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Abstract

 The number of cell types involved in growth and modification of neural circuits 

has only recently been examined, and the functions of their interactions in neural 

plasticity remain to be studied. However, research suggests that the mechanisms of 

plasticity necessary for information storage rely on coordinated genomic and structural 

changes in neurons, astrocytes, and the endothelial cells of the vasculature. The 

quantitative PCR technique offers an analysis of the molecular regulation of cell growth 

that leads to morphological changes in the brain. This study examines the regulation of 

three genes, Egr-1, GFAP, and VEGF, that are implicated in neuronal, astrocytic, and 

vascular plasticity in the visual cortex and hippocampus and serve as markers for the 

onset of morphological plasticity. Here, the sensitivity of qPCR to detect subtle changes 

in gene expression is tested using benchmark gene inductions as a positive control, with 

immunocytochemistry serving as an internal control for induction. This study finds 

similar patterns of induction to the benchmarks, but levels of induction are consistently 

lower than expected. Specific localization of gene induction within subregions of the 

brain may lead to spatial dilution of gene induction, complicating the use of qPCR to 

assess small, localized changes in gene expression.
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Introduction

 In the daunting task of gathering and processing sensory stimuli, synthesizing and 

consolidating information, and effecting outgoing signals, the brain relies heavily on its 

ability to change. This ability to change, called plasticity, can take two discrete forms: the 

routine maintenance of neural circuits, and the induction of growth stimulated by 

behavior. The latter form of plasticity forms the basis of learning and memory, and plays 

a large role not only in development but also in the fully developed, mature brain. This 

plasticity of neural circuits is dependent upon complex interactions among three cell 

types in the brain: neurons, astrocytes, and the endothelial cells of the vasculature. 

 In order for the brain to adaptively respond to stimuli, the growth of neurons, 

astrocytes, and the vasculature must occur in a coordinated fashion. A functional synapse 

requires the active roles of both neurons and astrocytes (Allen et. al, 2005), so the growth 

of the neural circuity necessarily requires coordinated growth between these two cell 

types. However, growth of astrocytes and neurons creates a greater metabolic demand, 

requiring growth of the vasculature as well. This growth necessitates interactions among 

all three cell types to ensure the proper functioning of the entire system, leading to a 

social cell biology, where integrative interactions of multiple systems confer overall 

function (Perea et. al, 2009). 

 The number of cell types involved in plasticity has only recently been studied, 

especially in the mature brain. At first, the developing brain was believed to be the only 

critical period of brain plasticity, but today it is clear that even the mature brain is built to 



change in response to experience. This plasticity can be maintained for different amounts 

of time, from mere seconds to many days, and occurs at different levels of organization in 

the brain, at both individual synapses and the rewiring of neural networks.

 Individual synaptic connectivity is constantly dynamic, changing in response to 

neural activity. In the short term, these changes mainly rely on processes that affect 

amounts of neurotransmitter release, such as facilitation, where synaptic strength 

increases dramatically due to multiple action potentials reaching the presynaptic terminal 

within a few milliseconds (Charlton, 1978). However, increases in synaptic strength due 

to increases in neurotransmitter release are extremely short lived. For the type of long-

term changes necessary for information storage, post-translational modifications of 

proteins or changes in gene expression are required. The long-term plasticity (LTP) 

mechanism serves as the most-studied form of enduring synaptic change, and is thought 

to play a critical role in learning and memory. As the first response of LTP to a high-

frequency stimulus, the post-synaptic terminal integrates more AMPA-type glutamate 

receptor into the synapse, allowing for a lasting, strengthened synaptic response 

(Malinow and Malenka, 2002). The later stages of LTP require a change in gene 

expression, mediated by protein kinase A and the transcription factor CREB, which goes 

on to induce further protein synthesis that strengthen synapses (Frey and Morris, 1997).

 The construction and pruning of neural circuits also contributes to experience-

dependent plasticity. Synapses themselves are added and removed to modify the strength 

of the neural pathway (Muller et. al, 2002). Synaptic remodeling occurs through chemical 
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cues, such as the neurotrophin BDNF, that signal local areas of activity for increased 

synaptic density and extended neural processes (Katz and Shatz, 1996).

 This experience-dependent plasticity is expressed in many different ways in the 

brain. The neural, glial, and vascular systems all show distinct morphological changes in 

the brain in response to stimuli. The environmental complexity paradigm (EC) reveals the 

powerful effects complex sensory experience has on the modification of the brain (Figure 

1). In comparison to individually-housed animals (IC), rats raised socially in cages filled 

with toys and other novel objects with which the animals interact show robust changes in 

all three cellular systems. The thickness of the cortex, an indication of cortical neural 

plasticity, is significantly increased with EC (Diamond et. al, 1976). Individual neurons in 

the visual cortex of rats raised in EC also show an increased number of synapses per 

neuron (Turner et. al, 1985), longer postsynaptic densities (Sirevaag et. al, 1985), and 

greater dendritic length (Wallace et. al, 1992). Astrocytes also reveal an increase of 

surface area in response to EC (Jones et. al, 1996) as well as increased size and astrocytic 

hypertrophy (surface density of astrocytic processes and surface area) (Sirevaag, et. al 

1991), indicating coordinated growth with expanding neurons. The vascular system also 

responds to EC with increased vessel diameter and an expanded vasculature, likely to 

supply an increased metabolic demand from expanded neural and glial circuits (Black et. 

al, 1991).

 However, while neurons, glia, and blood vessels all show morphological plasticity 

in response to EC, these changes occur at different times in the time course of plasticity 

(Figure 2). After only four days EC, both dendritic length (Wallace et. al, 1992) and 
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astrocytic processes (Jones et. al, 1996) are significantly increased. However, at this time 

point, blood vessel density is decreased (Wallace et. al, in press), likely due to an 

expansion of neuropil volume without a similar increase of blood vessels, spreading apart 

the existing vasculature. The first known vascular response to EC does not occur until 

after 10 days, when small vessels begin to infiltrate the expanded neuropil. However, 

after 30 days EC, the vasculature reaches and surpasses the capillary density prior to the 

expansion of the neuropil (Black et. al, 1991).

