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Utilizing	Danio	rerio	(zebrafish)	as	a	model	organism	has	gained	popularity	

recently,	however	a	lack	of	research	into	their	immune	response	pathways	had	led	

to	the	discovery	of	subclinical	infections,	and	has	potentially	confounded	results.	We	

conducted	a	study	to	determine	the	cytokine	expression	from	TLR	activation	in	order	

to	map	these	pathways	and	prevent	further	research	complications.	Zebrafish	

tissues	were	analyzed	by	flow	cytometry	for	lymphocyte	localization.		Intestine,	

spleen	and	gill	were	exposed	to	an	ssRNA	analog	imiquimod,	bacterial	flagellin,	and	

an	dsRNA	analog	poly(I:C).		Fold-change	of	IFNγ1,	IFNγ2,	and	TNFα	were	analyzed	

using	real-time	qPCR	techniques.	In	response	to	imiquimod,	intestine	had	the	

highest	fold-change	increases	of	IFNγ1	and	IFNγ2	with	14.56	and	33.24	respectively,	

compared	to	gill	(0.98,	0.58)	and	spleen	(2.51,	7.50).		Fold-change	of	IFNγ1	in	

response	to	flagellin	was	lower	in	spleen	(3.83)	and	intestine	(0.66)	than	to	

imiquimod	(5.82,	9.35	respectively).		Expression	of	IFNγ2	from	flagellin-exposure	was	

higher	than	imiquimod-exposure	in	spleen	(7.50,	0.63),	but	lower	in	intestine	(1.31,	

8.23).	Imiquimod	incited	the	largest	fold-change	of	IFNγ1	and	IFNγ2	in	the	intestine.		



 

 

Since	imiquimod	is	a	TLR	7	agonist,	the	activity	of	TLR	7	in	zebrafish	may	be	related	

to	proinflammatory	antiviral	immune	response.			
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Introduction	

	 The	 study	 of	 Danio	 rerio	 (zebrafish)	 immunology,	 and	 their	 use	 as	 model	

organisms	has	risen	greatly	over	the	past	several	years.	 	According	to	the	Zebrafish	

Information	Network	website1,	 in	2014	 there	were	930	 laboratories	using	zebrafish	

for	 research	 in	 the	 United	 States,	 which	 have	 accumulated	 almost	 22,000	

publications1.	 	 In	 these	 publications,	 research	 use	 can	 be	 found	 in	 areas	 like	

toxicology,	 infectious	diseases,	 cancer	 research,	and	developmental	 genetics2.	 	 This	

rapid	 rise	 in	 popularity	 and	 use	 can	 be	 accounted	 for	 by	 understanding	 certain	

aspects	 about	 zebrafish	 morphology,	 physiology	 and	 lifecycle	 that	 make	 them	

impressive	models	for	vertebrate	research.			

Zebrafish	as	an	important	vertebrate	model	organism	

One	of	the	most	convenient	characteristics	of	zebrafish	which	makes	them	a	

promising	model	organism	is	that	they	are	highly	 fecund;	The	average	adult	 female	

zebrafish	 can	 generate	 clutches	 of	 100-200	 embryos	weekly3.	 	 In	 addition	 to	 their	

high	rate	of	egg	production,	the	fertilization	and	development	of	the	egg	and	embryo	

is	external3.	 	After	fertilization,	the	egg	offers	additional	benefits	to	research	in	that	

the	embryo	is	transparent.		This	transparency,	along	with	the	external	development	

of	 the	 embryo	 allows	 for	 easy	 visualization	 of	 the	 developmental	 stages	 of	 the	

embryo3,4.		Transparency	does	not	end	after	hatching,	as	some	lines	of	zebrafish	(e.g.	

casper)	 remain	 transparent	 through	 adulthood.	 	 This	 makes	 it	 possible	 to	 detect	

morphological	changes	in	internal	organs	in	vivo,	and	utilizing	GFP-labelled	dyes,	the	

	
	



tracking	of	infection	in	histological	slides4.		Following	the	progression	of	infections	in	

living	 tissues	 can	 be	 hugely	 beneficial	 in	 immunological	 studies.	 	 Zebrafish	

morphology	 and	physiologic	 responses	have	also	been	 shown	 to	be	 very	 similar	 to	

other	vertebrates,	 including	humans.	 	For	example,	except	for	 lungs,	zebrafish	have	

all	tissues	that	are	commonly	affected	by	human	diseases	like	brains,	hearts,	spleens,	

etc.3.	 	 In	 addition	 to	 the	 phenotypic	 and	 morphological	 benefits	 of	 zebrafish	 as	 a	

vertebrate	model,	the	entire	zebrafish	genome	was	sequenced	by	the	Sanger	Center	

with	 substantial	 annotation	 by	 the	 trans-National	 Institute	 of	 Health	 Zebrafish	

Genome	Initiative4.	The	sequencing	of	the	genome	opens	up	powerful	genetic	tools	

such	 as	 reverse	 and	 forward	 genetic	 screening	 and	 has	 shown	 that	 a	 high	 level	 of	

similarity	 exists	 between	 zebrafish	 and	mammalian	 genomes.	 	 These	morphologic,	

physiologic,	and	genetic	benefits,	along	with	their	small	size	make	zebrafish	an	ideal	

model	for	vertebrate	physiology	and	one	that	warrants	further	examination.			

Immunological	importance	

Although	 research	 into	 zebrafish	 immunology	 is	 important	 in-and-of-itself,	 a	

further	 layer	 comes	 from	 the	 zebrafish’s	 rising	 prominence	 in	 the	 development	 of	

treatments	 for	 human	 diseases	 like	 cancer.	 	 In	 order	 for	 accurate	 data	 to	 be	

obtained,	 it	 is	 essential	 that	 the	 laboratory	 zebrafish	 populations	 be	 clear	 of	 any	

pathogens	 that	might	 skew	 results.	 	One	of	 the	most	 common	pathogens	 infecting	

laboratory	 populations	 of	 zebrafish	 is	 the	 parasite	 Pseudoloma	 neurophilia5.	 	 This	

parasite	 can	 infect	 the	central	nervous	 system,	 resulting	 in	emaciation	and	skeletal	

deformities5.	 	 Along	 with	 the	 visible	 effects	 of	 P.	 neurophilia,	 many	 sub-clinical	



infections	 have	 also	 been	 detected	 in	 research	 facilities5.	 	 Since	 zebrafish	 are	 a	

relatively	new	vertebrate	model,	 little	 research	has	been	 conducted	on	 sub-clinical	

infections	of	 laboratory	populations6.	 	However,	research	into	sub-clinical	 infections	

in	 mice	 and	 rabbit	 populations	 has	 been	 documented	 and	 has	 been	 shown	 to	

compromise	results6,7.			

