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Reactive and consequently scar-forming glial cells, particularly astrocytes, are implicated in the 
inability of mammalian spinal cords to regenerate following spinal cord injury (SCI). Thus, it is 
relevant to study pharmacological methods of manipulating these cells, which could result in 
efficacious treatments for SCI in humans. The current study used larval sea lampreys (Petromyzon 
marinus), because lampreys can functionally recover from a spinal cord transection, making them 
a relevant model organism for studying how the process of physiological recovery may be sped 
up.  Lampreys were given either a single injection of 27 μM curcumin, an established anti-
inflammatory compound, or a vehicle not containing curcumin immediately following spinal cord 
transection and allowed to recover for 24 hours or one week. To assess the effects of curcumin on 
glial cells, spinal cord slices were labeled with an anti-cytokeratin antibody, LCM29, that labels 
lamprey glial cytoskeleton. There were no significant differences in immunoreactivity of the 
LCM29 antibody between vehicle- and curcumin-injected groups as measured by mean pixel 
value, or as measured by the standard deviations of these means. Despite the overall lack of 
significant main effects of curcumin according to these quantitative measures, there were distinct 
visual differences between spinal cord slices from curcumin- and vehicle-injected animals. While 
curcumin did not affect the overall levels of glial filaments, it may affect the uniformity of location 
of these filaments by attenuating the development of darker patches (decreased expression of glial 
filaments) and brighter patches (increased expression of glial filaments) seen in slices from 
vehicle-injected lampreys. Future studies should continue investigating curcumin for its ability or 
inability to attenuate reactive glial cells and explore new methods for quantifying glial reactivity.  
 
Abbreviations:  SCI – Spinal Cord Injury; CNS – Central Nervous System; GFAP – Glial Fibrillary 
Acidic Protein; CSPG – Chondroitin Sulfate Proteoglycan; JAK2-STAT3 – Janus Kinase 2 Signal 
Transducer and Activator of Transcription; ROS – Reactive Oxygen Species;  
NF-κB  – Nuclear Factor Kappa Light Chain Enhancer of Activated B Cells; mTOR – 
Mechanistic Target of Rapamycin; Wnt – Wingless-related Integration Site; PBS – Phosphate 
Buffered Saline 
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Introduction 
 

Spinal cord injury (SCI) is a major 
medical problem worldwide. In the United States, 
300,000 people are currently living with SCI and 
approximately 17,000 new cases occur each year 
(Spinal Cord Injury Facts and Figures at a 
Glance, 2016). SCI causes decreased life 
expectancy and is costly (Spinal Cord Injury 

Facts and Figures at a Glance, 2016). There are 
currently no effective cures.  

SCI occurs in two phases: the first phase 
consists of mechanical damage and the second 
consists of a series of molecular events that 
impede regeneration in mammals, such as 
demyelination, inflammation, oxidative stress, 
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excitotoxicity, and glial scarring (Lin et al., 
2017). Much of the research on SCI has focused 
on methods to attenuate secondary damage and 
allow for neuronal regeneration. 
 Secondary damage in SCI is partially 
mediated by astrocytes, a common type of glial 
cell in the CNS of vertebrates and invertebrates. 
Astrocytes have numerous functions, including 
providing physical and metabolic support to 
neurons (Zonta et al., 2002), regulating ion and 
neurotransmitter concentration (Fernández-
Lopez et al., 2014), and assisting neuronal growth 
(Banker, 1980). Following a traumatic injury to 
the CNS, such as SCI, astrocytes change from a 
non-reactive to a reactive state (Ohtake & Li, 
2017; Okada et al., 2017). Reactive astrocytes are 
characterized by their stellated forms and 
increased expression of GFAP, vimentin, and 
nestin (Cregg et al., 2014). Increased expression 
of these proteins eventually contributes to 
astrocyte hypertrophy, a hallmark of the glial 
scarring that causes secondary damage in SCI 
(Wanner et al., 2013).  