 These morphological changes in the brain involve modifications in gene 

expression and protein synthesis. The final protein products that lead to morphological 

plasticity are themselves a result of a cascade of signaling molecules and transcription 

factors that transmit the signals for inducing plasticity. These factors are among the first 

effects of plasticity in response to stimuli and could, in principle, serve as markers for the 

onset of plasticity. Matching specific gene markers to cell-specific morphological 

changes enables studies of plasticity on a genomic level. Profiling plasticity through the 

use of genomic markers serves several important purposes. First, a genomic analysis 

would mark the onset of plasticity more accurately than morphological studies. Changes 

in the levels of genomic markers for plasticity will occur before any change in 

morphology is apparent. Secondly, genomic analysis relates cellular structural changes to 

programs of gene expression within particular cell populations to allow for specific 

plasticity responses. With the complexity of plasticity, the same cell type can have several 

responses to stimuli, yet genomic analyses are able to measure these responses.
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 In order to effectively study plasticity on a genomic level, however, gene markers 

must be picked that accurately represent plasticity. This can be difficult, given the large 

number of processes involved in any given mechanism of plasticity. In this study, genes 

were selected for each discrete cell type to mark plasticity: Egr-1 for neural plasticity, 

GFAP for astrocytic plasticity, and VEGF for endothelial plasticity (Table 1).

 The neuron-specific immediate-early gene (IEG) Egr-1 (also known as NGFI-A, 

ZENK, zif-268) is a transcription factor whose expression is heightened in response to 

synaptic activity (Worley et. al, 1991). Importantly, the threshold of Egr-1 induction 

matches the threshold for long-lasting plasticity, and is dependent on NMDA receptor 

activation, a critical component of the LTP mechanism. Additionally, Egr-1 is expressed 

in response to EC in the same regions of the brain that reveal neuroanatomical plasticity 

in response to EC (Worley et. al, 1993). Heightened expression of Egr-1 can be induced 

by brain-wide electroconvulsive seizure (ECS), which mimics the activity of long-term 

potentiation (LTP) on neurons. ECS induces the expression of Egr-1 within minutes, and 

Egr-1 reaches a peak level of transcription approximately 30 minutes post-ECS (Cole et. 

al, 1990). The expression of Egr-1 is one of the first genomic responses to synaptic 

activity, and thus serves as an ideal neuron-specific marker of plasticity.

 A key structural protein in astrocytes, glial fibrillary acidic protein (GFAP), marks 

glial plasticity. GFAP is synthesized in order to expand astrocytic processes, and the 

expression of GFAP mRNA serves as a marker of this process (Jones et. al, 1996). 

Importantly, while GFAP is the principal component of the intermediate filament network 

in astrocytes, its up-regulation is a molecular hallmark of astrocytic growth (Steward, 
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1994). However, GFAP expression is not solely due to astrocytic growth; expression to 

maintain levels of GFAP lost by molecular turnover occurs constantly. Still, a single ECS 

stimulates the expression of GFAP in astrocytes, with a peak expression occurring 24-48 

hours post-ECS (Steward, 1994).

 Finally, a soluble growth factor that induces angiogenesis, vascular endothelial 

growth factor (VEGF), marks the induction of vascular plasticity. VEGF can be 

expressed by both astrocytes and neurons, particularly in response to hypoxia, but its 

action to attract and develop blood vessels appears to be conserved (Ogunshola, 2000). 

However, the mechanism of VEGF in angiogenesis is not completely understood, and 

because it can be expressed by multiple cell types, it could have different effects denoting 

different stages of angiogenesis. Additionally, VEGF expression may not be the only 

method to detect vascular plasticity; localization of expression may also play a large role. 

For instance, although mRNA expression levels of VEGF remain relatively constant in 

brain tissue through neonatal development, its expression is concentrated in several 

cortical layers at postnatal day 3 and 8 (P3, P8) (Ogunshola, 2000). However, as VEGF 

appears to play a critical role in angiogenesis, its expression serves as a genomic marker 

of vascular plasticity.

 One membrane receptor that binds to VEGF is another potential marker for 

vascular growth. The kinase domain insert receptor (Kdr) is one receptor sensitive to 

VEGF that is expressed highly during postnatal development (Mayo et. al, 2001, Lee et. 

al, 2009). Because it appears to be a critical component of the VEGF signaling pathway 
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in the critical postnatal period of development, the expression of Kdr may also serve as a 

genomic marker for vascular plasticity.

 The combination of these three markers provides a way to measure the genomic 

expression of genes involved in three critical systems in plasticity. Quantitating change in 

the behaving brain is difficult due to short, specific changes in gene induction involved in 

plasticity. However, assaying the level of gene expression at key time points develops a 

more complete picture of the course plasticity takes within particular cell types, and 

clarifies the interactions among them. Quantitative PCR (qPCR) is a prime candidate 

technique to study such specific genomic changes in the brain. qPCR is currently the 

most sensitive method for gene expression (Zamorano, 1996). qPCR utilizes a DNA-

intercalating dye that only fluoresces in the presence of double stranded DNA in 

combination with PCR, which selectively amplifies a given stretch of DNA, to 

quantitatively determine relative levels of gene expression (Naumenko, 2008). By 

isolating mRNA, synthesizing the mRNA into cDNA, and analyzing the cDNA quantities 

with qPCR, changes in mRNA level by gene induction can be specifically quantified.

 qPCR offers several improvements over other mRNA quantifying techniques such 

as Northern blots and in situ hybridization. Northern blots and in situ hybridization 

require multiple samples to assay for differential expression of multiple genes, but qPCR 

is able to analyze multiple genes at once by utilizing different primers with small samples 

of the same cDNA stock. This allows for the potential of analyzing tissues drawn from a 

specific brain region in an individual animal across multiple genes, with enough cDNA to 

generate multiple normalized reactions for each individual. Theoretically, it also allows 
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experimental design that allows greater statistical power to detect subtle changes in gene 

expression, such as those found to be involved in behavioral stimulation. We hypothesize 

that the specificity of qPCR will allow for a detailed quantification of the three plasticity 

marker genes described above in an individual rat.

