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Abstract

The Effect of Immune Function on Neurogenesis

By Megan Ann Mendoza

Neurogenesis is the phenomenon in which the brain produces new neurons. Neurons, which are located in the brain and spinal cord, are especially important to an organism’s function, as they allow for communication and information processing. Although the exact function of neurogenesis is unclear, recent studies suggest its importance in learning and memory. As a whole, our lab investigates the factors that can affect neurogenesis, such as environment and behavior. My study specifically looked at how the immune system of an organism could affect adult neurogenesis. We chose to look at immune function because many studies have linked immunocompetence to neurogenesis in vertebrate animals; it is our goal to investigate this relationship in an invertebrate model, the house cricket Acheta domesticus. To activate the immune system, we injected experimental crickets with bacterial lipopolysaccharide (LPS). We compared immune activity and neurogenesis between experimental and control crickets. The cricket model was chosen because crickets have relatively simple immune and nervous systems which are easy to manipulate. Going further, they also have adult neurogenesis in brain regions functionally similar to those of mammals. We found that crickets treated with LPS exhibit a change in immune function, as shown by a decrease in phenoloxidase (an enzyme important in insect immune function) activity levels, a decrease in survival rate, and an increase in nodule number and size. We found inconclusive results on the effect of LPS injection on neurogenesis due to low sample sizes.
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Background


One of the most important regulatory systems in the body is the nervous system, which is comprised of specialized cells called neurons. Neurons, which are located in the brain and spinal cord, are integral in transmitting and processing information within the body. Neurogenesis is the process of producing new brain neurons from progenitor cells. As reviewed in Ming and Song (2005), this process occurs in discrete areas of the adult brain. Although the exact function of neurogenesis is unclear, it may have implications in learning and memory formation. This is speculated because neurogenesis occurs in the hippocampal regions of the brain, which are especially important in these processes (Ziv and Schwartz, 2007). Additionally, neurogenesis may be linked to an organism’s immune system; specifically, immune function has been suggested to have a role in regulating neurogenesis. Both Parkinson’s disease and Alzheimer’s disease have been associated with inflammation, as reviewed in Lee et al. (2009) and Tuppo and Arias (2005). Going further, as reviewed in Das and Basu (2008), studies have shown that mice with Parkinson’s disease and Alzheimer’s disease display increased neurogenesis, suggesting that the brain has the ability to produce new neurons to counteract neurodegeneration and stay healthy. These studies combined show how the immune system may be linked to neurogenesis. A deeper understanding of how immune function influences adult neurogenesis may provide insight into possible treatments for neurodegenerative diseases.


A highly investigated topic in science today is neurogenesis in vertebrates. As reviewed in Chapouton et al. (2007), there are two specific areas of the adult mammalian brain that may participate in neurogenesis: the subventricular zone (SVZ) of the lateral ventricles as well as the subgranular zone (SGZ) of the dentate gyrus of the hippocampus. Consequently, neurogenesis has the potential to influence, or be influenced by, the biological processes linked to these specific regions of the brain. In the subventricular zone, newborn neurons account for about 10% of the cells in the SVZ and they have the ability to travel to the olfactory bulb of the organism (Bakirci et al., 2011). One study found that sepsis induced by cecal ligation and puncture increased neurogenesis in the SVZ region of the lateral ventricle (Bakirci et al., 2011). On the other hand, the dentate gyrus subregion of the hippocampus is known to be involved in cognition and mood regulation (Sahay et al., 2011). Recent research has shown that increased neurogenesis in the hippocampal regions of vertebrates may improve memory. For example, one study found that when adult hippocampal neurogenesis was stimulated in mice, the mice exhibited an enhanced ability to distinguish between patterns compared to control mice (Sahay et al., 2011). Similarly, Jessberger et al. (2009) found that adult mice with inhibited neurogenesis in the dentate gyrus had reduced spatial and object recognition memory compared to control mice. As shown by these findings, the occurrence of neurogenesis in these discrete brain regions in vertebrates has many implications for an organisms’ functioning. Consequently, there is increased interest in what specific factors regulate neurogenesis. Over the years, a specific focus of study has developed concerning how the immune system of a vertebrate animal may influence neurogenesis.


Many studies have been done on vertebrate animals regarding the linkage between the immune system and the amount of adult neurogenesis in the brain. Specifically, much of this research has focused on neurogenesis in the hippocampal regions of the animal brain, and has found that a decrease in immune function can impair adult neurogenesis. As reviewed in Ziv and Shwartz (2008), mice with a deficient immune system, specifically mice devoid of mature T cells, displayed decreased neurogenesis in the hippocampus. Going further, this neurogenesis impairment could be partially re-established by rebuilding the immune system (Ziv and Schwartz, 2008). In a separate study, researchers induced systemic inflammation in adult female rats by injecting them with bacterial lipopolysaccharide (LPS) (Monje et al., 2003). They found that rats with this induced inflammation displayed a 35% decrease in hippocampal neurogenesis, further supporting the linkage between immune system activation and decreased neurogenesis (Monje et al., 2003). In a third study, Das and Basu (2008) investigated how neuroinflammation induced by Japanese encephalitis virus (JEV) affects neurogenesis. They found that JEV infection decreased the number of actively proliferating neural progenitor cells in mice (Das and Basu, 2008). The combination of these three studies suggests that immune function may regulate neurogenesis in vertebrate animals. While there have been many studies done on immune function and neurogenesis in vertebrate animals, much less is known about this linkage in invertebrate animals. Most of the current research done on invertebrates only elucidates the basic process of neurogenesis, and does not specify immune function as a factor in its regulation.