Astrocytes appear to play a paradoxical 
role in functional recovery after CNS injury. 
Immediately post injury, reactive astrocytes have 
beneficial functions such as separating healthy 
tissue from damaged tissue (Faulkner et al., 2004) 
and increasing the reuptake of excess glutamate 
to reduce excitotoxicity (Ohtake & Li, 2017). 
Ablating reactive astrocytes post CNS injury 
causes widespread tissue damage and prevents 
axon regrowth (Anderson et al., 2016; Faulkner 
et al., 2004; Ohtake & Li, 2017; Okada et al. 
2017). However, reactive astrocytes form scars, a 
process known as astrogliosis, around the axon in 
as little as 7 days (Preston et al., 2001). These 
scars are characterized by a dense, mesh-like 
network of fibrous processes with high 
concentrations of CSPGs (Cregg et al., 2014) that 
impede axonal regeneration in mammals (Silver 
& Miller, 2004).  
 Some non-mammalian vertebrates 
manage functional recovery after SCI despite 
astrogliosis. Larval sea lampreys (Petromyzon 
marinus) regenerate their spinal cords after 
complete transection (Selzer, 1977; Tanaka & 
Ferretti, 2009) and also have astrocytes that 
become reactive after injury (Fernandez-Lopez et 
al., 2014). While the exact regeneration 
mechanisms of lampreys are unclear, astrogliosis 

does not seem to be a barrier to the recovery of 
swimming ability (Selzer, 1977). This could be 
because lamprey astrocytes express very few type 
III intermediate filaments such as GFAP and 
instead express types I and II cytokeratins 
(Merrick et al., 1995). However, lamprey spinal 
cords still show signs of damage, including 
synapse loss at and distal to the lesion scar 12 
weeks after SCI (Oliphint et al., 2010).  

While astrogliosis does not impede the 
eventual recovery of swimming ability in 
lampreys, it may impede the recovery of normal 
physiology and morphology in the spinal cord. 
Thus, treatments that aid physiological recovery 
in lampreys could be informative for the 
development of treatments for mammals. In the 
current study, we investigate the effects of 
curcumin on reactive astrocytes post SCI. 
Curcumin, the active ingredient of turmeric 
(Curcuma longa), has potent antioxidant and 
anti-inflammatory properties (Monroy et al., 
2013) and has shown promising behavioral 
effects in mammals by decreasing locomotor 
deficits post SCI (Ni et al., 2015; Urdzikova et 
al., 2016). 

Many of curcumin’s beneficial effects 
are directly related to astrocyte reactivity that 
occurs after injury to the CNS. There is evidence 
that curcumin decreases the proliferation of 
reactive astrocytes (Ambegaokar et al., 2003; 
Bondan et al., 2017; Liu et al., 2016). There are 
multiple pathways by which curcumin could 
influence astrocyte reactivity. These pathways 
include NF-κB (Ni et al., 2015, Yuan et al., 
2017), Wnt (Vallée et al., 2018), mTOR (Beevers 
et al., 2009), and JAK2-STAT3 (Ceyzeriat et al., 
2014). Of particular note are NF-κB and Wnt 
which were found recently by Herman et al. 
(2018) to show increased gene expression 
following SCI in lampreys. Activation of the Wnt 
pathway may contribute to the formation of 
fibrotic scars in the first weeks following SCI in 
mammals (Yamagami et al., 2018) while NF-κB 
increases the transcription of cytokines and 
chemokines in reactive astrocytes (Tomita et al., 
2005). Inflammatory cytokines activate the 
JAK2-STAT3 pathway (Rawlings et al., 2004), 
which causes the transcription of various other 
proteins, including GFAP, a marker of reactive 
astrocytes in mammals (Zhang Y et al., 2016).  



Page 3 of 13 
Impulse: The Premier Journal for Undergraduate Publications in the Neurosciences 

2019 

 Curcumin also leads to lower astrocyte 
reactivity by attenuating the proliferation of 
reactive oxygen species, a devastating secondary 
effect of SCI (Zhang B et al., 2016). Normally, 
oxidative stress causes mitochondrial 
dysfunction and subsequent reactivity of 
astrocytes as measured by increased intensity of 
GFAP staining (Daverey & Agarwal, 2016). 
However, curcumin can rescue mitochondrial 
dysfunction by decreasing mitochondrial 
swelling (Hagl et al., 2015), and therefore 
astrocyte reactivity.  