 The goal of this study is to test the hypothesis that levels of gene expression can 

reveal interactions and regulation among neurons, astrocytes, and blood vessels. 

Although evidence suggests these interactions occur in development (Christopherson, 

2005; Gerhardt, 2003), these interactions have not been systematically examined in 

experience-dependent plasticity. Additionally, this study will determine the practicality of 

qPCR to quantify the genomic changes in the rat brain induced by learning and 

experience. By using electroconvulsive seizures and the postnatal rat brain as positive 

controls with expected levels of gene induction, qPCR will be tested as an effective and 

accurate quantitative technique. Only if qPCR can reliably quantify the consistent 

changes induced by the positive control conditions will it be a candidate technique to 

analyze gene expression changes in the more complex experiential brain. By using 

quantitative PCR (qPCR), this study endeavors to lay the foundations to explicitly 

quantitate the levels of gene expression in the onset of plasticity of the behaviorally-

active rat brain.
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Materials and Methods:

Animal tissue preparation for quantitative PCR (qPCR) and immunocytochemistry (ICC)

 All animal protocols were carried out in accordance with the Whitman College 

IACUC. Sprague-Dawley rats of both sexes (adults, 200-325 grams (g); postnatal day 3 

(P3), 20-22 g; P8, 30-33 g) were used for all tissue samples. Animals for qPCR were 

deeply anesthetized using 3-5% isofluorane and decapitated. Brains were dissected out 

and rinsed in ice cold 1X PBS, followed by the dissection of the visual cortex and 

hippocampus (Figure 3). Tissues were flash frozen in liquid nitrogen and used 

immediately for RNA extraction (see below), with reserve tissue stored at -80°C.

 Animals for immunocytochemistry (ICC) were deeply anesthetized using 3-5% 

isofluorane prior to transcardial perfusion with 4% paraformaldehyde in 1X PBS, pH 7.4. 

Brains were removed and post-fixed at 4°C in perfusate. Fixed brains were stored in 1X 

PBS at 4°C.

Electroconvulsive seizure generation

 Tonic-clonic seizures were generated in animals using an ECT machine (UGO 

Basile ECT unit 57800: 85 mA, 100 Hz, 500 µs pulse, 1 second duration) following 

parameters developed by Cole et. al (1989). This regimen produced tonic-clonic seizures 

lasting between 5 and 12 seconds. Animals were housed individually post-seizure until 

sacrifice to reduce environmental effects on gene induction.
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RNA extraction and cDNA synthesis

 Total RNA was extracted from tissue using the Absolutely RNA Mini-prep Kit 

(Stratagene) according to the manufacturer’s directions, except tissues were homogenized 

using a plastic pestle and passed through a 21-gauge needle to completely shear cells. In 

order to maintain RNA purity and integrity, total RNA was extracted under RNAse-free 

conditions. The total mRNA isolated from tissue homogenate was spectrophotometrically  

assayed for purity and concentration prior to further synthesis into cDNA. Only those 

samples with optical density ratios of OD260/OD280 higher than 1.8 , indicating pure total 

mRNA (Klosen et. al, 1993; Becker et. al, 2010), were used for cDNA synthesis. 

Additionally, only mRNA samples with a concentration greater than 0.2 µg/µl were 

reverse transcribed into cDNA, as dilute samples could not provide sufficient mRNA 

template for optimal cDNA synthesis. Complementary DNA (cDNA) was synthesized 

from 3.5-4.0 µg of total RNA using oligo dT primers and AffinityScript reverse 

transcriptase (Stratagene). Synthesized cDNA was stored at -20°C.

qPCR analysis

 Primers for qPCR were designed with PrimerQuest software (Integrated DNA 

Technologies) to yield a 100-200 bp product with optimum primer size 20 bp and Tm 

60°C (see Table 2 for primer sequences). Brilliant II SYBR Green QPCR Master Mix 

(Stratagene) was used to prepare qPCR samples. Reactions were prepared according to 

manufacturer’s directions, with standard curve samples prepared at -4x dilutions. No-

template control samples were included to detect any production of primer-dimers. ROX 
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dye was added to all reactions to generate the fluorescence threshold. In order to 

accurately quantify levels of induction, genes in question were normalized with respect to 

expression levels of a housekeeping gene (!-actin or Ywhaz) that is stably expressed 

under all experimental conditions. Reactions were prepared in duplicate for all genes.

 In order to minimize any variation in amplification due to pipetting error, sample 

variation, or individual variation, each qPCR run was performed a second time with 

samples prepared from another animal under the same experimental conditions. The 

qPCR results were then pooled, which allowed for a representative sample of gene 

induction.

 Prepared reactions were amplified in the Mx3000P thermocycler (Stratagene) 

according to the following cycling protocol: 10 minutes at 95°C, 1 cycle to denature 

DNA; 30 seconds at 95°C (denature), 1 minute at 58°C (anneal primers), 30 seconds at 

72°C (extension), 40 cycles; 1 minute at 95°C (denature), ramp down to 55°C, ramp up to 

95°C at 0.2°C/s (determine dissociation of products), 1 cycle. Fluorescence was 

measured during the extension phase and dissociation of products.