While neurogenesis has been characterized to occur in specific areas of the brain in vertebrates, the same phenomenon has been found to occur in invertebrates. For example, adult neurogenesis is displayed in decapod crustaceans in the two optic lobes of the brain and in the central olfactory pathway (Schmidt, 2007). A second animal model that has been used to study invertebrate neurogenesis is the cricket. The site of adult neurogenesis in the cricket is the mushroom bodies of the brain; this region is considered the main integrative center of the brain and is sometimes referred to as the “intelligence center” (Cayre et al., 2007). The mushroom bodies are composed of interneurons named Kenyon cells, and each contains a cluster of neuroblasts which continuously generate new interneurons (Cayre et al., 2007). Although the precise role of neurogenesis in invertebrates is unclear, some studies have suggested it contributes to learning and memory. For example, one study suppressed adult neurogenesis in crickets and studied its effect on the organism’s ability to learn. Results showed that crickets with suppressed neurogenesis displayed delayed learning and an impairment in retention (Scotto-Lomassese et al., 2003). The fact that neurogenesis in the mushroom bodies has the ability to affect learning and memory suggests that the mushroom bodies of insects may be analogous to the hippocampus of vertebrates, as the hippocampus also exhibits neurogenesis and is also associated with learning and memory processes (see above). 
Research has been done on the factors that affect neurogenesis in crickets. Scotto-Lomassese et al. (2000) found that the amount of environmental stimuli a cricket experiences affects the amount of neurogenesis; they found that crickets raised in an enhanced environment, which included visual, auditory, and olfactory stimuli, showed increased mushroom body neurogenesis (Scotto-Lomassese et al., 2000). Going further, our own lab has performed research to shed light upon factors influencing adult neurogenesis in crickets. When two male crickets participate in an agnostic fight, there is subsequent establishment of dominance and subordinance between the two crickets. It was found that the act of fighting and establishing social status could increase cricket adult neurogenesis (Ghosal et al., 2009). There are two ways to quantify neurogenesis: proliferation of newborn neurons and survival of newborn neurons. It was found that while newborn cell proliferation was not affected, newborn cell survival was significantly increased in dominant male crickets (Ghosal et al, 2009). This finding suggests that an internal factor within the cricket may play a role in enhancing neurogenesis, specifically by increasing neuron survival. Our lab has hypothesized that this internal “survival” signal may involve the immune system of the cricket.

In many organisms, the immune system can be broken down into two categories: innate immunity, which provides an immediate but non-specific response, and adaptive immunity, which provides a specific, learned response to each pathogen. As reviewed in Castilla et al. (2011), insects, including crickets, only possess innate immunity to fight against pathogens and parasites. One aspect of this innate immune system includes hemocytes, which are cells that circulate throughout the body and play a role in encapsulation and phagocytosis of pathogens (Lavine and Strand, 2002). A second mechanism of the insect immune system is melanization of pathogens within the organism’s body. This melanization occurs after a cascade of reactions, as shown in Figure 1, is initiated. To begin, the immune challenge stimulates the phenoloxidase activation enzyme (PAE), which converts the inactive enzyme prophenoloxidase (ProPO) to its active form phenoloxidase (PO). PO, which is found in the blood, then converts tyrosine to L-3,4-dihydroxyphenylalanine (L-DOPA) (Christensen et al., 2005; Huang et al., 2005). At this point in the cascade, L-DOPA can proceed in two directions: it may stay in the blood or go to the brain. When L-DOPA remains in the blood, it is eventually converted into melanin, a brown-black pigment known to encapsulate threatening pathogens to maintain an insect’s health (Christensen et al., 2005; Huang et al., 2005). When L-DOPA travels to the brain, it may be converted into dopamine (Nagy and Hiripi, 2002). Dopamine is an extremely important brain neurotransmitter that may promote neurogenesis in vertebrates (Hoglinger et al., 2004). Therefore, the ability of L-DOPA to travel from the blood to the brain may connect immune and brain processes.

Our lab has hypothesized that the change in neurogenesis that follows an agnostic fight may be due to a “cell survival signal” within the cricket’s immune system. Although much research has been done relating the immune system and neurogenesis in vertebrate animals, no studies have been performed looking at this relationship in insects. However, literature exists concerning the immune system’s effects on the behavior of an organism, such as their sexual, motor and territorial activities. For example, one study found that male beetles exposed to a single immune challenge displayed a decrease in locomotor activity and a reduced sexual attractiveness (Krams et al., 2011). In a separate study, Rantala et al. (2010) found that male damselflies with an activated immune system exhibited less territorial behavior. Based on this suggested correlation between immune function and behavior, we hypothesized that immune function may also affect the brain since the brain controls behavior. In my specific study, I used neurogenesis in the adult cricket brain as the model brain mechanism to investigate how the direct activation of the immune system can affect the brain. My overall hypothesis was that an immune challenge, specifically an injection of bacterial lipopolysaccharide (LPS), would increase PO activity as well as the amount of neurogenesis. Crickets were used as the model organism because crickets are relatively simple to manipulate, yet share remarkably similar mechanisms with more complex animals, including mammals.


My first aim was to investigate how the immune challenge of LPS could alter immune responses, as measured by changes in the enzyme PO, in our cricket model. Studies have shown that an insect’s immune response can be induced by bacterial lipopolysaccharide (LPS), a molecule found on bacteria’s outer membrane (Jacot et al., 2004; Shoemaker and Adamo, 2007). Thus, in this aim, I hypothesized that crickets treated with LPS would have a higher level of immune activity than crickets not treated with LPS. I measured immune function through multiple means. First, PO enzyme activity was quantified with an assay; higher PO activity is directly correlated with higher immune function. It is important to note that although PO does not directly produce melanin, it plays a significant role by initiating the cascade and is therefore used as the medium with which to measure the cascade’s activity (Christensen et al., 2005). PO activity was evaluated by measuring the color change of a cricket’s blood sample with a spectrophotometer. Several dark colored products are produced in the immune cascade (such as melanin), and absorbance readings indicate the amount of PO activity from the cascade; essentially, a darker color signifies a higher level of PO activity and a higher level of immune activity. The second way I quantified immune function was by the nodulation response a cricket exhibited. When the immune cascade is employed and melanin is eventually produced, the insect can perform encapsulation by melanin deposition against pathogens and parasites (Falabella et al., 2012). Once these foreign invaders are melanized and become ‘nodules,’ it is possible to count and measure these nodules upon dissection of the cricket body. Thus, I compared the number and sizes of nodules between crickets injected with LPS to crickets not injected with LPS. The last way I measured immune function was by recording the survival of crickets treated with LPS compared to crickets not treated with LPS. Seeing a difference in survival rates between treatment and control groups supported the hypothesis that LPS injections induce an immune response in crickets. 