It	 is	 not	 a	 stretch	 of	 imagination,	 then,	 to	 believe	 that	 zebrafish	 with	 sub-

clinical	 infections	could	also	create	confounding	variables	 in	 research	 facilities.	 	 For	

example,	P.	 neurophilia	 infected	 fish,	without	 overt	 signs	 of	 infection,	 have	 shown	

reduced	fecundity	and	size5,8.	 	This	could	 lead	to	nonexperimental	variation	 leading	

to	 improper	analysis	of	data.	 	These	 infections	are	not	on	a	 small-scale	 in	 research	

facilities	 either.	 	 According	 to	 a	 2010	 survey,	 the	 Zebrafish	 International	 Resource	

Center	 found	 that	 >74%	 of	 the	 research	 facilities	 examined	 had	 P.	 neurophilia	

infections5,9.			

The	 unfortunate	 reality	 of	 this	 statistic	 is	 that	 many	 of	 the	 results	 and	

publications	 that	 have	 come	 out	 over	 the	 past	 several	 years	may	 present	 skewed	

results	 caused	 by	 nonexperimental	 variation	 and	 confounding	 variables.	 	 On	 the	

other	hand,	 there	may	be	 treatments	or	 techniques	 that	have	been	disregarded	as	

non-functional	 when	 it	 was	 actually	 the	 sub-clinical	 infection	 skewing	 results.		

Fecundity	and	size	are	often-utilized	measurements	of	health,	and	when	this	is	made	

unreliable	due	 to	 the	 infection,	 the	data	collected	may	be	 incorrectly	analyzed	and	

months	of	research	and	funding	wasted6.			

	



Toll-Like	Receptor	Proteins	

	 A	 bridge	 between	 the	 innate	 and	 adaptive	 immune	 response	 in	 many	

organisms	 are	 Toll-Like	 Receptors	 (TLRs)10,11.	 	 TLRs	 are	 membrane-bound	 protein	

complexes	 found	 on	 the	 plasma	 membrane,	 endosomes,	 lysosomes	 or	

endolysosomes	 of	 macrophages	 and	 dendritic	 cells	 -	 two	 types	 of	 immune	 cells	

responsible	 for	 engulfing	 and	 destroying	 foreign	 invaders,	 and	 presenting	 the	

fragments	 to	 T-Cells	 to	 begin	 adaptive	 immune	 response10.	 	 TLRs	 function	 by	

recognizing	specific	molecular	regions	on	foreign	bodies	called	“pathogen-associated	

molecular	 patterns”	 or	 PAMPs.	 	 These	 PAMPs	 are	 groups	 of	 molecules	 that	 are	

unique	to	certain	microorganisms,	and	that	are	generally	essential	for	the	survival	of	

the	 organism11.	 	 The	 necessity	 of	 the	 PAMPs	means	 that	 they	 are	 difficult	 for	 the	

microorganism	 alter11.	 There	 is	 a	wide	 range	 of	 PAMPs	 that	 can	 be	 recognized	 by	

TLRs.	 	 Different	 molecular	 patterns	 that	 can	 be	 recognized	 are	 lipids,	 glycolipids,	

lipoproteins,	 and	 proteins	 and	 nucleic	 acids	 derived	 from	microbial	 taxa	 including	

bacteria,	viruses,	parasites	and	fungi10.			

TLR	structure	denotes	specificity	

	 The	 structure	 of	 a	 TLR	 provides	 the	 specificity	 needed	 to	 detect	 foreign	

structures,	 while	 neglecting	 normal	 host	 cells.	 	 TLRs	 consist	 of	 an	 extracellular	

domain	made	up	of	 a	 number	of	 leucine-rich	 repeat	 (LRR)	motifs10,11	 as	well	 as	 an	

intracellular,	 cytoplasmic	 signaling	 structure	 homologous	with	 that	 of	 Interleukin-1	

receptor	and	thus	providing	its	name,	the	Toll/Interleukin-1	Receptor	(TIR)	domain11.		

The	LRR	domain	is	made	of	a	series	of	repeating	LRR	motifs,	each	of	which	is	roughly	



24-29	amino	acids	in	length11.		These	regions,	which	are	organized	as	β	strands	and	α	

helices,	 are	 interwoven	as	 loops	 and	organized	 in	 a	 horseshoe	 formation,	with	 the	

pocket	 facing	 outward11.	 	 It	 is	 still	 under	 debate	whether	 the	 ligands	 of	 all	 PAMPs	

bind	 to	 the	 concave	 portion	 of	 the	 LRR	 or	 the	 outer	 portion.	 	 The	 structural	

significance	of	 this	binding	 region	 is	 that	 the	 sequence	and	number	of	amino	acids	

exposed	to	ligands	will	dictate	which	PAMPs	are	bound	by	the	TLR10.		Since	the	LRRs	

are	specific	to	certain	PAMPs,	TLRs	are	only	activated	when	the	LRR	is	bound	by	 its	

corresponding	ligand.				

	 Along	with	 the	structure	of	TLRs,	 the	specificity	and	 function	are	also	highly	

conserved	 among	 vertebrates10.	 	 For	 example,	 TLR	 3,	 TLR	 7	 and	 TLR	 8	 generally	

recognize	microbial	nucleic	acid	 signatures,	while	TLR	1,	TLR	2	and	TLR	6	 recognize	

lipid	 molecules	 in	 most	 vertebrates10,11.	 However,	 there	 are	 differences	 in	 the	

recognition	 and	 function	 of	 some	 TLRs	 between	 vertebrates10.	 	 One	 documented	

difference	 in	 TLR	 repertoire	 between	 zebrafish	 and	 mammal	 systems	 is	 in	 the	

dimerization	of	TLR	2	with	TLR	1	and	TLR	6.		In	mammals,	the	heterodimer	of	TLR	2	

with	TLR	1	recognizes	triacylated	lipoproteins	and	mycobacterial	products,	while	the	

heterodimer	 of	 TLR	 2	with	 TLR	 6	 recognizes	 bacterial	 lipopeptides	 and	 lipoteichoic	

acids10,12.	 	 However,	 recent	 zebrafish	 genome	 sequencing	 has	 found	 a	 lack	 of	

evidence	 for	 the	 existence	 of	 a	 zebrafish	 TLR6	 ortholog10,13,14.	 	 Identifying	 and	

studying	 this	 difference	 in	 recognition	 molecules	 could	 lead	 to	 the	 discovery	

alternative	signaling	pathways	between	mammals	and	other	vertebrates.		