Polyethylene glycol (PEG) embedding and sectioning for ICC

 Fixed tissues were embedded in polyethylene glycol (PEG) for use in sectioning 

for immunocytochemistry. PEG was chosen as an embedding medium for its ability to cut 

both thin and thick sections as well as its minimal interference with immunoreactivity 

(Klosen et. al, 1993). Fixed brains were dehydrated in ethanol, placed in pure PEG 1000, 

transferred to a PEG 1000 / PEG 1500 mix, baked at 46°C for 30 minutes, then allowed 
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to harden at room temperature, as described in Klosen et. al (1993). Tissues embedded in 

PEG were stored at 4°C in a desiccation chamber to minimize hydration of PEG. PEG 

blocks were sectioned at 10 and 20 µm thicknesses using a rotary microtome (American 

Optical) and stored at 4°C in 1X PBS.

Immunocytochemistry (ICC)

 Tissues were imaged with DAB chromogenic staining and fluorescence labeling. 

For both types of labeling, free-floating 50µm tissue sections were blocked for 2 hours at 

room temperature in 10% normal serum. Rabbit polyclonal antibodies required normal 

goat serum (NGS), while mouse monoclonal antibodies required normal horse serum 

(NHS). Between each step, sections were rinsed in 1X PBS. Sections were transferred 

into primary antibody overnight at room temperature. Primary antibodies used were: 

Egr-1 rabbit polyclonal, 1:1000 (Santa Cruz Biotech); GFAP mouse monoclonal, 1:1000 

(Abcam); and VEGF rabbit polyclonal, 1:500 (Lab Vision).

 Chromogenic staining was carried out using the Vector ABC kit according to the 

manufacturer’s protocol (Vector), using biotinylated secondary antibodies anti-rabbit 

(Vector) and anti-mouse (Vector). Sections were placed in secondary antibody for 2 hours 

and then transferred into the Avidin-Biotin Complex (ABC) for 45 minutes. Finally, 

sections were transferred into diamino benzidine (DAB) for 5 minutes. Sections were 

immediately mounted on gel-subbed slides in gel alcohol.

 For fluorescence labeling, secondary antibodies used were: biotinylated anti-

mouse, 3:1000 (Vector); DyLight 549 anti-rabbit, 1:400 (Jackson ImmunoResearch); 
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DTAF 1:1000 (Jackson ImmunoResearch); and Hoescht, 1:1000 (Invitrogen). Sections 

were placed in secondary antibody for 2 hours at room temperature, then mounted on gel-

subbed slides in gel alcohol.

Data Analysis and Statistics

 Data for qPCR was collected using the Stratagene Mx3000P thermocycler and 

associated software. Standard curve based on threshold count (Ct) and relative quantity of 

mRNA compared to a normalized calibrator was determined automatically by the 

Stratagene Mx3000P software. Results from each individual qPCR run were pooled and 

subjected to a one-way ANOVA and post-hoc Turkey-Kramer test (JMP Software) to 

determine statistical significance between experimental conditions and control.

Results

Total RNA Quality Control

 The total RNA isolated from tissue homogenate was spectrophotometrically 

assayed to ensure quality, optical density ratios of OD260/OD280 between 1.8 and 2.1 

indicating pure total mRNA (Klosen et. al, 1993). The OD260/OD280 of total RNA isolated 

from: 30min post-ECS animals, 1.96 and 2.05; 24h post-ECS animals, 2.20 and 2.21; 48h 

post-ECS animals, 2.22 and 2.18; P13 animals, 2.04 and 1.92; P16 animals, 2.00 and 

1.93; control animals, 1.88 and 1.80.
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Analysis of Normalizing Primer

 Much of the work in this study sought to develop protocols that maintained 

primer efficiencies near an ideal 100% efficiency, which implies that the primers double 

the quantity of the target sequence with every PCR cycle. Only calculated efficiencies 

between 90% and 110% yield consistent, quantifiable results (Karlen, et. al, 2007). Thus, 

in order to generate accurate gene induction data, primer efficiency must first be taken 

into account. The use of !-actin as a normalizer gene produced high Ct values, ranging 

between 25 and 27, indicating a similar initial DNA concentration to the less highly-

expressed Egr-1. Additionally, small variances in !-actin gene expression compounded 

problems of low levels of experimental gene induction, and !-actin was therefore 

determined to be an unsuitable normalizing gene. Ywhaz was selected as a replacement 

normalizer gene due to its extremely stable expression in the rat brain and similar 

abundance to the genes studied here (Bonefeld, 2008). Ywhaz produced Ct values 

between 13 and 15 and generated improved standard curves compared to !-actin.

Induction of Egr-1 mRNA 30 minutes post-ECS

 This study used qPCR replication of samples from experimental conditions 

previously shown to strongly induce expression relative to controls to determine the 

sensitivity of the qPCR technique and determine gene induction at key points in 

plasticity. Immunocytochemical analysis of expression from these same experimental 

conditions help determine the cellular pattern of expression and serve as an internal 

control for expression. While qPCR measures the induction of mRNA and ICC measures 
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the induction of protein synthesis, the kinetics of these mechanisms of expression are 

related enough to provide a confirmation of induction.

 The induction of Egr-1 30 minutes post-ECS was compared against the work of 

Cole et. al (1990), which found an approximately four-fold induction when compared to a 

control brain. In situ hybridization and Northern blots of Egr-1 mRNA in the dentate 

gyrus of the hippocampus determined this level of induction. Subsequent analysis using 

qPCR in this study examined the same experimental conditions for generating the Egr-1 

induction. Although qPCR revealed a similar pattern of induction to the induction 

hypothesized based on the in situ hybridization, the level of induction was significantly 

lower, a 1.56±0.036 SEM fold-induction over the no ECS control (Figure 4).

 The immunocytochemistry performed on Egr-1 in the dentate gyrus of the 

hippocampus revealed the protein synthesis induced by 1 hour post-ECS (Figure 5). 