My second aim was to determine if immune system activation by LPS increased neurogenesis. Specifically, I quantified neurogenesis by focusing on the survival of new neurons as opposed to proliferation of newborn neurons. Dopamine may play a significant role in promoting adult neurogenesis (Hoglinger et al., 2004). I predicted that LPS would activate the immune system and cause an increase of L-DOPA production (which can enter the brain). This increase in L-DOPA production would increase dopamine levels in the blood and brain; this increase in dopamine levels in the brain would encourage neurogenesis. Thus, in this aim, I hypothesized that crickets injected with LPS would have a greater degree of neurogenesis than crickets not injected with LPS. To test this hypothesis, I compared neurogenesis rates between crickets with higher immune function (injected with LPS) to those with a lower immune function (injected with a control solution). Immune function was quantified by the PO assay. The rate of neurogenesis was analyzed with immunocytochemistry, in which crickets were injected with a thymidine analog called bromodeoxyuridine (BrdU). BrdU becomes incorporated into the DNA of mitotic cells and can thus be used as a marker to label new born adult neurons. Crickets were sacrificed and their brains were dissected and sectioned. The sections were treated with fluorescently labeled antibodies that were used to locate the newborn neurons containing BrdU and horseradish peroxidase (HRP). While BrdU labels for a newborn adult brain cell, HRP labels newborn cells that have differentiated to become neurons (see Ghosal et al., 2009). I specifically focused on quantifying neurogenesis by newborn cell survival, as our lab has found that agnostic behavior affects only newborn cell survival, not newborn cell proliferation (Ghosal et al., 2009). Using a confocal microscope, I was able to determine the rate of neurogenesis by counting the number of fluorescently double-labeled neurons for each cricket. I predicted that crickets injected with LPS would have more new brain neurons than those crickets not injected with LPS. All work was done in collaboration with Michael Schmees and Heather Bryner.


While studying immune function and neurogenesis in crickets, my overall hypothesis was that an LPS immune challenge would increase cricket immune activity and increase neurogenesis. I found that crickets injected with LPS displayed elevated immune activity compared to control crickets, as shown by a decrease in PO levels, a decrease in survival rate, and an increase in nodulation number and size. Due to low sample sizes, I could not come to any conclusions on how an LPS injection may affect adult neurogenesis in the cricket.

Methods

Animals


Acheta domesticus crickets were purchased as immature crickets from Fluker’s Cricket Farm, Port Allen, LA, USA. The immature crickets were then placed and maintained in large plastic containers in groups of approximately fifty males and females. Crickets were allowed to reach adulthood (10th instar or D1), then males and females with all body parts intact were placed into separate clear plastic deli containers (11 cm wide by 8 cm high). Crickets were fed laboratory rat chow and water ad libitum. The housing environment was set at 29ºC in a 12h:12h light/dark cycle (lights on at 6:00am). At 9-12 days past the adult molt (D9-D12), male crickets were selected for experimentation.

AIM 1: EFFECTS OF LPS CHALLENGE ON IMMUNE FUNCTION

Experimental Design


To perform the Phenoloxidase Enzyme (PO) Assay, crickets had a hemolymph sample taken on day 1 to obtain basal PO enzyme activity levels. Immediately after hemolymph withdrawal, crickets were given an injection of either saline, LPS from Serratia marcescens, or LPS from Escherichia coli. As shown in Figure 2A, crickets had a second hemolymph sample taken for a second PO assay and were immediately sacrificed on either day 2 (saline, n=34; S. marcescens, n = 34; E. coli, n=32), day 7 (saline, n=20; S. marcescens, n=19; E. coli, n=14), or day 14 (saline, n=14; S. marcescens, n=13; E. coli, n=13). A Bradford protein assay was performed on a portion of each hemolymph sample as well (see below).


In the nodulation assay, we used a time course very similar to the time course for our PO assay, as shown in Figure 2B. On day 1, crickets were injected with either saline, LPS from S. marcescens, LPS from E. coli, or were used as non-injected controls. Crickets were then sacrificed and dissected for nodules on either day 2 (saline, n=11; S. marcescens, n=9; E. coli, n=10; non-injected, n=4), day 7 (saline, n=15; S. marcescens, n=14; E. coli, n=18; non-injected, n=9), or day 14 (saline, n=9; S. marcescens, n=12; E. coli, n=10; non-injected, n=7). Dissection of nodules included counting the number of nodules present as well as measuring the sizes of nodules.


To complete the survival assay, cricket body weight was taken on day 1. Immediately following, crickets were injected with either saline (n=33), LPS from S. marcescens (n=35), LPS from E. coli (n=36), or were used as non-injected controls (n=29). As shown in Figure 2C, crickets were then evaluated to determine if they were alive or dead and for body weight on days 3, 6, 9, 12, 15, 18, and 21.

Injections


Male crickets were anesthetized on ice between 5 and 10 min and body weight was recorded. Males were injected with 10 μl of cricket physiological saline, 100 μg of LPS from S. marcescens or 50 μg of LPS from E. coli. Both the S. marcescens and E. coli LPS were dissolved in saline. 

Phenoloxidase Enzyme Assay/Bradford Assay


The PO Enzyme Assay served as an index of immune system activity. Measurement of phenoloxidase activity was evaluated using a protocol modified from Adamo et al. (2004). Crickets were divided into three groups: those injected with saline, with LPS from S. marcescens, or with LPS from E. coli. Levels of PO were measured at three different time points: 24h after injection (day 2), 7d after injection (day 7), and 14d after injection (day 14).