While curcumin has been extensively 
studied as a potential treatment of SCI in 
mammals, it has not been studied in lampreys. 
The present study sought to elucidate what 
morphological effects, if any, curcumin has on 
the reactivity of lamprey glial cells following 
SCI, since a compound that aids morphological 
recovery in lampreys may be informative for 
future research on human SCI. We hypothesized 
that spinal cord slices from injured lampreys 
would have significantly higher levels of glial 
filaments than those from lampreys given a sham 
injury (skin and muscle cut but spinal cord left 
intact). We also hypothesized that slices from 
lampreys given curcumin immediately after 
complete spinal cord transection would exhibit 
overall lower levels of glial filaments as well a 
change in the composition of these filaments 
across the spinal cord. We further hypothesized 
that spinal cord slices would show marked glial 
reactivity at both 24 h and 1 week post SCI, but 
that in accordance with our previous work glial 
cells 1 week post SCI would start to resemble 
those in sham-injured cords again (Akporyoe et 
al. 2017)   
 
Material and Methods 
 
Animals 
 Developmentally stable larval sea 
lampreys (N=10) from freshwater streams were 
purchased from Acme Lamprey Co. in Harrison, 
ME, USA. The average weight and length of the 
lampreys was 2.88 g with a standard error of 0.31 
and 12.97 cm with a standard error of 0.29 cm 
respectively. Larval lampreys were used because 
mature lampreys require live fish to latch onto in 
order to feed (Parker & Lennon, 1956) and are 

impractical to maintain in a laboratory setting. 
Larval lampreys are a standard model organism 
in lamprey research (Fernandez-Lopez et al., 
2014; Oliphint et al. 2010; Selzer 1977) 
Lampreys were maintained in a 25 gallon tank 
with approximately 80% aerated spring water and 
20% aerated deionized water. All procedures 
were approved by Earlham College’s  
Institutional Animal Care and Use Committee 
(IACUC), approval number 20180111-MS.   
 
Procedure 

Lampreys were anesthetized (see Spinal 
Cord Transections), their spinal cords were 
transected, they were injected with either 
curcumin or a vehicle consisting of DMSO 
without curcumin mixed in. They were allowed 
to recover for either 24 h or 1 week, at which 
point spinal cords were dissected, cryoprotected, 
and cryosectioned, slices were labeled with the 
LCM29 antibody (a generous gift from Dr. 
Michael Selzer, Temple University) and a red 
fluorescent secondary antibody to label the 
cytokeratinous filaments in lamprey glial cells, 
and slides were imaged. This study contained a 2 
(time of sacrifice) x 2 (pharmacological 
intervention) between-subjects design. There 
were 2 independent variables: the 
injury/treatment condition (2 levels: spinal cord 
transection with curcumin, spinal cord 
transection with vehicle) and the time of sacrifice 
(2 levels: 24 h or one week). These timepoints 
were chosen because our previous study has 
shown that lamprey spinal cords show glial 
reactivity at 24 hours post injury, which may 
decline slightly at 1 week post injury (Akporyoe 
et al. 2017). A sham-injured lamprey, in which 
skin and muscle were cut but the spinal cord was 
not injured, provided spinal cord sections that 
were used to normalize pixel intensities from 
other slices, but since the sham was for 
normalization purposes only it was not a level of 
an independent variable. There were n=2 
lampreys, n=6 slices in the 24 h vehicle group, n 
= 3 lampreys, n=11 slices in the 24 h curcumin 
group, n=2 lampreys, n=7 slices in the 1 week 
vehicle group, and n=2 lampreys, n=11 slices in 
the 1 week curcumin group, and n=1 lamprey, 
n=5 slices.  

We compared immunoreactivity to the 
LCM29 antibody between groups. The first 
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dependent variable was the mean pixel value (0-
255) of the slices as measured by ImageJ. Mean 
pixel values can be used as a proxy for glial 
reactivity because increased expression of glial 
intermediate filaments causes increased 
fluorescence of the LCM29 antibody, resulting in 
brighter images and higher pixel values. The 
second dependent variable was the mean standard 
deviations of the mean pixel value, also measured 
by ImageJ.  The standard deviation of mean pixel 
values is one measure of morphology, 
specifically to see if the variation in fluorescence 
(and thus the location of glial filaments) was 
more extreme between the injured lampreys that 
received curcumin versus those that received a 
vehicle. 
 
Curcumin 

Curcumin, the active ingredient in 
turmeric (Curcuma longa) was purchased from 
Sigma Aldrich (C1386) and stored at -20 °C. We 
dissolved 5 mg of curcumin in 5.025 mL of 
DMSO and 497.48 mL of lamprey Ringer (final 
concentration, 10 μg/mL (27 μM)), put it into 1 
mL aliquots, and stored the aliquots at -20 °C.  
 