Although the no-ECS control sample showed some baseline Egr-1 staining, the ECS 

sample showed a much higher level of staining. Additionally, a clear pattern emerged as 

the neuronal cell bodies in the dentate gyrus revealed high levels of Egr-1 synthesis, 

whereas surrounding areas of the hippocampus showed very little Egr-1 synthesis.

Induction of GFAP mRNA 24 and 48 hours post-ECS

 The GFAP responses 24 and 48 hours post-ECS were compared against results 

generated by Steward (1994). The in situ hybridization of GFAP mRNA in the dentate 

gyrus of the hippocampus revealed a 4-fold induction 24 hours post-ECS and a 3.5-fold 

induction 48 hours post-ECS. qPCR analysis of from hippocampal tissues 24 and 48 
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hours post-ECS revealed a 1.78±0.011 SEM fold induction 24 hours post-ECS, and a 

1.65±0.11 SEM fold change 48 hours post-ECS (Figure 6). Though these data confirm a 

peak induction around 24 hours post-ECS followed by a slight decrease in mRNA 

expression at 48 hours, the levels of induction are again lower than the predictions based 

on the published in situ hybridization findings.

 The immunocytochemistry of GFAP in the dentate gyrus of the hippocampus 

revealed no noticeable change in the GFAP protein levels 24 or 48 hours post-ECS 

compared to the no-ECS control (Figure 7). The control sample revealed distinct 

astrocytic processes, present both in the dentate gyrus itself and the surrounding areas of 

the hippocampus. The ECS samples also revealed distinct astrocyte staining, with only a 

small increase in the intensity of astrocyte staining. While the mRNA levels were 

dramatically elevated in the qPCR sample, the immunocytochemistry shows very little 

protein induction.

Induction of VEGF and Kdr mRNA in the P13 and P16 rat brain

 Finally, the VEGF response utilized the developing postnatal rat brain as a 

positive control. Soluble VEGF was analyzed along with Kdr, the receptor sensitive to 

VEGF. Analyzing samples for both VEGF and its receptor allows for a more 

comprehensive analysis of the factors that may contribute to distinct periods of plasticity. 

Brains at postnatal day 13 and 16 (P13, P16) were compared against an adult rat brain 

control. Although Northern blots by Ogunshola et. al (2000) revealed little change 

between the postnatal and adult VEGF mRNA levels (Figure 8b), immunocytochemistry 

16



showed distinct bands of higher VEGF protein synthesis in specific levels of cortex 

(Figure 8a). To determine whether these bands of higher expression can be determined by 

qPCR, VEGF expression was analyzed in the P13 and P16 visual cortex compared to an 

adult visual cortex control (Figure 8c). In the P13 visual cortex, mRNA levels for the 

soluble VEGF protein decreased to 0.53±0.014 SEM fold level compared to the adult 

control, while the Kdr receptor mRNA showed a 1.81±.035 SEM fold increase. The P16 

visual cortex, however, revealed a 0.71±0.014 SEM fold decrease in soluble VEGF 

mRNA and a 2.10±0.035 SEM fold increase in Kdr receptor mRNA.

 Finally, the immunocytochemistry performed on VEGF revealed no specific 

staining in any sample. When compared to a no primary antibody control sample, the 

VEGF stains showed no increased staining in comparison to the low levels of staining 

due to the non-specific binding of the secondary antibody (data not shown).

Discussion

 In this study, qPCR was analyzed as a technique to profile the molecular 

regulation of cellular growth revealed in neuroanatomical data from studies using EC as a 

behavioral stimulus.  Using a set of three genes involved in the plasticity of neurons, 

astrocytes, and the vasculature, qPCR was tested to determine its sensitivity for detecting 

the genomic results of interactions among different cell types during plasticity. This 

sensitivity is a crucial determinant in detecting the subtle changes in gene expression 

associated with behavioral stimuli, so qPCR was analyzed against a benchmark induction 

as a positive control.
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Optimization of primers and qPCR technique

 The efficiency of the primers at amplifying the target sequence of DNA holds 

wide consequences for the ability to quantify gene induction consistently. Although many 

factors can interfere with the calculated primer efficiency, including impurities in the 

sample and improper pipetting technique, perhaps the factor with the greatest impact is 

the design of the primers themselves. This is of equal importance to the choice of marker 

gene; only if the primer amplifies the target sequence of DNA correctly can it be used to 

quantify levels of induction.

 Although !-actin was first used as the normalizer gene, due to its abundance and 

high levels of expression, it was quickly determined to be an ineffective normalizer. Its 

primary problems were efficiency values outside of the accurate range and an 

unexpectedly high Ct value. A higher Ct value indicates a lower concentration of DNA in 

the sample, and with !-actin reaching threshold at a similar Ct to much lower expressed 

genes as Egr-1, the !-actin primer was clearly not optimized. Likely, the design of the 

primer was faulty, leading to inefficient annealing to the target sequence, inaccurate 

efficiency calculations and a much higher Ct count. The use of Ywhaz as a normalizer 

gene, however, solved this issue, revealing the importance of proper primer design and 

choice of normalizer gene to generate accurate and quantifiable qPCR results.

 Additionally, mRNA degradation can contribute to perceived low levels of gene 

induction, simply due to the fact that the original level of mRNA has been decreased. 

While mRNA purities immediately following isolation were within usable limits and 
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cDNA syntheses were carried out on ice, the sensitivity of mRNA to rapid degradation 

may have played a role in the gene induction values lower than benchmark induction 

would predict. To ensure the purity of RNA, a Northern blot could confirm the presence 

of mRNA of similar length to the target in the sample. Additionally, using automated 

capillary electrophoresis assesses RNA integrity with highly reproducible results (Becker 

et. al, 2010).