The PO Enzyme Activity Assay was done using the following methodology. Using a microcapillary tube, 3 μl of hemolymph was taken from each cricket on day 1 to obtain basal PO readings. The 3 μl blood sample was added to 147 μl of phosphate buffer saline (PBS) (Sigma, pH 7.3) to make a total of a 150 μl mixture. The mixture was immediately vortexed. Injections were performed as described above. The first 50 μl of the blood/PBS mixture was used for the PO Enzyme Assay, the second 50 μl of the blood/PBS mixture was used as a duplicate for the PO Enzyme Assay, and the third 50 μl of the blood/PBS mixture was stored at -20ºC for later Bradford Protein Assay.

Each 50 μl of the blood/PBS mixture was transferred to a 1.5 ml cuvette. To activate all the PO enzyme present in the blood, 70 μl of bovine pancreas α-chymotrypsin (Sigma, 1.3 mg/ml) was added to each cuvette. Chymotrypsin must be added to the mixture because basal PO levels are below the spectrophotometer’s limit of detection. The samples were incubated for 20 min at room temperature. Next, 600 μl of L-DOPA (Sigma), the substrate for PO enzyme, was added to each cuvette and an absorbance reading was taken immediately at λ490 nm; this measurement was recorded as “time 0”. Absorbance was measured at times 0, 8, 15, 22, 30, 45, and 60 min. Cuvettes that function as ‘blanks’ were also made, and contained 50 μl PBS, 70 μl chymotrypsin, and 600 μl L-DOPA, but no blood. The spectrophotometer was first ‘zeroed’ with the blank and then the absorption of each blood sample mixture was measured. To quantify PO enzyme activity, I graphed the data as a line graph and took the slope of the line between the 8 and 30 min readings; this portion was analyzed because it is the most linear region of the slope of enzyme activity. At day 2 (D2), day 7 (D7), or day 14 (D14), the same methodology was employed to obtain a second PO reading from each cricket. Each cricket was sacrificed on the day that the second blood sample was removed. Thus only two blood sample readings were performed on each cricket, i.e. Basal and D2; Basal and D7; or Basal and D14.


The Bradford Protein Assay was used to measure protein concentration in the hemolymph sample, which ensured that any change in PO activity was not due to a change in protein. Using the remaining 50 μl of the blood/PBS mixture from the PO Enzyme Assay, 15 μl of this blood/PBS mixture was placed into a 1.5 ml cuvette. Next, 750 μl of Bradford Reagent (Sigma) was added to each cuvette and the cuvette was vortexed. The protein-Bradford complex was then allowed to incubate for 30 min. Using a spectrophotometer, the protein-Bradford complex’s absorbance was read at λ595 nm. These absorbance values were then compared to absorbance values from a set of standards (BSA, Sigma) measured at the same time. Each blood sample was measured as a duplicate; to determine total protein concentration in the sample, the average of the two measurements was taken.

Nodulation Assay

The nodulation assay was used as another indicator of immune function, as crickets may use encapsulation by melanin to combat against pathogens and parasites (Falabella et al., 2012). A new set of male crickets were used for this experiment, and the crickets were divided into four groups: those injected with saline, with LPS from S. marcescens, with LPS from E. coli, or non-injected controls. Crickets were sacrificed at 24 hr, 7d, or 14d after injections and evaluated for the presence of nodules.

Injections were performed as described above with a new set of crickets on day 1. Once crickets were sacrificed at their respective time (either 24h, 7d, or 14d after injection), the body was dissected open in the following manner. The head of the cricket was cut off and appendages were removed. A dorsal cut was made from the neck to the posterior abdominal cerci. The cuticle was pinned down to gain access to the organs, and the gut/testes and seminal vesicles were removed. Using a microscope, the number of nodules attached to the body wall or fat body was counted. The number of nodules on the removed organs was also counted. Next, the size of the nodules was determined by removing the nodule, placing it into a well slide, drawing it and measuring its size in mm using an Olympus Bx51 with a camera lucida attachment.

Survival Assay


As a third indicator of immune function, the survival assay was used. A separate set of crickets was used for this experiment. Crickets were divided into four groups: those injected with saline, with LPS from S. marcescens, with LPS from E. coli, or non-injected controls. After injections were performed, body weight was recorded. Crickets were returned to their isolated small plastic containers and maintained as described above. At days 3, 6, 9, 12, 15, 18, and 21 after injection, crickets were evaluated to determine if they were alive or dead, and body weight was taken.


Secondary to the survival assay, we also looked at change in body weight over the course of 21d while using this set of crickets and the experimental design above. We performed this assay in order to ensure that treatment did not affect how the cricket was eating and drinking.

AIM 2: EFFECTS OF LPS CHALLENGE ON NEUROGENESIS

Experimental Design


A new set of crickets was used to perform this half of the study. As shown in Figure 2D, crickets were injected (as described about) on day 1 with either saline (n=4), with LPS from S. marcescens (n=3), with LPS from E. coli (n=1), or were used as a non-injected controls (n=2). Crickets were then injected with BrdU 24 hr later (day 2) and sacrificed 7 days after BrdU injection (i.e. 8d after LPS treatment). Brains were removed, prepared, and analyzed for neurogenesis. Note: Tissue for this experiment was dissected and processed by Heather Bryner according to Ghosal et al. (2009).

Tissue Collection


Following sacrifice, brains were dissected out of the head capsule and immediately immersed in Carnoy’s fixative overnight at 4ºC. Brains were dehydrated in an ascending ethanol series, cleared in Citrisolv (Fisher Scientific), and embedded in paraffin.

