may be helpful
in limiting TBI-induced neuronal injury and post-TBI cognitive dysfunction.

These data suggest, but do not prove, a cause-and-effect relationship between hippocampal
neuronal zinc accumulation and neuronal injury. There are several potential explanations for
the strong association between zinc accumulation and hippocampal neuronal injury. First, zinc
accumulation could be an essential mechanism of acute hippocampal neuronal injury after TBI;
i.e., as zinc accumulates, neurons die. Second, zinc accumulation could be an epiphenomenon;
that is, as hippocampal neurons die, zinc accumulates. Third, NG staining could represent a
histologic artifact; perhaps after TBI, NG nonspecifically stains non-zinc products of injured,
degenerating neurons.

We consider the first explanation to be the most likely. Both lamotrigine and nicardipine
significantly reduced numbers of zinc-positive neurons in the hippocampus. Furthermore, there
was an equal and consistent reduction in the distribution and numbers of injured, Fluoro-Jade
positive neurons in every experimental rat in our study. However, neither lamotrigine nor
nicardipine is specific for zinc and our experimental design does not distinguish among the
possible mechanisms of neuroprotection provided by lamotrigine and nicardipine. We chose
lamotrigine because of previous work demonstrating that the anti-epileptic, Na+channel
blocker lamotrigine blocked glutamate release from glutamatergic presynaptic terminals [4,
11]. Although lamotrigine treatment apparently does not reduce basal levels of GABA,
aspartate, glutamate and taurine (as measured by hippocampal microdialysis in rats), it did
decrease the release of these amino acids after 50uM veratridine stimulation [1]. We inferred
that lamotrigine would also decrease zinc release from presynaptic glutamatergic vesicles in
which glutamate and zinc were colocated [15]. For these in vivo TBI experiments, we chose
nicardipine because previous in vitro studies in neocortical cultures from embryonic mice
demonstrated that other voltage-gated calcium channel blockers (verapamil and nimodipine)
reduced post-synaptic zinc accumulation [30][20]. As expected, we found that both lamotrigine
and nicardipine treatment were associated with decreased numbers of zinc-positive neurons
and proportionately decreased numbers of injured, FJ-positive neurons. We have thus
confirmed a strong association between hippocampal zinc accumulation and neuronal injury
but have not proved that the primary mechanism of neuronal protection by either lamotrigine
or nicardipine is zinc-specific.

While none of these data specifically disprove the possibility that zinc accumulation is an
epiphenomenom, they are more consistent with the probability that zinc is a primary mediator
of hippocampal neuronal death after TBI. We cannot disprove the possibility that NG
nonspecifically stains non-zinc molecules; however, multiple authors have demonstrated the
specificity of NG staining for zinc [9,29,31,39,41]. The molecular binding sites of FJ are not
known, although the binding site has been assumed to be cationic products of
neurodegeneration such as spermidine or cadaverine [29].

Further evidence for the central role of zinc in hippocampal neuronal degeneration is the
virtually identical gene expression data from FJ-positive and NG-positive neurons. In a prior
study using LCM to capture homogeneous populations of hippocampal neurons, we
demonstrated distinctive differences in TBI-related gene expression in FJ-positive injured
neurons and immediately adjacent FJ-negative uninjured neurons; specifically, uninjured
neurons expressed significantly higher mRNA levels of neuroprotective genes than injured
neurons [18]. We realized that the differences or similarities in neuroprotective gene expression
profiles could be used to distinguish injured from uninjured hippocampal neurons or to
potentially identify neurons with similar functions. In experiments in which we examined the
effects of chelating zinc after TBI, we found that injured neurons had a similar anatomic
distribution to zinc-positive neurons. In the present study, to confirm that injured, FJ-positive
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neurons and zinc-loaded, NG-positive neurons were similar populations of cells, we obtained
these two sets of labeled neurons by LCM, linearly amplified the mRNA [19,40] and compared
gene expression levels by quantitative RPA analysis. In contrast to our previous results
comparing injured and immediately adjacent uninjured neurons [18], we found that mMRNA
levels of selected injury-induced genes were statistically not different between the two
microdissected populations of neurons. In light of reported intrinsic differences in gene
expression between pyramidal neurons in CA1 and CA3 subfields [33] and differences between
injured and uninjured neurons, we believe that the similar levels of TBI-induced gene
expression in these two populations of neurons suggests a causal role for zinc neurotoxicity in
hippocampal neurodegeneration after TBI.

In summary, we have provided evidence that zinc neurotoxicity may contribute significantly
to hippocampal injury after TBI. The clinical implication is that pharmacological interventions
designed to reduce or ameliorate the effects of zinc toxicity immediately after TBI may have
significant therapeutic benefits for human TBI patients and may alleviate the cognitive
problems that often disable TBI survivors.
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Figure 1.