Spatial dilution of gene induction

 As is clear from the in situ hybridization data of Egr-1 and GFAP from Cole et. al 

(1990) and Steward (1994), localization of mRNA induction is very specific. Egr-1 and 

GFAP are expressed at higher levels in the dentate gyrus of the hippocampus, but the 

surrounding tissue maintains a relatively stable level of expression. The 

immunocytochemistry performed in this study corroborates this, revealing the 

localization of protein synthesis of Egr-1 and GFAP distinctly in the dentate gyrus as 

well. These data taken together imply that the entire induction process from mRNA to 

protein synthesis takes place predominantly in the dentate gyrus, with little induction 

occurring in the surrounding hippocampus.

 This localization of induction affected the accurate quantification of mRNA with 

the qPCR technique. For Egr-1 and GFAP, the two plasticity marker genes for which 

specific predictions were generated based on published mRNA quantitations, a general 

pattern of qPCR quantification emerged. Each supported the general trend of induction 

shown in the in situ hybridization data, with an induction of Egr-1 one hour post-ECS and 
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a strong GFAP induction 24 hours post-ECS with a smaller induction 48 hours post-ECS. 

However, the levels of expression determined with qPCR were consistently less than the 

predicted levels of induction based on the in situ hybridization.

 Spatial dilution of gene induction provides a potential explanation for this 

dampening of expression levels. The predictions for the qPCR quantification were based 

on in situ hybridization, where levels of induction were calculated via optical density. In 

essence, the brightness of the image is compared against the brightness of a control, 

typically at the brightest region of the image. In this case, the dentate gyrus alone was 

compared in the control and experimental samples. Thus, quantification of mRNA via 

this method determines the level of induction in the dentate gyrus. The surrounding 

tissue, which does not reveal the same level of induction, does not play into the 

quantification.

 While qPCR is able to remove the effects of other cell types by amplifying only 

cDNA that matches the designed primers, it cannot differentiate among cells of the same 

type. qPCR quantifies gene induction for the entirety of the tissue sample which is used 

to generate the cDNA. The hippocampal samples used in qPCR included the entirety of 

the hippocampus, not simply the dentate gyrus. It is not only those neurons that reveal the 

highest amounts of gene induction that are assayed; rather, the average induction of all 

cells in the sample is quantified.

 If cells of the same type have a smaller induction of the gene in question, it will 

affect the quantification. For the sake of illustration, imagine a quantification of the 

mRNA of two individual cells of the same type. In the control sample, each cell has one 
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unit of target mRNA sequence. In the experimental condition, one cell is induced to a 

four-fold level of induction, with four units of mRNA, but the second cell only shows a 

1.5-fold induction, with 1.5 units of mRNA. qPCR will quantify the amount of mRNA in 

the entire sample, so quantification would reveal 5.5 units of mRNA for these two cells, 

or a total 2.75-fold induction per cell. In contrast, if only the cell showing the greatest 

level of induction was used, the quantification would reveal a four-fold induction.

 This simplified example reveals the problem of spatial dilution. In samples where 

gene induction is constant across the entire sampled tissue, the quantification would be 

unaffected. However, with the specific localization of gene expression in the dentate 

gyrus, using the entirety of the hippocampus will dilute the quantified level of induction. 

Whereas in situ hybridization is able to assess the induction of a specific region of the 

hippocampus, qPCR quantifies the average induction. Perhaps due to this spatial dilution 

of gene induction, qPCR did not match the predicted quantifications based on in situ 

hybridization. While the maintained pattern of induction speaks for the qualitative 

assessment of induction, qPCR may not accurately reveal induction in samples where 

only a subset of cells reveals the majority of induction.

Differences in soluble VEGF and receptor gene induction in P13 and P16 rats

 When analyzing plasticity mechanisms and the roles of various markers in those 

mechanisms, it is difficult to isolate one gene that accurately represents an induction of 

plasticity as a whole. In complex systems of plasticity such as angiogenesis, where 

different types of plasticity occur in different phases of development, the use of one 
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marker molecule becomes even more difficult. This complexity is evident in the qPCR 

data for soluble VEGF (sVEGF) and Kdr, the membrane receptor responsive to VEGF. 

mRNA levels for VEGF were difficult to predict, for while the Western blot data 

generated by Ogunshola et. al (2000) revealed a lower level of VEGF mRNA in P13 and 

P16 rat brain, there are bands of neuronal expression of VEGF during developmental 

periods in the postnatal rat cortex. The qPCR data confirmed this lower level of VEGF 

mRNA expression compared to an adult control, but the Kdr receptor mRNA was 

significantly higher in P13 and P16 cortex than the adult.

 This decrease of signaling molecule expression with an increase of receptor 

expression may be distinctive of this period of angiogenesis in the brain. By increasing 

the number of membrane-bound receptors while the levels of the signaling molecule are 

at reduced levels may be a way for the system to fine tune its sensitivity. Essentially, the 

cells expressing more Kdr receptor domains have a higher sensitivity to VEGF, which 

could generate a specific response to VEGF at this particular period of development. In 

this way, systems can modulate the response to a given signaling molecule depending on 

the type of plasticity required. With a marker as complex as VEGF, simply examining 

total mRNA levels may not be enough to determine vascular plasticity. Instead, a more 

comprehensive consideration of the plasticity pathway as a whole may be required to 

fully analyze angiogenesis in the brain during periods of development.
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Protein synthesis confirmations of gene induction and intracellular spatial interactions

 The immunocytochemistry data largely confirms that the induced genes are 

subsequently transcribed into protein. Egr-1, in particular, shows a drastic increase of 

protein expression in the dentate gyrus, indicating the low baseline levels of Egr-1 protein 

needed in the cell. GFAP, however, shows little change in astrocytic staining between the 

adult control and the 1 hour post-ECS tissue. Likely, this is due to the role of GFAP; as a 

structural protein, it is present even during times of little astrocytic plasticity. When large 

amounts of GFAP protein are needed for expansion of the astrocytic process, the genes 

can be induced to a greater level, but the higher baseline values ensure that enough 

GFAP is present to maintain the cytoskeleton of the astrocyte. This is apparent in the 

immunocytochemistry stain of GFAP, where any increase in GFAP protein is masked by 

the pre-existing levels of protein.