Tissue Processing/Immunocytochemistry


After being embedded in paraffin, cricket brains were serially sectioned at12 μm. Sections were deparaffinized in xylene, then rehydrated. The sections were allowed to incubate for 2 hr at room temperature in 2N HCl in 0.1 PBS for hydrolysis of DNA. For permeabilization, sections were kept at 4ºC overnight in PBST (0.3% triton-X in PBS). Using a pre-primary solution [5% NGS (normal goat serum) in PBST], sections were then incubated for 2 hr at room temperature, then incubated in a 1:200 rat anti-BrdU (Abcam) and rabbit anti-HRP (Chemicon) primary antibodies in 5% NGS and PBST for 48 hr at 4ºC. In order to be able to visualize mitotic cells using confocal microscopy, fluorescently-labeled secondary antibodies that bind to the primary antibody were then applied. The sections were incubated in 1:200 secondary antibody dilution in PBST. The secondary antibodies used were Alexa Flour® Goat Anti-Rat and Alexa Flour® Goat Anti-Rabbit (Invitrogen).

Confocal Microscopy


Following tissue collection, processing, and fluorescent labeling, the sections were viewed using the Zeiss 710 laser scanning confocal microscope. Each sample was counted without knowledge of its treatment group. Anti-BrdU antibody was viewed using a Red HeNe laster, while anti-HRP antibody was viewed using a Green HeNe laser. Using Zen software (Zeiss), the brain sample was viewed and desired brain sections were located. Once these sections were located, they were scanned as a Z-stack at 80x or 100x magnification and saved. The number of BrdU+/HRP+ labeled cells was counted for each section, as these double-labeled cells represent an adult-born neuron. As the same nuclei may be present in two adjacent sections, and thus may be counted twice, the formula of Abercrombie (Abercrombie, 1946) was used to account for this overestimation: N=[(nxt)/(t+d)], where n is the sum of the BrdU+ nuclei in all sections, d is the mean nuclear diameter of 10 labeled cells, and t is section thickness (see Scotto-Lomassese et al., 2003; Ghosal et al. 2009). Nuclear diameter was measured with Zen software, using the shortest diameter found on each cell.

Statistical Analysis

ANOVA and t-tests were used to determine significance among treatment groups for Aim 1 and between basal and post-treatment levels of immune parameters.  An ANOVA post-hoc test was employed to compare the amounts of BrdU+/HRP+ cells between LPS-injected crickets and control crickets for Aim 2. Comparisons were considered significant when p<0.05.

Results

AIM 1: EFFECTS OF LPS CHALLENGE ON IMMUNE FUNCTION

Phenoloxidase activity decreases following LPS injection.


The first way we evaluated male cricket immune function was by measuring the amount of PO enzyme activity 24h, 7d, and 14d after control saline or LPS treatment. PO activity levels were described as the slope of the line between the 8 min and 30 min time points for our absorbance readings. As shown in Figure 3A, PO levels in all crickets were significantly decreased compared to basal levels 24h after injection, regardless of LPS or saline treatment (t-test, p<0.0001). 7d after injection, LPS-treated crickets had significantly lower PO activity levels compared to saline controls (ANOVA, p<0.018). LPS-treated crickets show a significant decrease in PO activity compared to basal PO activity levels of PO 7 days after treatment (t-test, p<0.00004). There was also a trend for LPS-treated crickets to have lower PO activity than controls at 14d, but this difference was not significant (t-test, p<0.09).


A Bradford protein assay was employed to verify that any change in PO recorded was not due to changes in protein. As shown in Figure 3B, protein content did not change significantly after treatment.

LPS treatment results in the production of nodules.


The nodulation assay was performed as a second measurement of the immune function of a cricket. Nodules can be counted by dissecting the cricket body open and using a microscope to locate the dark-colored entities, which are usually located on fat bodies or the body wall (Figure 4c).First, we looked at the number of nodules within crickets that were sacrificed at 24h, 7d, or 14d after injection. As shown in Figure 4A, the number of nodules between all four treatment groups was not significantly different at 24h after injection; however, there was a trend for LPS-injected crickets to have more nodules at this time point (t-test, p<0.096). At 7d, both groups of LPS-treated crickets possessed a significantly higher number of nodules compared to non-injected and saline-injected control crickets (t-test, p<0.01). We also found that crickets treated with LPS from E. coli had significantly more nodules than control crickets 14d after injection (t-test, p=0.03). Crickets injected with LPS from S. marcescens showed an increase in nodules over time, with a significant increase in the number of nodules between 24h and 7d after injection (t-test, p=0.006).


In addition to counting the number of nodules in each cricket, we also measured the sizes of the nodules found in the abdomen of each cricket. Figure 4b shows that at 24h after injection, LPS from E. coli injected crickets had significantly larger nodules than saline injected controls (t-test, p=0.03); however, after this time point, the size of nodules in crickets injected with LPS from E. coli did not change over time. At 7d post injection, the number of nodules between treatment and control groups was not significantly different. It was also found that crickets injected with LPS from S. marcescens displayed significantly larger nodules than controls 14d after injection (ANOVA, p=0.026). Crickets treated with LPS from S. marcescens also had a tendency to produce nodules of increasing size with time after injection, especially between the 7d and 14d time points (t-test, p=0.098).

LPS treatment decreases survival rate.


The third way we evaluated the effect of LPS treatment on immune function was to compare the survival rates of crickets within the different treatment groups. Figure 5A shows the percentage of crickets surviving over time. We found that LPS treated males had a significant decrease in survival relative to saline treated controls 21d after treatment (Chi-Square, p=0.02).


In addition to the survival assay, we looked at the change in average body weight over a 21d time period to verify that treatment did not affect how the cricket was eating and drinking. We found that average body weight did not significantly change according to treatment (Figure 5B).

AIM 2: EFFECTS OF LPS CHALLENGE ON NEUROGENESIS


To complete the second part of my study, I investigated how an LPS immune challenge affects neurogenesis in the brain of male crickets. Specifically, I counted how many newborn neurons survived 8d after LPS treatment. These cells are located in the mushroom bodies of the brain; this section of the cricket brain is analogous to the hippocampus of the human brain, as both are involved in learning and memory (Das and Basu, 2008). When neuroblasts produce new neurons, the new neurons are placed adjacent to the neuroblast; as neuroblasts continuously produce new neurons, older neurons are pushed outward as newer neurons are made. Consequently, the newborn neurons that survived 8d after treatment form a circle around the neuroblasts (Figure 6A,A’). 