Schematic overview of the experimental design for the dose response and gene expression
study. We performed neuronal counts of fluorescent cells on 10 representative sections of all
experimental rat brains (subjected to sham, mild or moderate injury) that were serially sectioned
through the hippocampus and stained for Fluoro-Jade (FJ) or Newport Green (NG).
Quantitative ribonuclease protection assay (RPA) analysis was performed using linearly
amplified MRNA (from 25 FJ positive neurons in one section and 25 NG positive neurons from
the adjacent section in each rat) from a subset of traumatic brain injured rats (n=6).

Brain Res. Author manuscript; available in PMC 2010 July 2.



1duosnuey JoyIny vd-HIN 1duosnuey JoyIny vd-HIN

1duosnue\ Joyiny Vd-HIN

Hellmich et al.

Page 11

Figure 2.

Representative sets of adjacent cells stained for Fluoro-Jade (A and C) and Newport Green (B
and D) in the CAL/2 and CA3 subfields of the rat hippocampus. We counterstained slides for
15 seconds with 1% cresyl violet. Different background levels that varied from experiment to
experiment were not adjusted. In adjacent serial sections of injured rat hippocampus, circles
indicate identified neurons that appear to be stained by both Fluoro-Jade (E) and Newport
Green (F).
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Numbers of Fluoro-Jade-positive (injured) and Newport Green-positive (zinc) neurons
increased with increasing levels of injury in the CA1, CA3 and dentate gyrus subfields of the
rat hippocampus at both 4 and 24 hours post-injury (n=6 per group). The numbers of injured
and zinc-positive neurons were not statistically different from each other.
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Pretreatment with lamotrigine (lam) or nicardipine (nic) 30 minutes before traumatic brain
injury (TBI) significantly reduced numbers of Fluoro-Jade positive and Newport Green
positive neurons in both the CA1 (for both lam and nic) and CA3 (lam only) when compared

to saline injected TBI rats. * p<0.05
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Figure 5.

Quantitative ribonuclease protection assay analysis of Bcl-2, Caspase 3 (casp 3), Caspase 9
(casp 9), and heat shock protein 70 (Hsp 70) mRNA (linearly amplified with T7 polymerase)
expression in identified Fluoro-Jade positive and Newport Green positive neurons in
immediately adjacent sections. We found no statistical difference in gene expression between
the two groups of stained neurons. DLU, digital light units.
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Table 1
Primer sequences and size of amplimers and protected fragments

Gene Primer Sequence (Forward and Reverse) Product (bp) | GenBank no.
5'-CGGCTGGTGAGCCACTTCGT-3' (Forward)

Heat Shock Protein 70 589 727118
5-GAGTAGGTGGTGAAGGTCTG-3' (Reverse)
5-CAGCTCGCAATGGTACCGAT-3' (Forward)

Caspase-3 620 NM_012922.1
5'-GCATTGACACAATACACGGG-3' (Reverse)
5-GGATACTGGAGATGAAGACT-3' (Forward)

BCL2 567 L14680
5-GCTGAGCAGCGTCTTCAGAG-3' (Reverse)
5-GCTTCGTGGTGGTCATCCTC-3' (Forward)

Caspase-9 471 NM_031632
5-CTGAGAAGGAGGGACTGCAG-3' (Reverse)

Glyceraldehyde-3-phosphate 5-ACCACAGTCCATGCCATCAC-3' (Forward) 451 NM 017008
dehydrogenase 5. TCCACCACCCTGTTGCTGTA-3' (Reverse) -

Gene Primer Sequence (T3 T7) Product (bp) | GenBank no.
5-GCCTAATTAACCCTCACTAAAGGGAGCTGTGCTCGGACCTGTTCCGCG-3' (T3)

Heat Shock Protein 70 304 727118
5-CTCGGTAATACGACTCACTATAGGGCCGTCTCCAGACCCAGCGACACG-3' (T7)
5'-GCCTAATTAACCCTCACTAAAGGGAGGTACAGAGCTGGACTGCGGTAT-3' (T3)

Caspase-3 271 NM_012922.1
5-CTCGGTAATACGACTCACTATAGGGGTGGCGTCCAGGGAGAAGGACTC-3' (T7)
5'-GCCTAATTAACCCTCACTAAAGGGACGCTGTGCACCGAGACACGGCTG-3' (T3)

BCL2 236 L14680
5-CTCGGTAATACGACTCACTATAGGGCCATCCCTGAAGAGTTCCTCCAC-3' (T7)
5'-GCCTAATTAACCCTCACTAAAGGGAGCTGTTCTTCATCCAGGCCTGTG-3' (T3)

Caspase-9 171 NM_031632
5-CTCGGTAATACGACTCACTATAGGGGTGGGCAAACTTGACACTGCGTC-3' (T7)

Glyceraldehyde-3-phosphate | 5-GCCTAATTAACCCTCACTAAAGGGAGCTGCCAAGGCTGTGGGCAAGGT-3' (T3) 0 M 017008
dehydrogenase 5-CTCGGTAATACGACTCACTATAGGGCTTGATGTCATCATACTTGGCAG-3' (T7) -
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