 Additionally, the Egr-1 and GFAP immunocytochemistry stains confirm the 

specific localization of protein synthesis and gene induction. Confirming the results of 

Cole et. al (1990) and Steward (1994), the largest regions of protein synthesis occur in 

the dentate gyrus of the hippocampus.

 The lack of antibody staining in the VEGF immunocytochemistry is likely due to 

no binding of the primary antibody. The tissues stained in the absence of primary 

antibody are indistinguishable from those stained without primary antibody, revealing 

that the entirety of the staining is the baseline, non-specific binding of the secondary 

antibody. That the problem lies with the primary antibody is supported by the triple-
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labeled fluorescent image, which also revealed no VEGF staining with a different 

secondary antibody.

 However, the triple-labeled fluorescent image for GFAP, VEGF, and DAPI (which 

stains neuronal cell bodies) still reveals the critical spatial interactions between neurons 

and astrocytes that is necessary for normal brain function and development (Figure 9). 

This staining for neuronal cell bodies and astrocytic processes provides insight into their 

social cell biology. Of particular note is the tiling of the astrocytes, no part of the neuropil 

is devoid of astrocytic processes. By insuring astrocytes invade the entirety of the brain, 

an equivalent level of metabolic support is delivered across a wide area, emphasizing 

astrocytic efficiency at delivering metabolic and synaptic support to neurons.. With an 

increase in neuronal and synaptic activity, astrocytes would be required to provide more 

metabolic support for more active neurons and a greater volume of neuropil. The 

structural modifications to maintain this support hinge on the interactions among these 

cell types. Multiple labeling is also a natural extension of the qPCR technique. While 

single-labeled immunocytochemistry is valuable to confirm the cellular localization of 

one gene, multiple labeling allows for localization of several genes at once. Just as qPCR 

is able to analyze the levels of induction of multiple genes in one sample, multiple-

labeled fluorescence images are able to localize the resulting protein inductions in one 

tissue sample. As plasticity is dependent upon complex interactions between different cell 

types and with different localizations, pairing qPCR with multiple-labeled fluorescence 

images could allow for a more complete picture of critical stages of plasticity.
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Assessment of qPCR as a candidate technique

 The potential power of qPCR to accurately quantify levels of gene expression is 

undisputed. The ability to measure expression levels of multiple genes in one sample 

allows for a specific analysis of individual tissues, allowing for a detailed examination of 

how multiple genes respond to the same stimuli. However, this technique can only be 

used if it generates accurate and repeatable quantifications. Certainly, this study has 

shown that qPCR can reproduce the trends of gene induction found in the literature, but 

the levels of induction were consistently lower than mRNA levels quantified through in 

situ hybridization.

 As discussed above, one explanation for this is the spatial dilution of the 

induction. In future studies, a solution could use a micro-dissection technique when 

isolating the hippocampal tissue for use in the qPCR reaction. Rather than dissecting the 

whole hippocampus or a cross-section of the hippocampus, isolating the dentate gyrus 

could decrease the amount of non-inducing neurons and maximize the perceived level of 

induction. This technique could provide results similar to the quantifications generated by 

in situ hybridization. It may also provide more discerning results for an EC/IC 

experiment, which would likely have smaller levels of induction than the widespread 

induction created by ECS.
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Figures and Legends

Table 1: Gene markers of plasticityTable 1: Gene markers of plasticityTable 1: Gene markers of plasticity

Cell type

Working onset 
of plasticity 
marker Function

Neurons Egr-1 Immediate-early gene transcription 
factor induced by NMDA receptor 
activation

Astrocytes GFAP Astrocyte-specific protein used for 
structural support and maintenance of 
cell shape

Endothelium 
(Vasculature)

VEGF Soluble growth factor expressed by 
neurons and astrocytes that induces 
capillary growth

Table 2: Primer sequences used with quantitative PCRTable 2: Primer sequences used with quantitative PCR
Gene symbol Gene name Primer sequence
!-actin !-actin (+) cttaggtatggaatcctgtg

(-) aatgatctgaagaaagcaag
Ywhaz Tyrosine 3-monooxygenase/tryptophan, 5-

monooxygenase activation protein, zeta
(+) ttgagcagaagacggaaggt
(-) gaagcattggggatcaagaa

Egr-1 Early growth response 1 (+) agcgaacaaccctatgagcac
(-) tcgtttggctgggataactcg

GFAP Glial fibrillary acidic protein (+) tcggccagttaccaggagg
(-) atggtgatgcggttttcttcg

sVEGF Vascular endothelial growth factor (+) tacctccaccatgccaagt
(-) ctcctggaagatgtccacc