Spinal Cord Transections 

Lampreys were anesthetized with 
tricaine methanesulfonate (Western Chemical 
Inc.). Tricaine was prepared by adding 0.2 g 
tricaine to 500 mL of spring water and adjusting 
the pH to approximately 7.4 with 1 M NaOH. 
After placing lampreys in the anesthetic solution, 
a movement score was obtained every minute in 
accordance with Akporyoe et al. (2017). All tools 
(forceps, transection scissors, etc.) were sterilized 
with 10 min of ultraviolet light exposure prior to 
surgery and in between surgeries.  
 Anesthetized lampreys were placed on a 
tray in aerated and chilled lamprey Ringer under 
a dissection microscope. A razor was used to cut 
through the skin and muscle and expose the 
spinal cord. Dissection scissors were used to 
completely transect the spinal cord. The spinal 
cord the sham-injured lamprey was not 
transected. The wound was sutured with a single 
nylon suture (Ethicon) at the most dorsal site of 
the injury. Next, lampreys were injected with 10 
μL of 27 μM curcumin or the same volume of 
DMSO-Ringer. The sham received no injection 

because it was used for normalization purposes 
only. Injections were given freehand with a 10μL 
Hamilton syringe into the muscle tissue caudal to 
the injury site. Lampreys recovered in individual 
beakers to minimize disruption from other 
animals.  
 
Dissection, Fixation, and Cryosectioning 

Lampreys were anesthetized using the 
same procedure described in the above section, 
and then decapitated. Dissection scissors were 
used to cut away the skin and muscle surrounding 
approximately 1 cm of cord caudal to the injury 
and 0.5 cm of cord rostral to the injury. Cords 
were removed and pinned in Sylgard dishes. 
Cords were washed 3 times for 10 min each in 
PBS, incubated in 4% paraformaldehyde (PFA) 
at room temperature for 1 h, and then kept in 4% 
PFA at 4 °C for approximately 24 h. 

Spinal cords were washed with 3, 10 
minute washes of PBS and stored in PBS at 4 °C 

for approximately 24 h. This procedure was 
repeated with 10%, 20%, and 30% sucrose 
(weight per volume in PBS) respectively. For 
cryosectioning, cords were embedded and frozen 
in Optimum Cutting Temperature medium (OCT, 
Electron Microscopy Sciences). A cryostat was 
used to make 14 μm transverse sections, which 
were collected with Superfrost Plus glass slides 
(25x75 mm, 1 mm thick) and stored at -20 °C.  
 
Antibody Labeling 

Slides were circled with a pap pen 
(Electron Microscopy Sciences) to create a 
hydrophobic barrier. Slides were washed twice 
with approximately 300 μL of PBST (PBS with 
0.5% Tween 20) under gentle rotation (60 rpm) 
and once with an immunofluorescence block 
solution consisting of 7.8% goat serum 
(Invitrogen), 0.1% Triton X-100, 0.05% Tween 
20, 100 mM glycine, and 0.5% bovine serum 
albumin for approximately 2 hours. Both washes 
took place in a humidified slide box. The LCM29 
antibody was centrifuged at 13,000 rpm for 10 
min and diluted at a ratio of 1:100 with Pierce 
Immunostain Enhancer (Thermo Scientific, 
product #46644). Slides were incubated with the 
LCM29 antibody overnight in a humidified slide 
box at 4 °C. The next day, the LCM29 solution 
was poured off and slides were washed 3 times 
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for 30 min per wash in PBST under gentle 
rotation in a humidified slide box. The Alexa 
594-conjugated goat-anti-mouse secondary 
antibody was centrifuged (Life Technologies 
Corporation) for 10 min at 13,000 rpm and 
diluted 1:200 with Pierce Immunostain Enhancer. 
The diluted secondary antibody was added to the 
washed slides and slides were incubated 
overnight in a humidified slide box at 4 °C. The 
next day, slides were washed 3 more times in 
PBST for 30 min per wash and allowed to dry for 
approximately 2 min following the third wash. 
ProLong™ Gold Antifade Mountant with DAPI 
(Life Technologies Corporation) was added to 
the slides and a coverslip was immediately placed 
on each slide. Slides sat in a darkened slide box 
for approximately 12 hours. Slides were imaged 
after the mountant was fully cured.  
 