	



TLR	activation	and	response	

Recognition	of	 a	PAMP	by	a	TLR	will	 activate	anti-microbial	defenses	within	

the	cell.		These	activated	defense	mechanisms	attract	other	immune	cells	to	the	site	

of	 infection	in	order	to	activate	a	local	 inflammation	of	tissues	and	potentially	clear	

the	infection10.		The	innate	immune	cells	will	also	activate	adaptive	immune	cells	for	

support,	 these	 include	 the	 recruitment	 of	 Helper	 T-Cells,	 Cytotoxic	 T-Cells,	 and	 B-

Cells.		The	activated	innate	immune	cells	and	adaptive	immune	cells	launch	a	highly	

specific,	 targeted	 response	against	 the	 infectious	pathogen10.	 	One	method	utilized	

by	the	adaptive	immune	cells	to	combat	infection	is	the	secretion	of	cytokines	by	T-

Cells.	 	 Cytokines	 are	 small	 proteins	 that	 are	 released	 by	 cells	 and	 have	 a	 specific	

effect	on	the	communications	and	interactions	between	cells15.		There	are	both	pro-

inflammatory	and	anti-inflammatory	 cytokines	 that	 are	 secreted	 from	 the	different	

TLRs	 involved	 in	 immune	 response15.	 	 The	 inflammation	 that	 is	 either	 activated	 or	

inhibited	by	these	cytokines	is	a	direct	method	of	combating	infections	by	recruiting	

proteins	and	cells	from	the	blood	to	infection	sites	to	destroy	the	pathogen,	as	well	

as	 increasing	 the	 flow	of	 lymph	carrying	antigen-presenting	cells	 from	the	 infection	

site	to	nearby	lymph	nodes.		At	the	lymph	nodes,	adaptive	immunity	is	triggered	and	

antibodies	and	T-Cells	are	recruited	to	combat	the	pathogen16.	

Many	of	the	cytokines	involved	in	immune	response	specifically	up-	or	down-

regulate	 the	 activity	 of	 other	 immune	 cells.	 	 Activation	 and	 secretion	 of	 cytokines	

occurs	 in	 several	 steps.	 	 First,	 on	 the	 cytoplasmic	 side	 of	 the	 TLR,	 the	 TIR	 domain	

recruits	 cytoplasmic	 adaptor	 proteins10.	 	 An	 example	 of	 an	 adaptor	 protein	 that	 is	



required	 in	 all	 TLR	 activation	 pathways	 (except	 TLR	 3)	 is	 Myeloid	 Differentiation	

Factor	 88	 (MyD88)10.	 	MyD88	activates	NF-κB,	 a	 transcription	 factor,	 and	mitogen-

activated	 protein	 kinases	 (MAPK)	 which	 induce	 the	 transcription	 of	 inflammatory	

cytokines.	Alternatively,	TLR	3	has	a	different	signaling	pathway	that	utilizes	TRIF	as	

an	activator	of	NF-κB	and	IRF	to	induce	cytokine	expression10.		Adaptor	proteins	and	

their	 subsequent	 signaling	 pathways	 allow	 for	 specific	 immunological	 responses	 to	

the	 TLR	 agonist	 (the	 original	 PAMP	 that	 activated	 the	 TLR).	 	 In	 the	 following	

subsections,	the	specific	TLR	agonist-cytokine	pathways	that	were	focused	on	for	this	

study	are	documented.			

TLR	ligands	and	agonists	

	 Flagellin	 is	 the	protein	monomer	 that	makes	up	 the	bacterial	 flagellum,	 the	

motility	 apparatus	 of	many	 bacteria11.	 	 This	 protein	 is	 highly	 conserved	 among	 all	

bacteria,	making	it	a	prototypical	PAMP10,11.		In	mammals	and	zebrafish,	the	flagellin	

protein	is	recognized	by	TLR	510,11,12,17.		TLR	5s	are	expressed	on	many	innate	immune	

cells	 like	 macrophages,	 as	 well	 as	 basolaterally	 on	 epithelial	 cells10,12,18.	 	 This	

basolateral	 position	means	 that	 for	 recognition	 to	 occur,	 the	 bacterium	must	 have	

already	 invaded	 the	 epithelial	membrane17.	 	 The	 TLR	 5	 on	 epithelial	 cells	 induce	 a	

pro-inflammatory	 response	 leading	 to	 MyD88-mediated	 activation	 of	 NF-κB	 and	

other	cytokines18,19.			

	 Double-Stranded	RNA	 (dsRNA)	 is	 a	 foreign	 compound	 to	 all	 vertebrate	 cells	

and	 its	 presence	 is	 usually	 indicative	 of	 a	 viral	 infection,	 specifically	 of	 double-

stranded	 RNA	 viruses	 such	 as	 Rotavirus.	 	 The	 dsRNA	 is	 generated	 during	 viral	



infection	 as	 a	 replication	 intermediate	 or	 as	 a	 transcription	 byproduct12.	 	 Many	

studies	 have	 shown	 that	 dsRNA	 is	 often	 recognized	 by	 TLR	 3	 in	 vertebrates10,12,20.		

This	pathway	differs	from	the	others,	in	that	it	does	not	activate	MyD88	and	instead	

uses	TRIF	to	lead	to	the	activation	of	the	transcription	factors	IRF3	and	NF-κB,	which	

in	 turn	 activate	 the	 expression	 of	 many	 interferons	 and	 other	 cytokines10.	 	 The	

poly(I:C)	used	in	this	study	is	a	synthetic	compound	that	acts	as	a	dsRNA	mimic.	

	 Imiquimod	 is	 a	 synthetic	 compound	 that	 has	 demonstrated	 strong	 antiviral	

responses	against	 viruses	 like	herpes	 simplex	 virus	 and	human	papilloma	virus21	 as	

well	 as	 good	 clinical	 efficacy	 against	 malignant	 skin	 tumors22.	 	 Imiquimod	 is	 a	

guanasine	 analog,	 which	 have	 been	 well	 documented	 as	 immune	 response	

modifiers23.	 	 Imiquimod	 causes	 a	 potent	 immune	 response	 when	 introduced	 by	

stimulating	TLR	7	on	dendritic	cells22,24.			This	activation	of	TLR	7	leads	to	the	NF-κB-

dependent	secretion	of	pro-inflammatory	cytokines	like	TNFα21,25.			

Measuring	immune	response	in	zebrafish	

	 Immune	 response	 in	 zebrafish	 is	 often	 conducted	 by	 measuring	 the	

expression	 of	 immune	 cytokines	 in	 cells	 and	 tissues.	 	 Some	 of	 these	 cytokines	 are	

secreted	by	 innate	 immune	cells	 like	macrophages	and	dendritic	cells.	 	Examples	of	

these	 cytokines	 include	TNFα,	 and	 several	 interleukin	 cytokines26.	 	 These	 cytokines	

are	often	 responsible	 for	 cell-signaling	and	act	as	a	bridge	between	 the	 innate	and	

adaptive	immune	systems26.		Additionally,	some	cytokines	are	secreted	by	activated	

T-Cells	like	Interferon	gamma	(IFNγ)27.	Measuring	the	amount	of	cytokine	mRNA	that	



is	transcribed	and	expressed	provides	researchers	with	an	idea	of	the	relative	level	of	

activation	of	the	immune	system.			

