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Abstract
Introduction: Post-traumatic	stress	disorder	(PTSD)	is	an	anxiety	disorder	induced	by	
psychologically	traumatic	events.	Using	a	rat	model,	this	study	aimed	to	determine	
whether	psychological	trauma	alters	relative	expression	between	pro-inflammatory	
and	anti-inflammatory	markers	in	microglia.	To	meet	this	goal,	expression	of	genes	
encoding	 i-NOS,	 arginase,	 TNF-α,	 interleukin-10,	 CD74,	 and	Mannose	Receptor	C	
was	analyzed	on	multiple	days	following	trauma	exposure.
Methods: Single-prolonged	stress	(SPS)	was	used	to	model	PTSD	in	male	Sprague-
Dawley	rats.	Twenty-four	rats	(12	Controls	and	12	SPS-exposed)	were	sacrificed	on	
Days	1,	3,	and	7	post-SPS.	Twenty-four	(12	Controls	and	12	SPS-exposed)	additional	
rats	were	exposed	to	classical	fear	conditioning	on	Day	7,	and	fear	extinction	on	Days	
8,	9,	10,	15,	16,	and	17.	Freezing	behavior	was	measured	to	assess	fear	resolution.	
Microglial	 isolates	were	collected	from	the	frontal	cortex,	and	RNA	was	extracted.	
Changes	in	relative	expression	of	target	genes	were	quantified	via	RT-PCR.
Results: SPS	 rats	 showed	significant	decreases	 in	 IL-10	and	TNF-α	expression	and	
increases	in	the	i-NOS:Arginase	and	TNF-α:IL-10	ratios	compared	to	Controls	on	Day	
1,	but	not	on	Day	3	or	Day	7	for	any	of	the	dependent	variables.	Day	17	SPS	rats	
showed	a	significant	decrease	in	IL-10	expression	and	an	increase	in	the	TNF-α:IL-10	
ratio,	 further	 characterized	by	 a	 significant	 inverse	 relationship	between	 IL-10	ex-
pression and fear persistence.
Conclusion: Psychological trauma impacts the immunological phenotype of micro-
glia	of	the	frontal	cortex.	Consequently,	future	studies	should	further	evaluate	the	
mechanistic	role	of	microglia	in	PTSD	pathology.
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1  | INTRODUC TION

Stress	 is	 a	 complex	 physiological	 and	 psychological	 response	 to	
aversive	conditions	(Suri	&	Vaidya,	2015;	Yehuda	&	McEwen,	2004).	
The long-term effects of the stress response on an individual can 
vary from adaptive to maladaptive depending on the character-
istics	 of	 the	 stressful	 event	 experienced	 (Suri	 &	 Vaidya,	 2015;	
Yehuda	&	McEwen,	2004).	Post-traumatic	stress	disorder	 (PTSD)	
is	an	example	of	a	maladaptive	anxiety	disorder	that	can	develop	
in	 individuals	 exposed	 to	 a	 psychologically	 traumatic	 stressor	
(American	 Psychiatric	 Association,	 2013).	 PTSD	 is	 characterized	
by	four	symptom	clusters:	(a)	persistent,	intrusive	re-experience	of	
the	trauma,	(b)	avoidance	of	trauma-related	stimuli,	(c)	negative	al-
terations	in	cognition	and	mood,	and	(d)	alterations	in	arousal	and	
reactivity	 (American	 Psychiatric	 Association,	 2013).	Diagnosis	 is	
dependent	on	these	symptoms	persisting	for	more	than	1	month,	
being significant enough to create distress or functional impair-
ment,	and	not	being	due	to	extraneous	factors	such	as	other	men-
tal	illness	or	drug	abuse	(American	Psychiatric	Association,	2013).	
The	 American	 Psychiatric	 Association	 currently	 offers	 strong	
recommendations	 that	 the	 treatment	 for	 PTSD	 should	 be	 psy-
chotherapies	 like	 cognitive	 behavioral	 therapy	 (CBT)	 (American	
Psychiatric	Association,	2017).	These	therapies	have	been	consid-
ered	to	have	the	best	balance	of	efficacy,	benefit-to-harm	balance,	
patient	value/preference,	and	applicability	 (American	Psychiatric	
Association,	 2017).	 Unfortunately,	 even	 with	 these	 strengths,	
the recovery rate of patients receiving these treatments can vary 
dramatically.	 For	 example,	 CBT	 has	 recovery	 rates	 reported	 to	
vary between ~40%	 and	 ~80%	 (Morkved	 et	 al.,	 2014).	 In	 order	
to	 improve	recovery	rates,	new	therapies	need	to	be	developed.	
Unfortunately,	much	of	the	basic	pathogenesis	of	PTSD	is	still	un-
known. This lack of understanding hampers the development of 
effective treatments and necessitates the study of the patholog-
ical	basis	of	PTSD	that	could	lead	to	the	discovery	of	new	thera-
peutic targets.