After completing tissue collecting, tissue processing, and immunocytochemistry, I counted the number of BrdU+/HRP+ cells to quantify newborn cell survival 8d after treatment (or 7d after BrdU injection). As shown in figure 6B, cell survival did not significantly differ between LPS-treated crickets and control crickets.
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Figure 1. Immune Cascade of an Insect. Schematic diagram was modified from Christensen et al., 2005 and Huang et al., 2005. Ddc = dopamine decarboxylase; NAT = N-acetyltransferase; NADA = N-acetyldopamine; ProPO = Prophenoloxidase; PO = phenoloxidase; PAE = PO activating enzyme.
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Figure 2. Experimental Design for A) PO enzyme assay/Bradford protein assay, B) Nodulation assay, C) Survival assay, D) Effects of LPS challenge on adult neurogenesis.

PO = Phenoloxidase Enzyme Assay, Inject = Injection with either saline, LPS from S. marcescens, or LPS from E. coli, S = Sacrifice, A/D = Assessment of cricket alive or dead, Wt = Weight of cricket taken, BrdU = Injection with BrdU, NG = Cricket brain analyzed for neurogenesis.
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Figure 3. PO enzyme activity decreases after LPS treatment. A) Basal PO activity (D1, 100%) and the PO activity of crickets sacrificed 24h, 7d or 14d after treatment relative to basal levels. Sample sizes for each group are shown in parentheses. After blood removal on D1, males were injected with saline (blue), LPS from S. marcescens (red) or LPS from E. coli (green). Asterick indicates significance among treatment groups at one time point. B) There was no significant change in blood protein content relative to basal levels. Protein was measured from the same crickets as in (A). All values are Mean ± SEM.
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Figure 4. LPS treated crickets had significantly more nodules than saline injected or non-injected controls. Number (A) and size (B) of nodules in male crickets sacrificed 24h, 7d or 14d after treatment. Asterick indicates significance from control groups at one time point. C) Light micrograph of dissected cricket abdomen showing nodules attached to the fat body. The neck of the cricket is at top. Inset: Higher magnification view of boxed area. This image was taken from a male cricket injected with S. marcescens and sacrificed 7 days later. All values are Mean ± SEM.
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Figure 5. LPS treated crickets have significantly reduced survival.  A) Percent of male crickets surviving over 21 days. Sample sizes indicated in parenthesis. Asterick indicates significance from control groups at one time point. B) Body weights of the surviving crickets did not change significantly during the 21 days of the experiment. All values are Mean ± SEM.
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Figure 6. LPS did not significantly affect neurogenesis in the cricket mushroom bodies.  A) Confocal micrograph of a 12 μm section of the brain of a male cricket sacrificed 8d after LPS treatment. A’): Enlargment of the boxed area in (A) showing the BrdU+ (red) and HRP+ (green) cells in the mushroom body. B) Comparison of cell survival between non-injected controls, saline injected controls, and experimental crickets injected with LPS from S. marcescens or E. coli. All animals were sacrificed 7d after BrdU treatment (or 8d after LPS or saline treatment). All values are Mean ± SEM.

Discussion


As many studies have linked the immune system to neurogenesis in vertebrate animals, the main goal of this study was to investigate this relationship in insects- specifically crickets. My overall hypothesis was that the immune challenge of LPS would increase PO activity as well as the amount of brain neurogenesis. Instead, we found that crickets injected with both LPS and saline had lower hemolymph PO activity. We also found that crickets treated with LPS had an increased number of nodules 7 days after injection and a decreased survival rate compared to control crickets. Going further, we did not find that crickets treated with LPS had increased neurogenesis; however, because of our low sample size these results need to be interpreted with caution. Additional data may provide more conclusive results.


In the first aim of my study, I investigated how an LPS challenge altered the immune activity of male crickets; overall, I predicted that crickets treated with LPS would have higher levels of immune activity than crickets not treated with LPS. The prediction that PO activity levels would be higher in LPS-treated crickets compared to control crickets was incorrect; as shown in Figure 3A, PO activity levels significantly decreased from basal levels regardless of LPS or saline treatment 24h after injection. At first glance, it seems as though saline is not a proper control since saline-injected crickets displayed similar PO levels to LPS-injected crickets. We believed that this drop in PO levels could have two possible explanations. First, saline entering the body may have induced this immune response, making saline an invalid control. Second, the puncture from the injection, not saline entering the body, may have induced this immune response. To investigate further, we performed as additional study in which crickets were either injected with saline or only punctured with a needle, without receiving an injection of fluid. Hemolymph was removed 24h after treatment and PO activity was measured. We found that punctured crickets also showed a significant decrease in PO levels 24h after treatment; these PO levels were similar to those of saline-injected crickets (Bryner, unpublished). These results suggest that the action of the puncture, which disrupts the cricket exoskeleton, is enough injury to cause an immune response in the cricket; thus, the drop in saline-injected cricket PO levels 24h after treatment shown in Figure 3A is most likely due to the effect of the puncture, and not to saline injection. We thus conclude that saline is a sound control. 


Our results regarding immune activation from a simple puncture is supported by previous studies; for example, Lai et al. (2002) reported that mosquitos injured with a needle inserted into the abdomen displayed granulocyte aggregation 1 min after wounding and visible cuticle melanization 2h after wounding. As reviewed in Theopold et al. (2004), insects often heal wounds by hemolymph coagulation and clotting by the wound site. A second support for the use of saline as a competent control is the fact that crickets treated with saline have significantly higher levels of PO activity than LPS-treated crickets 7d after injection and the hemolymph PO activity of saline injected animals returns to basal by 2 weeks (Figure 3A). These data suggest that saline-injected crickets recover before LPS-injected crickets, and that LPS presents a greater immune challenge than saline or wounding, alone. Overall, saline injections may produce a “wound healing” effect on the immune system, in which the immune system is only activated to the point of wound recovery. On the other hand, our results support the suggestion that LPS injections have an inflammatory effect on the immune system, in which the immune system is activated to a higher level in order to deal with the puncture wound as well as the LPS challenge. 