T-Cell	location	in	zebrafish	

	 In	order	 for	 researchers	 to	study	T-Cell	 secretion	of	cytokines,	 the	tissues	 in	

which	 they	 reside	must	 be	 excised	 from	 the	 organism.	 	 In	 zebrafish,	 the	 extent	 to	

which	T-Cells	reside	in	certain	tissues	largely	has	to	do	with	the	age	of	the	organism	

and	 the	 sites	 and	 processes	 of	 lymphopoiesis	 (lymphocyte	 production	 and	

differentiation).	 	As	noted	earlier,	 the	 transparency	of	 the	 zebrafish	embryo	allows	

for	 easy	 visualization	of	 the	process	 of	 lymphopoiesis	 even	prior	 to	 hatching3,4.	 	 In	

this	way,	it	has	been	identified	that	T-Cells	can	be	found	in	the	thymus,	both	parts	of	

the	kidney,	the	spleen,	and	the	intestine.			

At	 approximately	 4	 days	 post-fertilization,	 the	 T-Cells	 begin	 to	 differentiate	

and	develop	in	the	thymus28.		At	9	days	post-fertilization,	T-Cells	begin	to	circulate	to	

the	secondary	lymphoid	tissues	in	the	kidney,	spleen	and	intestine29.		T-Cells	can	be	

found	 in	 both	 the	mesonephros	 and	 pronephros	 of	 the	 zebrafish	 kidney,	 often	 in	

aggregates28.	 	 Additionally,	 in	 zebrafish	 intestine,	 T-Cells	 are	 located	 between	

epithelial	 cells,	 which	 closely	 resembles	 the	 descriptions	 of	 intestine	 in	 dogs28.		

According	to	studies	of	the	expression	of	TCRα	(a	receptor	protein	on	T-Cells),	there	

are	relatively	fewer	T-Cells	in	the	spleen	than	in	the	kidney	for	the	first	few	months	of	

life28.	 	However,	by	about	12	months,	 the	 relative	number	 is	much	more	similar	as	

distribution	to	the	spleen	increases	dramatically28.				



Knowledge	 of	 the	 locations	 of	 T-Cell	 development	 and	 residence	 is	

instrumental	for	immune	response	researchers.		Tracking	T-Cell	locations	is	primarily	

done	 through	 the	 use	 of	 a	 transgenic	 zebrafish	 line,	 lck::GFP	 that	 express	 Green	

Fluorescent	 Protein	 (GFP)	 under	 T-Cell-specific	 tyrosine	 kinase	 (lck-GFP)	 control30.		

The	GFP	 labelling	 is	used	as	a	biosensor	 in	 that	 it	 allows	 for	gene	expression	 to	be	

tracked	because	it	luminesces	when	excited	by	blue	to	ultraviolet	light	wavelengths.		

This	allows	for	visualization	of	the	amount	of	T-Cells	that	are	localized	in	certain	parts	

of	the	fish.			

Methods	and	Materials	

Tissue	extraction		

Immunologically	 pertinent	 zebrafish	 tissues	 were	 extracted.	 Zebrafish	 were	

sacrificed	by	instantaneous	fatal	hypothermic	shock	induced	by	ice	water	immersion	

and	the	spleen,	kidney,	gill,	 intestinal	 tissue	and	thymus	were	extracted.	Gut	 tissue	

was	washed	by	gently	agitating	it	in	PBS	buffer.		The	tissues	were	placed	in	separate	

microfuge	 tubes	 with	 500	 µL	 of	 RPMI	 cell	 culture	 medium	 with	 Gentamycin	 and	

Penicillin-Streptomycin	 (Pen	 Strep)	 antibiotics	 added.	 The	 tissues,	 still	 in	 solution,	

were	 then	 dissociated	 using	 vigorous	 pipetting	 and	 aspirating	 to	 liberate	

lymphocytes.		

TLR	agonist	pulsing		

The	 TLR	 ligands,	 imiquimod,	 flagellin	 and	 poly(I:C),	 were	 purchased	 from	

Invivo	Gen	and	reconstituted	according	to	the	InvivoGen	manufacturer’s	instructions.	

All	ligands	were	re-suspended	in	endotoxin-free	water	to	a	working	concentration	of	



1	µg/mL	for	imiquimod,	100	µg/mL	for	flagellin,	and	20	µg/mL	for	Poly	(I:C).	For	the	

TLR	 pulsing,	 50	µL	 of	 the	 cell	 solutions	were	 added	 to	 different	wells	 in	 a	 96-well	

plate,	as	well	as	150	µL	of	RMPI	(+Gentamycin	and	Pen	Strep).	 	The	imiquimod	was	

further	diluted	to	a	concentration	of	0.1	µg/mL	by	adding	90	µL	of	RMPI	to	the	stock	

solution.	 	 5	 µL	 of	 the	 working	 solutions	 of	 the	 TLR	 ligands	 were	 then	 added	 to	

different	wells.	

	 The	 96-well	 plate	 was	 then	 left	 undisturbed	 for	 24	 hours	 at	 room	

temperature.	 	 After	 the	 24	 hour	 time	 period,	 the	 solutions	 remaining	 in	 the	wells	

were	 collected	 in	 individual	 microfuge	 tubes	 and	 350	 µL	 of	 RA1	 buffer	 from	 the	

NucleoSpin	RNA	Extraction	Kit	was	added.		These	tubes	were	then	placed	in	a	-20°C	

freezer	where	they	were	stored	until	the	RNA	extraction.		

RNA	extraction	and	cDNA	synthesis	

After	pulsing	for	24	hours	the	RNA	was	extracted	from	the	solutions	using	the	

NucleoSpin	 RNA	 Extraction	 kit	 from	 Macherey-Nagel	 and	 following	 the	

manufacturer’s	 instructions.	 The	 RNA	 that	 was	 extracted	 was	 then	 used	 to	 make	

cDNA	constructs.	Using	the	RNA	to	cDNA	EcoDry	Kit	 instructions,	20	µL	of	RNA	was	

added	 to	 each	 well	 of	 EcoDry	 Premix	 in	 the	 cDNA	 strips.	 These	 strips	 were	 then	

placed	in	an	Applied	Biosystems	Veriti	96	Well	Thermal	Cycler	at	42°C	for	60	minutes,	

and	then	70°C	for	10	minutes.	Upon	completion,	the	cDNA	was	refrigerated.		