One	area	of	research	that	may	reveal	such	targets	is	the	relation-
ship	between	PTSD	and	immune	system	dysfunction.	Studies	have	
reported	that	patients	with	PTSD	show	signs	of	immune	system	dys-
regulation.	For	example,	they	exhibit	reduced	natural	killer	cell	and	
T-Cell activity/responsiveness as well as higher levels of circulating 
pro-inflammatory cytokines including interleukin-1β	 (IL-1β),	 tumor	
necrosis factor-α	 (TNF-α),	and	 interleukin-6	 (IL-6)	 (Gill	et	al.,	2009;	
Pace	 &	Heim,	 2011).	 Further	 investigation	 into	 these	 phenomena	
have revealed that epigenetic changes in genes related to immune 
system	regulation	(e.g.,	CXCL2,	CXCL3,	CCL4,	and	CCL5)	can	occur	
in human subjects following psychological trauma and are consistent 
with	the	presence	of	a	pro-inflammatory	state	in	PTSD	(Bam,	Yang,	
Zhou,	et	al.,	2016;	Bam,	Yang,	Zumbrun,	et	al.,	2016).	These	findings	
could	prove	relevant	to	PTSD	pathogenesis	since	pro-inflammatory	
cytokines	 like	TNF-α	 (Liu	et	al.,	2017a;	Pickering	et	al.,	2005)	have	
been	shown	to	be	detrimental	to	long-term	memory	formation.	Since	
studies	have	implicated	impaired	long-term	fear	extinction	memory	
as	the	basis	for	the	persistent	re-experiencing	of	trauma	associated	

with	PTSD	 (Milad	et	 al.,	 2008),	 immune	system	dysfunction	could	
play	an	important	mechanistic	role	in	the	pathogenesis	of	PTSD.

As	 the	 resident	 immune	cells	 of	 the	CNS,	microglia	 are	 an	 im-
portant population of cells to analyze when characterizing the rela-
tionship between immune system dysfunction and the pathogenesis 
of	 PTSD-associated	memory	 impairment.	Microglia	 play	 a	mecha-
nistic role in the pathogenesis of many neurological diseases/disor-
ders	 including	Alzheimer's	 disease,	 neuropathic	 pain,	 amyotrophic	
lateral	 sclerosis	 (ALS),	 traumatic	 brain	 and	 spinal	 cord	 injury,	 and	
HIV-associated	neurocognitive	disorder	 (Burke	et	al.,	2014;	Kumar	
et	al.,	2016;	Liu	et	al.,	2017b;	Martin	et	al.,	2017;	Singh	et	al.,	2015;	
Tang	&	Le,	2016)	that	are	associated	with	memory	deficits.	Relevant	
to	 PTSD,	 rodent	 models	 have	 demonstrated	 that	 psychological	
stress can promote a pro-inflammatory state in both microglia and 
macrophages.	For	example,	exposure	to	either	inescapable	shock	or	
repeated	social	defeat	has	been	shown	to	induce	increased	expres-
sion of markers of nonspecific microglial and macrophage activation 
(Frank	et	al.,	2007;	Wohleb	et	al.,	2012,	2013).	These	stressors	also	
primed	microglia	and	macrophages	 in	 such	a	way	 that	 subsequent	
inflammatory	 challenges	 induced	 an	 exaggerated	 pro-inflamma-
tory	response	from	these	cell	populations	(Frank	et	al.,	2007,	2012;	
Wohleb	et	al.,	2012,	2013).