A third piece of support for the use of saline as a control comes from the results of our nodulation assay. As shown in Figure 4A, 7d after injection, saline-injected crickets had significantly fewer nodules than LPS-injected crickets, again suggesting that saline does not, in fact, significantly challenge the immune system. Our conclusion that saline is a useful control is supported by previous research, as many laboratories studying insects use saline as a vehicle. For example, Faraldo et al. (2008) studied how yeast cells affect the bowfly immune system by comparing immune activity between yeast-injected bowflies and saline-injected bowflies. Similarly, one study investigating the relationship of immune challenges and reproductive health compared sperm viability between LPS-injected crickets and saline-injected crickets (Simmons, 2012).

While the decrease in PO levels 24h after injection in all treatment groups is interesting because it challenged saline’s competency as a control, it is also interesting because it rejects our hypothesis that an LPS challenge increases PO activity. PO activity of LPS-treated crickets was significantly lower than control crickets 7d after injection (Figure 3A), and is still lower 14d after injection (though this difference is not statistically significant). While these results were unexpected at first, they do not indicate that an LPS challenge lowers immune system activity. One possible explanation is that the LPS injection presents an immune challenge demanding the use of a large amount of PO; this PO may then be converted into other immune substances to aid in combating the injury. This conversion process depletes the amount of hemolymph PO and the consequent PO activity, as shown in our results 24h and 7d after injection. We propose that the decrease in PO levels in LPS-injected crickets is caused by the participation of PO in the immune cascade for melanization, involved in encapsulation and wound healing (Figure 1). Once the cascade is completed and the final product of melanin is produced, the LPS particles, which are recognized as pathogens by the immune system, are then encapsulated into nodules. PO levels would thus decrease in order to allow nodulation to increase. This hypothesis is supported by the results of our nodulation assay; as PO levels in LPS-injected crickets decreased between treatment and day 7, the number of nodules in crickets injected with LPS from S. marcescens significantly increased between 24h and 7d after injection (Figure 4A). 

Our prediction is supported by the findings of other researchers. For example, Braude et al. (1999) proposed the immunoredistribution hypothesis which states that after stress, resources of the immune system may be temporarily shifted towards another compartment where they can be utilized to combat the stress. Thus, a decrease in an immune assay measurement may not always correlate to a decrease in immune response. While we do not predict that PO levels are decreasing due to relocation, we agree with Braude et al. (1999) that PO levels may be decreased due to a demand for its utilization. Logically, it may seem as though the decrease in PO levels following an immune challenge would increase the cricket’s susceptibility to a secondary challenge; however, we believe that these even reduced levels of PO would be adequate to combat a challenge. Unpublished studies from our lab show that cricket nymphs, which have 20% the hemolymph PO activity of adults, can respond just as well to an immune challenge  (Pinera et al., unpublished). 

Although our results show that an LPS challenge decreases PO activity levels compared to basal levels at 24h and 7d post-injection, past studies of other researchers have shown otherwise. For example, in a study done on the freshwater crab Sudanonautes africanus, LPS caused an increase in hemolymoh PO activity (Salawu and Oloyede, 2011). Although the model organism used is similar to the cricket in the sense that it is an invertebrate, the difference in results may be due to the fact that the crab is a crustacean while the cricket is an insect. Going further, the methodology of the experiment was very different; while we administered LPS by injection into the cricket’s body, Salawu and Oloyede (2011) drew hemolymph from the crab first, then incubated the hemolymph sample with LPS. A second study on the effect of LPS on PO activity also found results conflicting with our own. Charalambidis et al. (1996) reported that LPS administration caused an increase in PO activity in the Mediterranean fruit fly, Ceratitis capitata. Again, differences in results may be due to experimental design; Charalambidis et al. (1996) used an organism of a different order and administered LPS by incubating LPS with a hemolymph sample. Within studies investigating the relationship between LPS and PO activity, there is clearly a wide variety of invertebrate models used, methodology employed, and results obtained; thus, it can often be difficult to establish a definitive relationship until a standard experiment is performed several times.

The second method we employed for evaluating cricket immune function was through a nodulation assay. Though we found no significant difference in nodule number between all groups of crickets 24h after injection, there was a trend for LPS-injected crickets to possess a higher number of nodules than control crickets (Figure 4A). This trend suggests that LPS presents a greater challenge to the immune system of the cricket, as nodulation is the result of an immune cascade (Fallabella et al., 2012). Going further, the appearance of nodules as early as 24h post-treatment shows that nodules can form fairly quickly following an injection; this finding is concurrent with past studies done on nodulation in crickets. Park et al. (2011) found that an injection of LPS caused formation of nodules within the first hour post injection in adult Jamaican field crickets. The reason the difference in LPS-injected crickets and control crickets may not be statistically significant may be due to limitations of the experiment; perhaps recently formed nodules are too small to see, as they may be inside of cells, and would, therefore, not be counted.

A particularly interesting aspect of the nodulation assay is how the change in number of nodules correlates with the change in mean nodule size in crickets treated with LPS from S. marcescens. Crickets injected with LPS from S. marcescens had an increase in nodule number between 24h and 7d after injection (Figure 4A), but then displayed a significant decrease between 7d and 14d after injection. In contrast, nodule size in crickets injected with LPS from S. marcescens had the general trend of increasing in size with time after injection, especially between 7d and 14d after injection (Figure 4B; note that although it appears nodule size decreases from 24h to 7d after injection, this difference was not significant). We propose that these the cricket immune system is involved in nodule formation between 24h and 7d after injections, which explains why nodule number increases initially. The immune system is then involved in the process of nodule aggregation between 7d and 14d after treatment, which explains why nodule number decreases (Figure 4A) and mean nodule size increases (Figure 4B). Since we only looked at three time points after injection (24h, 7d, and 14d), the nodule formation and aggregation timeline we have proposed is approximate; in order to delineate a more precise course of nodulation, more time points of nodule evaluation should be performed.