PCR	and	Quantitative	PCR	(qPCR)		

Primers	for	each	zebrafish	gene	are	listed	in	Table	1.	 	An	initial	PCR	reaction	

was	done	for	each	primer	set	to	confirm	the	size	of	the	PCR	product.		PCR	products	



were	subsequently	purified	from	agarose	gels	and	used	as	a	positive	control	for	qPCR	

experiments.		The	cDNA	solutions	were	diluted	ten-fold	with	molecular	grade	water.	

Quantitative	 PCR	 reactions	 used	 SYBR	 Green	 FastDry	 Mix,	 following	 the	

manufacturer’s	recommended	guidelines	for	both	DNA	and	primer	concentrations.		A	

total	of	20ul	reactions	was	used	for	each	well	of	an	Applied	Biosystems’	Fast	Optical	

96-Well	 qPCR	 plate.	 Negative	 controls	 were	 included	 on	 each	 plate	 and	 replaced	

cDNA	with	molecular	grade	water.		The	plate	was	covered	with	a	clear	covering	and	

spun	 in	 a	 centrifuge	 at	 1000	 rpm	 for	 1	minute.	 Volume	of	wells	were	 checked	 for	

equality	and	the	plate	was	placed	in	Applied	Biosystems	StepOnePlus	Real	Time	PCR	

System	 for	 qPCR.	 The	 qPCR	 was	 run	 on	 the	 Quantitative	 setting	 with	 a	 reaction	

volume	of	20	µL.	

The	qPCR	took	measurements	in	real	time	of	the	amount	of	DNA	at	each	step	

in	a	PCR.		Fluorescence	directly	related	to	the	amount	of	DNA	present	was	measured	

by	the	StepOnePlus	PCR	System.		Recordings	were	taken	of	the	crossing	threshold	of	

the	samples.		

	

	

	

	

	

	

	



Table	1	

Primer	Name	 Sequence	

zfef1a-3F	 5’-TCCTCTTGGTCGCTTTGCT-3’	

zfef1a-3R	 5’-TCTCATTGAGGGAAATTCACTTG-3’	

TNFαBGF	 5’-AGGCAATTTCACTTCCAAGG-3’	

TNFαBGR	 5’-AGGTCTTTGATTCAGAGTTGTATCC-3’	

zfIFNγ1-3F	 5’-ACTCAGTCAAGGCGAAAAATGG-3’	

zfIFNγ1-3R	 5’-TTTTTCTGTGGAGGCCCGAT-3’	

zfIFNγ2-2F	 5’-CAAAGGAGAGGCTGGCACAT-3’	

zfIFNγ2-2R	 5’-GGTCGTTTTCCTTGATCGCC-3’	

	

Flow	Cytometry	

	 In	order	 to	determine	 the	 location	of	T	 cells	 in	adult	 zebrafish,	 a	 transgenic	

line	of	 zebrafish	with	GFP-producing	T	cells,	 lck::GFP	zebrafish	 (a	kind	gift	 from	the	

laboratory	 of	 Kimble	 Frazer,	 University	 of	 Oklahoma	 Health	 Sciences	 Center),	 was	

obtained.	 At	 24	 weeks	 post-fertilization	 (wpf),	 fish	 were	 euthanized	 by	 inducing	

instantaneous	 fatal	 hypothermia	 (ice	 bath	 immersion)	 and	 gill,	 kidney,	 spleen,	

intestine,	 and	 thymus	 were	 aseptically	 removed	 and	 placed	 in	 individual	 tubes	 of	

sterile	PBS.	Tissues	were	dissociated	by	triturating	gently	using	a	P1000	pipette	and	

allowing	the	contents	to	settle	for	approximately	5	minutes.	The	resulting	single	cell	

suspensions	 were	 examined	 for	 the	 presence	 of	 GFP-producing	 T	 cells	 using	 flow	

cytometry.			



Results	

	

The	tissues	collected	from	the	transgenic	lck::GFP	zebrafish	were	analyzed	by	

flow	 cytometry	 to	 determine	 which	 tissues	 had	 GFP+	 T	 cells.	 	 Lymphocytes	 were	

gated	 (based	 upon	 previous	 experiments)	 and	 then	 events	 counted	 to	 further	

delineate	 the	 GFP	 producing	 T-Cells	 from	 other	 lymphocytes	 in	 the	 tissue.	 These	

results	 indicated	 that	 of	 the	 lymphocytes	 collected,	 certain	 tissues	 had	 a	 higher	

prominence	of	T-Cell	 localization	than	others.	The	percentages	of	GFP	producing	T-

Cells	 out	 of	 total	 lymphocytes	 in	 the	 thymus,	 intestine	 and	 gill	 were	 elevated	 in	

comparison	 to	 the	other	 tissues	with	65.9%,	87.9%,	and	40.3%	 respectively	 (Figure	

1a)	 compared	 to	 the	 percentages	 of	 the	 kidney	 (21.1%),	 and	 spleen	 (12.8%).		

Additionally,	when	the	T-Cell	counts	were	compared	with	total	cells	in	these	tissues,	

the	 thymus,	 intestine	 and	 gill	 once	 again	 had	 higher	 proportions	 than	 the	 other	

tissues	measured	with	approximately	15%,	10%,	and	13%	respectively.	Again,	these	

A 

B Figure	1.	Location	of	T	cells	in	zebrafish	
tissues.	Organs	from	lck::GFP	zebrafish	were	
dissected	and	analyzed	by	flow	cytometry.	A.	
Percent	of	green-fluorescent	protein	(GFP)	
producing	T	cells	out	of	total	lymphocytes	
from	thymus	(65.9%,	intestine	(87.9%),	kidney	
(21.1%),	spleen	(12.8%)	and	gill	(40.3%)	
detected	by	flow	cytometry.		B.	Percent	of	
GFP	positive	T	cells	out	of	total	events	
detected	by	flow	cytometry.	 



tissues	showed	higher	percentages	than	the	kidney	and	spleen	which	each	had	about	

5%	T-Cells	out	of	total	events.		