Immunofluorescence Imaging and Glial 
Quantification 

All imaging was done with an EVOS FL 
immunofluorescence microscope. Spinal cord 
sections from sham-injured animals were imaged 
first to establish useful settings of exposure, in 
order to use these same settings with injured 
cords and make meaningful comparisons in 
overall brightness). Increased pixel brightness 
meant increased overall fluorescence of the 
LCM29 antibody, indicating increased 
expression of cytokeratin intermediate filaments, 
a marker for glial cells in lampreys (Merrick et 
al., 1995). Images were taken using the 10x, 20x, 
and 40x objectives, though statistical analyses 
were only conducted on 10x images. The flattest 
(not rolled up or otherwise mangled) sections 
were used for analysis (N=39).  

Images were uploaded into Fiji, an 
updated version of ImageJ with several included 
plugins (Schindelin et al. 2012), and split into 
color channels where the red, blue, and green 
sections of each cord were converted into black 
and white images. Blue and green channel images 
were discarded and red channel black and white 
images were analyzed. Regions of interest (the 
spinal cord slice) were selected by using ImageJ’s 
wand selection tool: for each image we found a 
pixel with a value of 28 and set the wand 
tolerance to 23. These numbers were chosen 
because they produced a region of interest on all 
but one of the slices (the slice where these values 

did not produce a suitable region of interest was 
excluded from analysis) that consisted of the cord 
without other bits of tissue that were not part of 
the spinal cord. From there, the histogram of 
pixel values was obtained. ImageJ provides a 
histogram with the number of pixels at each pixel 
value from 0-255 (0 is black and 255 is white), as 
well as the mean pixel value and the 
corresponding standard deviations. The means 
and standard deviations of slices from injured 
lampreys to those from the sham-injured 
lampreys were normalized by dividing the non-
sham value by the sham value.  
 
Statistical Analyses 
 A 2 (treatment) x 2 (time post SCI) 
analysis of variance (ANOVA) was conducted on 
both the mean pixel value of spinal cord slice and 
the mean standard deviations of the mean pixel 
values. Treatment had 2 levels: Curcumin or 
Vehicle and time post SCI had 2 levels: 24 h post 
SCI and 1 week post SCI. Version 24.0.0.0 of 
SPSS was used, with the alpha significance level 
set to p < .05. 
 
Results 
 
Mean Pixel Values 

Normalized mean pixel values of the 
LCM29-labeled spinal cord slices were used to 
compare overall brightness (fluorescence) of 
LCM29 immunoreactivity between groups. 
Higher mean pixel values signified higher overall 
fluorescence of the LCM29 antibody. LCM29 
binds to cytokeratin intermediate filaments, a 
marker for glial cells in lampreys (Merrick et al., 
1995). Measuring the mean pixel value gives an 
overall estimate of the quantity of cytokeratin 
intermediate filaments.  

As seen in Figure 1, a 2 (time post SCI) 
x 2 (treatment) ANOVA revealed no interaction 
between treatment and time, F(1,31) = 1.03, p 
=.318, ηp

2 = .032. There was no main effect of 
treatment, F(1,31) = 0.05, p = .817, ηp

2 = .002. 
However, there was a main effect of time, F(1,31) 
= 4.72,  p = .038, ηp

2 = .115. The main effect of 
time suggests that overall the 1 wpi lampreys had 
significantly larger (brighter) pixel values than 
the 24 hpi lampreys. There were no significant 
differences between 24 hpi and 1 wpi groups
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Figure 1: Mean pixel value of images of injured spinal cords labeled with the LCM29 anti-cytokeratin antibody normalized to 
spinal cords from the sham-injured lampreys. Lower percentages represent darker images and less LCM29 fluorescence compared 
with sham. Error bars show standard error. Slices from 24 h post-injury (hpi) lampreys given a vehicle injection (n=2 lampreys, 
n=6 slices) had an average of mean pixel value of 0.83 SD=0.13) times the mean pixel value of the control slices. Slices from 24 
hpi lampreys given curcumin (n=3 lampreys, n=11 slices) had an average of mean pixel value of 0.68 (SD=0.15) times the mean 
pixel value of the control slices. Slices from one week post injury (wpi) lampreys given a vehicle (n=2 lampreys, n=7 slices) had 
an average of mean pixel value of 0.96 SD = 0.36) times the mean pixel value of the control slices. Slices from 1 wpi lampreys 
given curcumin (n=2 lampreys, n=11 slices) had an average of mean pixel value of 1.05 (SD=0.48) times the mean pixel value of 
the sham slices. 