Unlike the nodulation results obtained from crickets injected with LPS from S. marcescens, crickets injected with LPS from E. coli display a more immediate and steady nodule formation. Specifically, crickets injected with LPS from E. coli exhibit an initial increase in the number of nodules relative to control crickets 24h after injection; the number of nodules is then maintained through the 14d time point (Figure 4A). Going further, crickets injected with LPS from E. coli also display an initial increase in the mean nodule size 24h after injection followed by a plateau in mean nodule size (Figure 4B). This initial spike in immune activity suggests that the LPS from E. coli affects the cricket immediately following injection, and thus demands abrupt immune activity. In contrast, the continuous changes in nodule number and size shown by crickets injected with LPS from S. marcescens suggest that LPS from S. marcescens may not stimulate the insect immune system as quickly, and thus does not demand an immediate immune response. 


The difference between the time of efficacy of each LPS is further supported by results from our survival assay. The percent survival of crickets injected with LPS from E. coli drops about 37% 3d after treatment, while the percent survival of crickets injected with LPS from S. marcescens only drops about 14% 3d after treatment (Figure 5A); in fact, the survival rate of crickets injected with S. marcescens does fall to the same survival rate crickets injected with LPS from E. coli until about 9d after treatment. These data suggest that LPS from E. coli has the ability to detrimentally affect crickets more quickly. Taking the results from the nodulation and survival assay together, we believe that the heightened and sudden inflammatory response elicited by LPS from E. coli shows how LPS from E. coli may be more detrimental to a cricket’s health than LPS from S. marcescens. The literature concerning the immune system activation produced by the LPS from E. coli vs. the LPS from S. marcescens is inconsistent; while some studies report greater activation with LPS from E. coli, others report the opposite. For example, Anderson and Cook (1979 reported greater lysozyme activity in Spodoptera eridania injected with LPS from E. coli compared to Spodoptera eridania injected with an equal amount of LPS from S. marcescens, 24h after injection. Lysozyme activity is another immune response commonly used to assess insect immune system activity (Adamo, 2004). The results of the Anderson and Cook (1979) study suggest that LPS from E. coli demands a greater response immediately after invasion. On the other hand, Howard et al. (1998) reported that S. marcescens had a greater effect on insect immune function than E. coli. Specifically, they found that S. marcescens induced significantly more nodules than E. coli in the larvae of the tobacco hornworm 24h after injection (Howard et al., 1998). The disparity between the results of these studies may be due to the differences in model organisms, in whether LPS or the live bacteria were used, and in the method employed to evaluate immune activity.  Thus, further experimentation needs to be done using a standardized protocol in order to draw conclusions regarding the time course and potency of E. coli and S. marcescens on the insect immune system.

There are several limitations to the experiments performed in aim 1. In the PO assay, it would have been ideal to take blood from the same cricket at 24h, 7d, and 14d after injection instead of having separate groups of crickets assayed for each time period. This would negate any difference in PO activity due to inherent differences between individual crickets. We originally employed this methodology in the beginning stages of the study, but found that multiple hemolymph withdrawals were too stressful on the cricket, as shown by a high death rate. A second limitation to this experiment was that we only measured PO activity, and not the activity of another immune enzyme. Several other authors, such as Jacot et al. (2005) not only look at PO, but also lysozyme activity while studying the adult cricket immune system. Measuring lysozyme enzyme activity would give a more valid evaluation of a crickets’ immune system, as Adamo (2004) found that there was a correlation between total phenoloxidase and baseline lysozyme-like activity within individuals; the two measures could be compared to ensure accurate results are obtained. Our laboratory is currently performing experiments to compare lysozyme activity following acute immune challenge.  In the nodulation assay, one limitation was that nodules may have been too small to detect 24h after treatment, as mentioned previously. This may be improved by using a more pathogenic strain of bacteria; as reviewed in Dunn (1986), a more pathogenic strain of bacteria typically produces larger nodules in a more rapid manner. Going further, the nodulation assay could have been improved by adding more time points for nodule evaluation; this would allow for better characterization of the time course of nodule formation and aggregation.


I investigated how an LPS immune challenge could affect neurogenesis in the mushroom body of the adult cricket for the second aim of my study. I found no significant difference in cell survival 8d after injection between treatment and control groups (Figure 6). Due to time constraints, the sample size of each group of crickets is low; thus, further experimentation is necessary before we can determine if LPS treatment can have a significant effect on adult neurogenesis. Looking at this preliminary data, however, it can be noted that control crickets injected with saline seem to have an increased amount of cell survival compared to crickets injected with LPS. Perhaps in our model organism, the LPS challenge caused a decrease in PO activity, which thus negatively affected neurogenesis; consequently, it is possible that an immune challenge decreases adult neurogenesis. This has been shown to be true in other model organisms, such as the mouse; decreased neurogenesis was found in mice suffering from Japanese encephalitis virus-induced neuroinflammation (Das and Basu, 2008). Going further, past studies have investigated the relationship between an LPS immune challenge and neurogenesis in the vertebrate model of the mouse (Monje et al., 2003). It was found that mice injected with LPS had a 35% decrease in hippocampal neurogenesis (Monje et al., 2003). These results suggest that LPS does not promote neurogenesis, and in fact impedes it, which would be consistent with our preliminary results. This study, however, analyzed neurogenesis through cell proliferation, while I focused on cell survival; thus, in future studies, it would be beneficial to look at both cell survival and proliferation in order to thoroughly specify how LPS affects neurogenesis.
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