	

	

	

	

	

	

	

	

	

	

	

	

Based	on	the	results	from	the	flow	cytometry,	spleen,	intestine,	and	gill	were	

used	 for	 the	 quantitative-cytokine	 expression	 experimentation.	 	 Thymuses	 were	

excluded	as	the	tissues	could	only	be	extracted	when	the	transgenic	line	of	zebrafish	

was	available.		A	SYBR	Green	FastDry	Premix	and	the	Applied	Biosystem	StepOnePlus	

Real	 Time	PCR	System	were	used	 to	obtain	CT	 readings.	 	 The	CT	 values	were	 then	

transformed	 into	 fold	 changes,	 representing	 the	 fold	 increase	 in	 expression	 of	

specific	 cytokines	when	exposed	 to	 imiquimod.	 	 The	 fold	 change	 increase	of	 IFNγ1	

showed	 that	 the	 intestine	 (14.56)	had	a	much	higher	 fold	 increase	 than	 the	 spleen	

A B 

C 
Figure	2.	Fold	changes	of	gene	expression	of	
inflammatory	cytokines	in	zebrafish	tissues	in	
response	to	the	TLR	7	agonist,	imiquimod.	Tissues	
were	exposed	to	imiquimod	and	fold	change	
recorded	through	qPCR.	A.	Fold	change	increase	of	
IFNɣ1	transcripts	in	gill	(0.98),	intestine	(14.56),	
and	spleen	(2.51)	compared	to	untreated	control	
tissues.	B.	Fold	change	increase	of	IFNɣ2	
transcripts	in	gill	(0.58),	intestine	(33.24),	spleen	
(7.50)	compared	to	untreated	control	tissues.	C.	
Overall	fold	change	of	IFNɣ1	(14.56),	IFNɣ2	(33.24),	
and	TNFα	(1.67)	in	intestine. 



(2.51)	 and	 the	 gill	 (0.98)	 tissues	 (Figure	 2a).	 	 A	 similar	 result	was	 found	when	 the	

IFNγ2	 cytokine	was	 targeted	with	 the	 intestine	 (33.24)	 being	 even	 higher	 than	 the	

spleen	 (7.50)	 and	 the	 gill	 (0.58)	 (Figure	 2b).	 	When	 examining	 solely	 the	 intestine	

tissue	 when	 exposed	 to	 imiquimod	 and	 targeting	 three	 different	 cytokines,	 the	

results	showed	that	IFNγ2	(33.24)	had	the	highest	fold	change	increase,	followed	by	

IFNγ1	(14.56),	and	TNFα	(1.67)	(Figure	2c).			

	

	

	

	

	

	

	

	

	

	 The	 qPCR	 was	 used	 to	 analyze	 fold	 change	 differences	 of	 IFNγ1	 and	 IFNγ2	

between	spleen	and	intestine	tissue	when	exposed	to	flagellin	and	imiquimod.		Both	

the	 spleen	 and	 the	 intestine	 increased	 IFNγ1	 transcripts,	 though	 transcripts	 were	

nearly	doubled	when	exposed	to	imiquimod.		The	spleen	had	a	fold	change	increase	

of	3.23	in	response	to	flagellin,	and	5.82	to	imiquimod,	while	the	intestine	had	a	fold	

change	of	0.66	in	response	to	flagellin,	and	9.35	to	imiquimod	(Figure	3a).		The	IFNγ2	

fold	change	was	opposite	between	the	spleen	exposed	to	flagellin	increasing	by	7.50,	

A

C

B Figure 3. Cytokine expression in spleen and intestine of 

zebrafish in response to TLR agonist exposure.  A. Zebrafish 
spleen and intestine were exposed to flagellin and imiquimod
and fold change of IFNɣ1 was measured using qPCR 
techniques. The spleen response to flagellin was 3.23, and to 
imiquimod was 5.82.  The intestine response to flagellin was 
0.66, and to imiquimod was 9.35.  B. Zebrafish spleen and 
intestine were exposed to flagellin and imiquimod and fold 
change of IFNɣ2 was measured using qPCR techniques. The 
spleen response to flagellin was 7.50, and to imiquimod was 
0.63.  The intestine response to flagellin was 1.31, and to 
imiquimod was 8.23. C. Zebrafish intestine was exposed to 
poly(I:C) and imiquimod and analyzed for IFNɣ1 using qPCR 
with samples taken at 1 hour (poly(I:C) 2.33; imiquimod
4.58), 5 hours (poly(I:C) 0.71; imiquimod 119.50), and 24 
hours (poly(I:C) 7.04; imiquimod 47.44) post exposure (HPE). 
D. Zebrafish intestine was exposed to poly(I:C) and imiquimod
and analyzed for IFNɣ2 using qPCR with samples taken at 1 
hour (poly(I:C) 1.44; imiquimod 1.09), 5 hours (poly(I:C) 0.64; 
imiquimod 3.53), and 24 hours (poly(I:C) 6.09; imiquimod
90.95) post exposure (HPE).

D



and	to	imiquimod	by	0.63,	and	the	intestine	when	exposed	to	flagellin,	which	had	a	

fold	 change	 increase	 of	 1.31,	 and	 an	 8.23	 fold	 change	 increase	 when	 exposed	 to	

imiquimod	(Figure	3b).		

	 In	a	separate	analysis,	a	qPCR	was	used	to	measure	the	fold	change	increases	

of	 IFNγ1	 and	 IFNγ2	 in	 intestine	 tissue	 in	 response	 to	 poly(I:C)	 and	 imiquimod	 over	

time.	 	 Samples	 were	 taken	 at	 1,	 5,	 and	 24	 hours	 post-exposure	 (HPE)	 to	 the	 TLR	

ligand.	 	 In	 the	 IFNγ1	 analysis,	 imiquimod	 had	 a	 greater	 fold	 change	 increase	 at	 all	

three	time-points,	with	the	highest	at	5	HPE	(1-	4.58,	5-	119.50,	24-	47.44),	while	the	

poly(I:C)	had	relatively	little	fold	change	increases	with	a	peak	at	24	HPE	(1-	2.33,	5-	

0.71,	 24-	 7.04)	 (Figure	 3c).	 	 The	 IFNγ2	 fold	 changes	 showed	 similarities	 in	 that	 the	

imiquimod	had	consistently	higher	fold	change	(excluding	1	HPE)	with	fold	changes	of	

1.09,	3.53,	and	90.95	at	1,	5,	and	24	HPE	respectively	(Figure	3d).		The	poly(I:C)	had	

modest	fold	changes	of	1.44,	064,	and	6.09	for	1,	5,	and	24	HPE	respectively	(Figure	

3d).		In	both	IFNγ1	and	IFNγ2	expression,	the	poly(I:C)	fold	change	was	highest	at	the	

24	HPE	time	point,	while	for	the	imiquimod	the	highest	was	5	HPE	for	IFNγ1	and	24	

HPE	for	IFNγ2.			