While	the	association	between	PTSD	and	immune	system	dys-
function is becoming increasingly more evident given recent re-
search	(Wang	et	al.,	2017),	it	remains	to	be	determined	as	to	whether	
or not this change in inflammatory state plays a significant role in 
the	predisposition,	development,	and/or	maintenance	of	PTSD.	As	
such,	 this	 study	aimed	 to	characterize	 the	microglial	 inflammatory	
response	in	a	rat	model	of	PTSD	in	order	to	shed	more	light	on	the	
mechanistic	role	that	microglia	play	in	the	pathogenesis	of	PTSD.	We	
hypothesized	that	exposure	to	psychological	trauma	would	result	in	
an	 increase	 in	 expression	 of	 pro-inflammatory	markers	 relative	 to	
anti-inflammatory	 markers	 in	 the	 microglia	 of	 the	 frontal	 cortex.	
To	 characterize	 this	 relative	 change,	we	 selected	 six	 target	 genes	
associated with either a pro-inflammatory or anti-inflammatory 
microglial	 phenotype.	 These	 targets	 included	 the	 enzymes	 i-NOS	
(pro-inflammatory)	and	arginase	 (ARG)	 (anti-inflammatory),	 the	cy-
tokines	TNF-α	(pro-inflammatory)	and	interleukin-10	(IL-10)	(anti-in-
flammatory),	and	the	cell	surface	proteins	CD74	(pro-inflammatory)	
and	Mannose	 Receptor	 C	 (MRC)	 (anti-inflammatory).	 Additionally,	
to	 better	 understand	 the	 pathogenesis	 of	 this	 disorder,	we	 aimed	
to characterize the time course of these changes and to determine 
whether	they	are	correlated	with	behaviors	associated	with	PTSD.

2  | MATERIAL AND METHODS

2.1 | Animals

Ninety-six	male	Sprague-Dawley	 rats	 (8–10	weeks	of	age,	~250	g,	
Charles	River	Laboratory,	Wilmington	MA)	were	used	in	this	study.	
Male	 Sprague-Dawley	 rats	 were	 selected	 for	 this	 study	 because	
they	 have	 been	 extensively	 used	 in	 the	 Single-Prolonged	 Stress	
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model	 of	 PTSD,	 and	 exhibit	 consistent	 behavioral	 and	 biochemi-
cal	changes	similar	to	those	exhibited	by	humans	with	PTSD.	Upon	
arrival,	 all	 rats	 were	 pair-housed	 and	 allowed	 to	 acclimate	 before	
the	 start	of	 the	 study.	All	 rats	had	ad	 libitum	access	 to	water	and	
standard	rat	chow	(Harlan-Teklad	AIN-79)	throughout	the	study	and	
were maintained on a 12:12 hr light:dark schedule (lights were on 
from	7	a.m.	to	7	p.m.).	Temperature	and	relative	humidity	of	hous-
ing	rooms	were	maintained	within	the	ranges	of	20–26°C	and	30%–
70%,	 respectively.	All	 experimental	 procedures	were	 approved	by	
the	 Institutional	Animal	Care	and	Use	Committee	of	 the	US	Army	
Research	 Institute	 of	 Environmental	 Medicine	 and	 complied	 with	
standards	set	by	the	Association	for	Assessment	and	Accreditation	
of	Lab	Animal	Care.

2.2 | Single-prolonged stress

This	 study	utilized	 the	Single-Prolonged	Stress	 (SPS)	procedure	as	
a	model	for	PTSD	(Liberzon	et	al.,	1997).	Forty-eight	rats	were	ran-
domly	assigned	to	receive	SPS.	SPS	consisted	of	three	consecutive	
stressors:	 restraint,	 forced	swim,	and	ether	anesthetization	on	the	
same	 day.	 For	 restraint,	 rats	 were	 individually	 placed	 in	 a	 plastic	
tail vein restraint tube (diameter =	 7	 cm;	Braintree	 Scientific	 Inc.,	
Braintree	MA)	 without	 habituation.	 Rats	 were	 then	 restrained	 to	
the point of immobilization and remained in the device for 2 hr. 
Immediately	following	the	2	hr	restraint,	4	rats	at	a	time	were	placed	
together into a cylindrical plastic container (diameter = 30 cm; 
height =	60	cm;	Med	Associates	Inc.,	St.	Albans	VT)	filled	with	clean	
water (~25°C).	 Individual	 rats	 remained	 in	 the	water	 for	20	min	or	
until they could no longer keep from drowning (whichever came 
first).	After	the	forced	swim	test,	rats	were	dried	with	a	towel	and	
given	10	min	to	rest.	After	the	rest	period,	each	group	of	four	rats	
from	the	swim	test	was	placed	in	a	bell	jar	(i.e.,	all	four	rats	together)	
and	 exposed	 to	 ether	 fumes.	 Rats	 remained	 in	 the	 jar	 until	 they	
lost	the	righting	reflex,	and	there	were	no	responses	to	a	tail	pinch.	
Following	anesthesia,	rats	were	transferred	to	new	cages	and	were	
singly	housed	for	the	rest	of	the	experiment.	The	48	rats	assigned	as	
Controls were left in their home cages throughout this process and 
continued	to	be	pair-housed.	Groups	of	rats	(12	SPS	and	12	Controls	
per	group)	were	sacrificed	at	one	of	four	time	points	after	exposure	
to	SPS:	Day	1,	Day	3,	Day	7,	and	Day	17	(see	Figure	S1).