Kdr Kinase insert domain protein receptor (+) ctttgtgtgttgggatgggtg
(-) acaggcaacatgctcacttcca
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Figure 1     Metabolic shortage created by expansion of synaptic circuits drives the 
expansion of blood supply. The environmental complexity paradigm evokes robust 
morphological changes in the rat brain across multiple cell types. a) After 4 days of EC, neurons 
and astrocytes show an increase in cellular volume, but creates a metabolic shortage, b) By 30 
days of EC, neurons and astrocytes show even greater morphological plasticity, but increased 
angiogenesis has not only restored homeostasis but generated a greater vascular supply than 
before. Image courtesy Kolb and Whishaw (2000:515), generated from previously published data 
(Turner & Greenough, 1985; Sirevaag & Greenough, 1987; Kolb et. al, 2003; Wallace et. al, 
1992, Jones et. al, 1996).
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Figure 2     Hypothetical timeline of the onset of neuronal, astrocytic, and vascular plasticity 
based on cell-type specific changes during 30 days EC. Plasticity for each cell type peaks 
during a distinct period following stimuli. Neuronal plasticity, marked by the transcription factor 
NGFI-A, occurs within minutes of the behavioral stimulus. Astrocytes show peak plasticity 24-48 
hours post-stimulus, marked by the structural protein GFAP. Plasticity in vascular endothelial 
cells is marked by the soluble growth factor VEGF, but do not begin to show a response to 
stimulus until 10 days post-stimulus. This response continues through 30 days post-stimulus, and 
represents one of the latest but longest-lasting morphological changes. Additionally, each growth 
mechanism is dependent on the expression of a marker gene product, denoted by asterisks in the 
figure. These marker genes connect a genomic analysis of plasticity to morphological changes in 
the brain.
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Figure 3     Experimental workflow for the present study. This study approaches the 
examination of molecular markers of plasticity through two branches of analysis. Tissues from 
the rat visual cortex and hippocampus are used for quantitative PCR (qPCR) as well as 
immunocytochemistry (ICC). This two-pronged plan allows for a quantitative molecular 
determination of gene induction using qPCR and a confirmation of cellular localization using 
ICC.
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Figure 4     Induction of Egr-1 30 minutes post-ECS in rat hippocampus. (a) Dark-field 
autoradiograms from Cole et. al (1990), with white regions indicating cells expression a high 
level of zif/268 (Egr-1). Within the hippocampal formation, expression is dramatically elevated in 
granule cells of the dentate gyrus in the ECS sample (right), and less elevated in CA1. (b) 
Northern blot of zif/268 (Egr-1) mRNA from hippocampal homogenate, demonstrating that 
expression is undetectable in non-stimulated controls, while strongly induced withing 30 minutes 
of ECS. (c) Graph of predicted 4-fold induction based on above data from Cole et. al (1990). (d) 
Although the pattern of induction matched the prediction, actual induction of Egr-1 was shown to 
be only 1.6-fold higher than a no ECS control. p* = .025
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Figure 5     Localization of Egr-1 protein expression in rat hippocampus. 50 "m sections 
stained for Egr-1 via immunocytochemistry reveal the specific localization of Egr-1 1 hour post-
ECS in the dentate gyrus of the hippocampus. (a) The no ECS control shows some baseline 
staining present in the dentate gyrus for Egr-1 protein, but the ECS-induced brain (b) reveals a 
dramatic increase in Egr-1 protein expression. However, while the neurons within this particular 
subregion of the hippocampus reveal increased expression, surrounding areas of the hippocampus 
show very little induction of Egr-1. Scale bar, 500 "m.
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Figure 6     Induction of GFAP 24 and 48 hours post-ECS in rat hippocampus. (a) Dark-field 
autoradiograms from Steward (1994), with white regions indicating increased expression of 
GFAP mRNA. Within the hippocampal formation, induction is distinctly higher in the dentate 
gyrus of the ECS brain (right). (b) Quantitative analysis of in situ hybridization performed by 
Steward (1994), indicating the dramatic increase in average grain density in the molecular layer 
of the dentate gyrus of the hippocampus. (c) Graph of predicted 4-fold induction of GFAP 24 
hours post-ECS and 3.5-fold induction 48 hours post-ECS based on above data from Steward 
(1994). (d) mRNA fold-induction from qPCR of GFAP. While the pattern of induction again 
matched the prediction, actual induction was significantly lower than expected. GFAP levels were 
1.78-fold higher 24 hours post-ECS, and 1.65-fold higher 48 hours post-ECS. p* = .017
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Figure 7     Localization of GFAP protein expression in rat hippocampus. 50 "m sections 
stained for GFAP via immunocytochemistry show the expression of GFAP in the hippocampus in 
(a) a no ECS control sample and (b) a 48 hour post-ECS sample. Both the control and ECS 
samples reveal distinct staining of astrocytes in the dentate gyrus. The control sample shows 
constitutive expression of GFAP protein, with no noticeable increase in staining density in the 
ECS sample, leading to an apparently larger induction in GFAP mRNA than protein. Scale bar, 
500 "m.

36



Figure 8     Induction of VEGF and Kdr in P13 and P16 rat visual cortex. (a) 
Immunocytochemistry for VEGF in (A) P3, (B) P8, and (C) P24 cortex performed by Ogunshola 
et. al (2000), showing a distinct banding pattern in P3 and P8 samples that fades by P24. (b) 
Western blot analysis of VEGF in rat cortex from P3 to P33 performed by Ogunshola et. al 
(2000), showing lower VEGF mRNA levels at earlier stages of development that increase by P24. 
(c) qPCR quantification of VEGF (blue) confirms the expectations based on the Western blot 
data, showing a decrease to 0.53 in P13 rats and a decrease to 0.71 in P16 rats when compared to 
adult control. However, the receptor for VEGF, Kdr (red), shows significant increases in 
expression in the same brains, with a 1.8-fold increase at P13 and a 2.1-fold increase in P16. 
p** < 0.001
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Figure 9     Spatial interactions of neurons and astrocytes in the rat hippocampus. 
Fluorescent labeling of neurons (blue) and astrocytes (green) in the CA1 region of the rat 
hippocampus reveals the complex intracellular spatial interactions. The astrocytes tile with one 
another, covering the entire area of neuropil with astrocytic processes. This allows all neurons 
interactions with at least one astrocytic process, ensuring consistent neuronal metabolic support 
and emphasizing the relationship between neurons and glia. Staining for multiple markers at once 
provides a way of localizing cell type-specific markers of the onset of plasticity in a social 
biological context. Scale bar, 500 µm.
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