 
 

 given a vehicle, t(11) = 0.87, p = .403. Nor was 
there a significant difference between the 
curcumin-injected group at 24 hpi and 1 wpi, 
t(20) = 2.43, p = .025. We used independent 
samples t tests for post hoc pairwise 
comparisons. We manually calculated the 
Bonferroni correction for these tests (= .05 
divided by 6 hypotheses). Therefore, the 
comparisons were significant only if p < .008).  
 
Mean of Standard Deviations of Pixel Values 

We analyzed the normalized standard 
deviations of mean pixel values as one measure 
of morphology, specifically to see if the variation 
in fluorescence was more extreme between the 
injured lampreys that received curcumin versus 
those that received a vehicle. 

As seen in Figure 2, 2 (time of sacrifice) 
x 2 (treatment) ANOVA revealed that there was 
no main effect of time post SCI, F(1,31) = 2.39, 
p = .132, ηp

2 = .072. There was no main effect of 
treatment F(1,31) = 3.75, p = .062, ηp

2 = .108). 
There was no interaction between treatment and 
time F(1,31) = 3.16, p = .085, ηp

2 = .092. No post 

hoc tests or pairwise comparisons were 
conducted due to the lack of significant main 
effects or interactions.  
 
Morphological Features of Glial Cells 

As seen in Figure 3, there were distinct 
morphological differences in the 
conglomerations of glial cells between groups.  
Sections from injured lampreys given a vehicle 
show several bright, filamentous structures and 
glial varicosities. Despite this morphology, at 24 
hpi several areas of the slice appear darker than 
the section from the sham-injured lamprey 
(Figure 3b). However, by 1 wpi the sections 
appeared more uniformly patterned, with 
varicosities throughout (Figure 3d). The sections 
from lampreys 24 hpi given curcumin appeared 
markedly different from sections from lampreys 
given a vehicle: there was a lack of filamentous 
structures (Figure 3c) and the sections more 
closely resembled those from sham-injured 
lampreys (Figure 3a). By 1 wpi, the sections from 
injured lampreys given curcumin appeared 
brighter, yet the brightness was distributed in a 
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more filamentous pattern (Figure 3e) and there 
were fewer or none of the varicosities seen in the 

sections from injured lampreys given a vehicle 
(Figure 3d). 

 
 

 
Figure 2: Mean standard deviation of pixel value of images of spinal cords labeled with the LCM29 anti-cytokeratin antibody. 
Lower values represent lower standard deviations of values across the images. Error bars show standard error.  Slices from 24 hpi 
lampreys given a vehicle (n = 2 lampreys, n = 6 slices) had a mean standard deviation of pixel value of 1.23 (SD = 0.18) times the 
mean standard deviation of pixel value of the control slices. Slices from 24 hpi lampreys given curcumin (n = 3 lampreys, n = 11 
slices) had a mean standard deviation of pixel value of 0.75 (SD = 0.12) times the mean standard deviation of pixel value of the 
control slices. Slices from 1 wpi lampreys given a vehicle (n = 2 lampreys, n = 7 slices) had a mean standard deviation of pixel 
value of 1.20 SD = 0.32) times the mean standard deviation of pixel value of the control slices. Slices from 1 wpi lampreys given 
curcumin (n= 3 lampreys, n = 11 slices) had a mean standard deviation of pixel value of 1.18 SD = 0.57) times the mean standard 
deviation of pixel value of the control slices. 
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Figure 3: Representative transverse spinal cord sections from each of the time and treatment groups. For purposes of display, these 
images have subtracted backgrounds and enhanced contrasts.  No statistical analyses were conducted on these images. White 
arrows indicate morphological features of glial reactivity. Green arrows indicate morphological features of glial non-reactivity. 
White bars are 200 μm.



Page 9 of 13 
Impulse: The Premier Journal for Undergraduate Publications in the Neurosciences 

2019 

Discussion 
 
Glial Reactivity 

For the current study, higher mean pixel 
values signified higher overall fluorescence of 
the LCM29 antibody. LCM29 binds to 
cytokeratin intermediate filaments, a marker for 
glial cells in lampreys (Merrick et al., 1995). 
Measuring the mean pixel value does not directly 
indicate the morphology of glial cells, but rather 
gives an overall estimate of the quantity of 
cytokeratin intermediate filaments. We found 
that the slices from 24 hpi lampreys had 
significantly lower (darker) mean pixel values 
than the slices from 1 wpi lampreys did, 
suggesting lower overall expression of type I and 
II cytokeratins. 