Discussion	

	 The	 data	 from	 the	 flow	 cytometry	 revealed	 that	 higher	 proportions	 of	 GFP	

producing	T-Cells	were	localized	to	the	thymus,	intestine	and	gill.		The	explanation	for	

an	 increased	 percentage	 of	 T-Cells	 in	 the	 thymus	 is	 fairly	 intuitive	 and	 is	 primarily	

connected	 to	 the	 development	 of	 the	 adaptive	 immune	 system,	 specifically	 T	 cell	

development.		Since	zebrafish	T-Cells	develop	and	differentiate	in	the	thymus,	there	



would	be	an	 increased	percentage	when	compared	 to	other	 lymphocytes	and	 cells	

than	 in	 other	 tissues.	 	 The	 explanations	 for	 increased	 percentages	 of	 T-Cells	 in	

intestine	and	gill	 tissue	 is	more	connected	 to	 the	 function	of	 the	adaptive	 immune	

system.	 	The	adaptive	 immune	system	is	primarily	responsible	for	the	protection	of	

the	organism	from	pathogenic	viruses	and	bacteria	that	may	enter	the	system.	 	For	

zebrafish,	 the	 primary	 potential	 entrance	 points	 for	 these	 pathogenic	

microorganisms	are	the	gills	and	the	gut.		Therefore,	localization	of	adaptive	immune	

cells	to	those	locations	would	be	evolutionarily	beneficial	to	the	organism.		This	may	

provide	 an	 explanation	 to	 the	 relatively	 high	 T-Cell	 concentrations	 in	 the	 thymus,	

intestine	and	gill	tissues	in	comparison	to	the	kidney	and	spleen.		

	 An	additional	explanation	as	to	the	increased	prevalence	of	T-Cells	in	the	gill	

and	intestine	is	the	structure	of	their	tissues.		Both	are	mucosal	tissues	which	act	as	a	

trap	of	sorts	for	pathogens	that	have	entered	the	system	either	through	the	mouth	

or	the	gills.		With	such	close	contact,	many	times	as	the	first-layer	of	defense	against	

the	pathogens,	it	is	essential	to	have	strong	adaptive	immune	ability	readily	available	

which	correlates	with	an	abundance	of	T-Cells	nearby.		

	 			The	 increased	 upregulation	 of	 IFNγ1	 and	 IFNγ2	 in	 response	 to	 imiquimod	

exposure	 is	 likely	 due	 to	 the	 anti-viral	 properties	 of	 the	 cytokines.	 The	 class	 II	

cytokines,	of	which	 IFNγ1	and	IFNγ2	are	a	part,	are	known	to	mediate	 immune	and	

inflammatory	responses.	 	The	increased	expression	of	these	inflammatory	cytokines	

in	the	intestine	makes	logical	sense.		As	shown	earlier,	a	large	percentage	of	the	cells	

in	the	 intestine	of	zebrafish	are	T-Cells	potentially	because	of	the	high	 likelihood	of	



pathogen	exposure	 in	the	gut.	 	When	these	T-Cells	encounter	a	pathogen,	adaptive	

immune	 response	 is	 activated	 with	 upregulation	 of	 pro-inflammatory	 cytokines.	

Based	on	the	results,	the	cytokines	upregulated	the	most	are	IFNγ1	and	IFNγ2.		The	

exact	roles	of	IFNγ1	and	IFNγ2	in	zebrafish	are	somewhat	unknown,	and	could	lead	to	

some	insight	as	to	the	exact	 immune	responses	stimulated	by	 imiquimod	exposure.		

While	 the	 function	 of	 the	 canonical	 vertebrate	 IFNγ	 includes	 activation	 of	

macrophages,	 increased	 expression	 of	 MHC	 molecules	 and	 antigen	 processing	

components,	 as	 well	 as	 suppressing	 T-Helper	 Cells	 and	 activation	 of	 key	 antiviral	

enzymes,	zebrafish	IFNγ	cytokines	differ	from	the	vertebrate	model16,.	 	 In	zebrafish,	

the	 role	 of	 IFNγ	 has	 been	 subdivided	 and	 split	 between	 two	 cytokines	 -	 IFNγ1	 and	

IFNγ2,	sharing	only	18.8%	amino	acid	identity31.		Previous	research	has	indicated	that	

there	 is	great	redundancy	 in	between	the	roles	of	 IFNγ1	and	IFNγ2,	 IFNγ2	functions	

more	 similarly	 to	 the	 canonical	 IFNγ32.	 	 This	 distinction	 separating	 the	 vertebrate	

model	 and	 zebrafish	 is	 important	 to	understand	when	 comparing	 immunology	 and	

inferring	similarity.					

	 Imiquimod	is	a	synthetic	compound	that	mimics	the	action	of	single-stranded	

RNA	 (ssRNA).	 	 In	mammals	when	a	virus	enters	 the	cell	 and	TLRs	 recognize	PAMPs	

associated	with	ssRNA,	the	cell	will	often	internalize	the	associated	pathogen	into	an	

internal,	 enclosed	membranous	 sac	 called	 an	 endosome.	 Some	 TLRs	 reside	 within	

this	 endosome,	 including	 TLR	7	 and	 TLR	8	which	have	been	 shown	 in	mammals	 to	

dimerize	in	order	to	respond	to	ssRNA23.		Imiquimod,	however,	as	an	ssRNA	analog,	

activates	only	 TLR	7	 and	not	 TLR	823.	 	 Therefore,	with	 the	 increasing	 expression	of	



IFNγ1	 and	 IFNγ2,	 while	 only	 activating	 TLR	 7	 could	 lead	 to	 the	 possibility	 that	 the	

primary	response	to	ssRNA	is	associated	with	TLR	7,	and	TLR	8	may	have	alternative,	

supportive,	 or	 even	 secondary	 functions.	 	 It	 is	 possible	 that	 since	 the	 TLR	 7/TLR	 8	

dimer	has	such	an	important	biological	function	in	its	viral	sensing,	that	while	TLR	7	

may	be	the	primary	responder	and	activator	of	immune	action,	TLR	8	is	available	to	

bolster	 immune	 response	 or	 activate	 alternative	 pathways	 to	 clear	 pathogens.		

Additionally,	TLR	8	may	have	 the	 function	of	a	“back-up”	TLR,	available	 for	use	 if	a	

pathogen	goes	undetected	by	TLR	7	it	may	still	be	addressed.	

	 It	is	important	to	note	the	“infection”	model	for	this	study,	and	to	discuss	the	

possible	implications	it	may	have	on	the	data.		Since	cells	were	“artificially	infected”	

with	 exposure	 to	 pure	 TLR	 agonists	 ex	 vivo,	 the	 full	 immune	 response	 to	 viral	

infections	may	not	be	completely	represented	as	a	natural	route	of	infection	was	not	

followed.	 	 It	has	been	shown	that	teleost	fish	can	be	 infected	by	viruses	through	in	

laboratory	 settings33,	 and	 if	 fish	 were	 infected	 naturally,	 the	 responses	may	 differ	

from	 the	 TLR-stimulation	 route	 used	 in	 this	 study.	 	 Going	 forward,	 similar	

experimental	studies	may	be	done	using	natural	infection	models	which	may	further	

develop	 the	understanding	of	 cytokine	expression	 in	 response	 to	TLR	activation.	 	 It	

could	 be	 possible	 that	 the	 viral	 infection	model	 will	 also	 show	 an	 upregulation	 of	

IFNγ1	and	IFNγ2,	corroborating	the	results	of	this	study.	