This increase in brightness over the first 
several days following SCI supported our 
hypothesis that glial reactivity post SCI would 
correspond to increased brightness of LCM29-
labeled slices. However, these values ranged 
from 68%-105% of the sham-injured cords, and 
we had expected that the injured cords would 
differ from the sham-injured cords more 
dramatically in terms of brightness. In previous 
literature regarding the effects of SCI on 
astrocyte reactivity in mammals, astrocyte 
reactivity is virtually always associated with 
increased areas taken up by GFAP staining 
(Bondan et al., 2017; Liu et al., 2016; 
Tripanichkul et al., 2013; Yuan et al., 2017). 
However, lampreys express very few type III 
intermediate filaments such as GFAP and 
therefore examining glial cells requires an 
antibody for type I and II cytokeratins (Merrick 
et al., 1995). Therefore, it is possible that overall 
fluorescence levels of the LCM29 antibody are 
not a reliable measure of glial reactivity because 
LCM29-labeled non-reactive glial cells may 
create false positives for reactive glial cells. 
Future studies should use greater numbers of 
lampreys with SCI and sham injuries, which in 
addition to allowing for more statistical power, 
would establish a baseline for LCM29 
immunoreactivity in lamprey spinal cords at 
various time points post injury. This would 
establish whether it is reasonable to expect 
significant differences in mean pixel value of an 
LCM29-labeled sham cord versus that of an 

injured cord. If no significant differences are 
found, it would be pertinent to investigate other 
means of quantifying glial reactivity.  

Moreover, 24 h after SCI might not have 
been sufficient time to establish full, uniform 
glial reactivity across the spinal cord, which 
would explain why the slices were significantly 
brighter at one week post SCI than they were at 
24 hpi. Figure 3b shows some rather bright 
sections of the cord with bright, filamentous 
structures (arrows) but several areas of the cord 
are darker, causing the overall mean pixel value 
to be lower. On the other hand, 1 wpi slices from 
vehicle-injected lampreys showed a more 
uniform pattern of glial varicosities across the 
cord (arrow in figure 3d) as opposed to patches of 
reactivity. Future studies should sacrifice 
lamprey at 48 and 72 hours post SCI, as well as 
daily, for up to 6 days post SCI, to determine a 
more precise timeline for when exactly 
statistically significant differences in brightness 
of the LCM29-labeled slices develop. Perhaps 
these differences developed at 72 hpi, but our 
study did not catch any differences until 1 wpi. It 
would also be useful to sacrifice lampreys 
immediately after spinal cord transection in order 
to establish features of glial reactivity 
immediately after injury.  
 
No Main Effect of Treatment 

Despite the lack of a significant 
difference in mean pixel value between the 
vehicle- and curcumin-treated groups, there were 
obvious morphological differences between the 
vehicle and curcumin-treated groups. Since the 
mean pixel value measured overall brightness, it 
would not be sensitive enough to capture 
morphological changes across the spinal cord that 
do not affect the levels of cytokeratin filaments. 
The present study is the first to measure the 
effects of curcumin on type I and II 
cytokeratinous intermediate filaments. The 
visually apparent morphological differences 
between the spinal cord sections from vehicle- 
and curcumin-treated lampreys suggests that 
curcumin may have morphological effects on 
these types of glial cells, namely causing 
conglomerations of glial cells to resemble a less 
reactive state. Moreover, our results support that 
lamprey glial cells may have molecular 
mechanisms causing astrocytic reactivity that are 
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similar to those of mammalian glial cells, such as 
JAK2-STAT3 (Ceyzeriat et al., 2014; Liu et al., 
2016). However, since our hypothesis was not 
supported, it is also possible that the molecular 
mechanisms of curcumin have stronger effects on 
mammalian versus lamprey astrocytes. 

Future studies could corroborate the 
results of immunofluorescence staining with a 
more sensitive quantitative measure, like using 
Western blots to quantify levels of proteins 
associated with astrocyte reactivity.  
 