	 The	 low	 levels	 of	 TNFα	 expression	 are	 indicative	 of	 the	 natural	 immune	

response	 to	 intracellular	 infections.	 	 The	 role	 of	 TNFα	 is	 to	 promote	 greater	

inflammation	 and	 endothelial	 activation16.	 	 However,	 this	 generally	 occurs	 in	 later	



stages	 of	 a	 viral	 infection.	 Since	 the	 majority	 of	 the	 TNFα	 is	 expressed	 by	

macrophages	which	have	been	activated	by	T-Helper	Cells,	 large-scale	upregulation	

of	expression	takes	a	greater	length	of	time.		As	noted	earlier,	a	primary	function	of	

IFNγ1	and	IFNγ2	is	the	activation	of	T-Helper	Cells16.		Thus,	TNFα	expression	may	be	

temporally	linked	to	the	expression	of	IFNγ1	and	IFNγ2,	and	delayed	in	its	expression.		

This	 could	 indicate	 that	 the	 reason	 for	 such	 a	 low	 TNFα	 fold	 change	 in	 our	

measurements	 was	 because	 the	 cells	 were	 simply	 not	 given	 enough	 time	 post-

exposure	to	produce	TNFα.			

	 In	addition	to	testing	a	mimic	of	viral	infection,	we	also	examined	the	effect	of	

flagellin	treatment	of	cytokine	expression	in	the	spleen	and	intestine.		As	flagellin	is	a	

component	of	bacteria,	we	hypothesized	that	it	would	not	increase	levels	of	IFNγ	to	

the	 same	 extent	 as	 imiquimod.	 	 Flagellin	 treatment	 did	 partially	 increase	 level	 of	

IFNγ1	 in	 the	 spleen	 but	 had	 its	 most	 dramatic	 effect	 on	 IFNγ2	 expression	 in	 the	

spleen,	where	levels	of	the	cytokine	were	nearly	8	times	greater	than	treatment	with	

imiquimod.	 	 In	 the	 intestine,	 imiquimod	 treatment	 resulted	 in	higher	expression	of	

both	 IFNγ	 genes	 compared	 to	 flagellin	 treatment.	 	 We	 are	 unable	 to	 explain	 why	

flagellin	treatment	resulted	in	such	a	high	level	of	IFNγ2	in	the	spleen	and	not	in	the	

intestine,	nor	are	we	able	 to	explain	why	 IFNγ1	was	not	equally	upregulated	 in	 the	

spleen	 in	 response	 to	 flagellin	 treatment.	 	 Perhaps	 some	 part	 of	 the	 splenic	

microenvironment	makes	it	more	sensitive	to	IFNγ2	synthesis.		As	previously	stated,	

the	 spleen	 has	 few	 T	 cells	 to	 begin	 with,	 perhaps	 another	 subset	 of	 cells	 which	

specializes	in	IFNγ2	production	is	concentrated	in	the	spleen.				 	



	 Poly(I:C),	a	synthetic	analog	of	dsRNA	and	TLR	3	agonist,	was	also	analyzed	for	

its	activation	of	cells	to	express	IFNγ1	and	IFNγ2.		The	data	shows	a	much	greater	fold	

change	increase	of	both	IFNγ1	and	IFNγ2	in	response	to	imiquimod	than	poly(I:C)	at	

the	majority	of	time	points.	This	data	shows	that	the	results	that	were	captured	are	

not	 solely	 in	 response	 to	 cell	 upregulation	 of	 cytokine	 expression	 in	 response	 to	

foreign	 RNA	 exposure.	 	 Since	 both	 imiquimod	 and	 poly(I:C)	 are	 analogs	 of	 RNA	

structures	 (single-stranded,	 and	 double-stranded	 respectively),	 if	 the	 cells	 were	

responding	 to	 the	 presence	 of	 RNA,	 similar	 patterns	 and	 expression	 would	 be	

expected.	 	However,	 imiquimod	exposure	 induced	 a	 fold	 change	 increase	 that	was	

much	greater	than	the	increase	in	response	to	poly(I:C),	informing	that	the	cells	were	

responding	 specifically	 to	 ssRNA	exposure,	 and	not	merely	 the	presence	of	 foreign	

RNA.	

	 Statistical	 tests,	 including	 log	 and	 natural	 log	 transformations,	 were	

attempted	to	normalize	the	data,	but	did	not	alter	the	statistical	significance	of	the	

data	compared	to	non-transformed	data.		This	is	due	to	the	pure	biological	variation	

that	 exists	 with	 the	 samples	 collected.	 	 Primarily,	 there	 exists	 great	 biological	

variation	between	the	different	fish	from	which	tissues	were	extracted.		For	example,	

there	may	be	a	great	 variation	 in	 the	number	of	T-Cells	 that	are	present	 in	 tissues	

between	the	 fish.	 	Since	 the	T-Cells	are	expressing	 the	cytokines,	 this	could	 lead	to	

drastically	different	results	between	experiments.		Additionally,	the	viability	of	the	T-

Cells	and	the	length	of	time	between	extraction	and	expression	measurement.		If	T-

Cells	 were	 particularly	weak	 or	 died	 prior	 to	measurement	 or	 analysis,	 the	 results	



may	 be	 confounded	 and	 variation	 increased.	 	 Especially	 in	 the	 intestine,	 high	

amounts	of	bacteria	may	have	caused	confounding	and	varied	results,	even	though	

the	 media	 had	 antibiotics,	 there	 may	 have	 been	 an	 uncontrollable	 amount	 of	

bacteria	 present.	 	 The	 fold	 change	 measurement	 also	 added	 to	 the	 difficulty	 of	

finding	 statistical	 significance	 as	 it	 is	 a	 relative	 measurement.	 	 Since	 it	 is	 the	

measured	 amount	 of	 change	 in	 the	 expression	 of	 cytokines	 as	 a	 function	 of	 the	

change	in	expression	in	the	untreated	tissues,	 it	cannot	be	statistically	compared	to	

other	 tissues.	 	 Instead,	 the	results	should	be	viewed	as	biologically	significant,	with	

obvious	 changes	 in	 fold	 change	 between	 different	 treatments	 and	 tissues	 showing	

that	 when	 the	 intestine	 is	 exposed	 to	 imiquimod,	 IFNγ1	 and	 IFNγ2	 cytokine	

expression	is	upregulated,	and	in	greater	amount	than	in	other	tissues	and	with	other	

treatments.	
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