Mean Standard Deviation of Mean Pixel 
Values 

We ran a 2 (treatment) vs. 2 (time post 
SCI) ANOVA on the standard deviations of the 
mean pixel values after noticing that the sham 
and curcumin cords seemed more uniformly 
immunoreactive to LCM29 whereas the vehicle 
cords had areas of higher fluorescence and areas 
of lower fluorescence. Theoretically, a slice with 
more uniform fluorescence should have a lower 
standard deviation to its mean pixel value, 
whereas a slice with some darker and some 
brighter areas should have a larger standard 
deviation to its mean pixel value. There was no 
main effect of treatment on standard deviations, 
implying that curcumin did not restore more 
uniform glial morphology, which did not support 
our hypothesis. The 24 hpi vehicle group seemed 
to trend towards higher means of standard 
deviations than the curcumin group (Figure 2). 
However, the ANOVA revealed no significant 
main effects and no post hoc tests could be 
performed. Future studies with larger sample 
sizes should attempt to confirm or deny the 
statistical significance of these differences in 
standard deviations, which would statistically 
confirm one morphological effect of curcumin on 
glial cells 24 h post SCI. 

Our hypothesis that the spinal cords from 
vehicle-injected lampreys would have 
significantly higher means of standard deviations 
than those of the spinal cords from curcumin-
injected lampreys did not hold true at one week 
post injury: the mean standard deviations 
between the 1 wpi vehicle group and the 1 wpi 
curcumin group were virtually identical. Since 
lampreys were given only one dose of curcumin, 
the curcumin might not have had potent effects at 

one week post SCI, causing the variation in 
fluorescence to match that of vehicle slices.  

Despite this lack of a significant 
difference, lampreys given a vehicle showed 
visually marked differences in glial morphology 
at both 24 h and one week post SCI, (arrows in 
figure 3d-e), including the development of small, 
bright varicosities, thin, bright filaments, and an 
overall more speckled appearance, which 
contrast strongly with the more “globular” 
appearance of the slices from sham-injured 
animals. This is in accordance with our lab’s 
previous work on glial morphology on injured 
lampreys with no pharmacological interventions 
(Akporyoe et al., 2017), and suggests that 
transecting the spinal cords of lamprey in the 
present study did evoke some form of glial 
reactivity, even if this reactivity was not captured 
with statistically significant differences. 
Moreover, curcumin possibly had some effect on 
the morphology of conglomerations of glial cells 
as seen visually, even if this effect could not be 
statistically quantified.  
 
Future Directions 

Overall, it is important to continue 
investigating glial morphology and methods of 
manipulating it because the morphological and 
physiological properties of astrocytes in 
particular are strongly implicated in the inability 
of mammals to regenerate their spinal cords after 
SCI (Cregg et al. 2014; Ohtake & Li et al., 2015; 
Okada et al., 2017). Since reactive and non-
reactive astrocyte morphology can be a major 
clue to the health of surrounding neurons,  
studying astrocyte morphology, both 
physiologically and visually, may be more 
informative than simply counting astrocytes. 
These physiological and morphological 
processes are the difference between reactive 
astrocytes that may attenuate the damage in the 
acute phases after SCI and scar-forming 
astrocytes that prevent functional recovery 
(Okada et al., 2017). The existing literature 
demonstrates the ability of curcumin to 
physiologically and morphologically 
downregulate astrocyte reactivity by determining 
the levels of various pathways associated with 
this reactivity, such as JAK2-STAT3 (Liu et al., 
2016), NF-κB, (Ni et al., 2015), other 
inflammatory cytokines (Tomita et al., 2005), and 
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ROS (Daverey & Agrawal, 2016), by studying 
the morphology of individual astrocytes 
(Fernández-López et al., 2014), or by quantifying 
GFAP fluorescence (Bondan et al., 2017). In 
addition to attenuating reactive astrocyte activity, 
curcumin has also shown potential as a treatment 
for CNS disorders such as Parkinson’s Disease 
(Singh & Kumar, 2015), Alzheimer’s Disease 
(Liu et al., 2016; Sawikr et al., 2016), and 
Traumatic Brain Injury (Laird et al., 2010). The 
current study could not elucidate curcumin’s 
molecular mechanisms that affect astrocyte 
morphology, but it did provide visual evidence 
that curcumin changes the morphology of 
conglomerations of glial cells across the spinal 
cord. It is possible that the molecular differences 
between lamprey and mammalian glial cells may 
render curcumin less efficacious in lamprey glial 
cells versus in mammalian glial cells. If lamprey 
glial cells express lower levels of inflammatory 
cytokines that curcumin attenuates, curcumin 
may have less of an effect. Nonetheless, it will be 
beneficial to continue exploring methods of 
quantifying the morphology of glial cells in 
lampreys, since the physiological manipulation 
of these cells may be informative for treatments 
for SCI in mammals.  
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