2.3 | Classical fear conditioning and extinction

Seven	days	after	SPS	exposure,	all	rats	in	the	Day	17	group	under-
went classical fear conditioning. Rats were placed in sound-attenu-
ating chambers with clear polycarbonate walls and a stainless steel 
grid	floor	(Med	Associates	Inc.).	The	dimensions	of	a	single	chamber	
were	25(H)	×	25	(W)	×	30	(L)	cm).	Each	chamber	was	illuminated	with	
an infrared house light and cleaned with isopropanol wipes before a 
rat was placed in the chamber. Rats were placed into the chamber 
alone	and	allowed	to	explore/acclimate	for	180	s.	After	this	period,	

the	 rats	were	presented	with	 an	 auditory	 tone	 (2	 kHz,	 80	dB)	 for	
10 s. The tone coterminated with a single unconditioned fear stim-
ulus	 (US)	 in	 the	 form	of	 a	1-s	 scrambled	 shock	 (1.0	mA)	delivered	
through	the	grid	floor	followed	immediately	by	a	50	s	rest	interval.	
This was repeated four additional times to yield five total tone-shock 
pairings	(each	separated	by	a	50	s	rest	interval).

Twenty-four	hours	after	fear	conditioning,	rats	from	the	Day	17	
group	began	two	series	of	fear	extinction	training.	Each	series	oc-
curred	over	three	days	and	consisted	of	three	daily	extinction	trials:	
Days	8,	9,	and	10	for	Series	1,	and	Days	15,	16,	and	17	for	Series	
2.	 During	 each	 extinction	 trial,	 the	 rats	 were	 placed	 back	 in	 the	
conditioning	 chambers	 described	 above,	 except	 70%	 ethanol	 was	
used to clean the chambers and plastic inserts were placed along 
the chamber walls in order to provide a different olfactory and vi-
sual	context.	After	a	180-s	acclimation	period,	rats	were	presented	
with	8	extinction	queues.	Each	queue	consisted	of	presenting	a	con-
ditioned	 stimulus	 (CS)	 in	 the	 form	of	 a	10-s	 auditory	 tone	 (2	 kHz,	
80	dB)	with	no	concurrent	 shock	delivery	 followed	by	a	50-s	 rest	
interval. Behavior was recorded with a digital camera during the en-
tire	period.	VideoFreeze	software	(Med	Associates	Inc.)	was	used	to	
determine	 the	 time	 rats	 spent	 exhibiting	 freezing	 behavior	 during	
and	after	each	queue.	Behavioral	data	points	were	then	calculated	
by	dividing	 the	 time	 spent	exhibiting	 freezing	behavior	by	60	 s	 to	
yield	“%Freezing	Time”	for	each	queue.

2.4 | Tissue collection

Rats	were	placed	under	deep	anesthesia	with	5%	isoflurane,	and	the	
thoracic	cavity	was	exposed	by	removing	the	ventral	rib	cage.	Rats	
were	exsanguinated	by	severing	the	vena	cava	and	infusing	isotonic	
saline	into	the	left	ventricle	of	the	heart	until	the	liver	and	extremi-
ties	blanched.	Rats	were	then	decapitated,	and	the	brains	were	rap-
idly	removed.	Using	a	brain	mold	(Zivic	Instruments),	the	brains	were	
divided in two by making a coronal section at the level of the optic 
chiasm.	From	the	caudal	sample,	the	left	and	right	hippocampi	were	
dissected	out,	flash	frozen	 in	 liquid	nitrogen,	and	stored	at	−80°C.	
From	the	rostral	sample,	the	olfactory	bulbs	and	subcortical	tissue	
were	removed,	and	the	remaining	frontal	cortex	was	placed	on	ice	
and used immediately for microglial isolation.

2.5 | Microglial isolation

Frontal	 cortex	 tissue	 was	 enzymatically	 and	 mechanically	 ho-
mogenized	using	an	Adult	Brain	Dissociation	Kit	(Miltenyi	Biotec,	
130-107-677;	 Somerville	 MA)	 and	 gentleMACS	 C-Tubes	
(Miltenyi	 Biotec,	 130-093-237)	 following	 the	manufacturer's	 in-
structions.	 The	 resulting	 homogenate	was	 run	 through	 a	 70-µm 
filter	(Miltenyi	Biotec,	130-101-812)	to	generate	a	single-cell	sus-
pension. The suspension was treated with anti-myelin antibody-
coated	beads	(Miltenyi	Biotec,	130-096-733)	and	passed	through	
a	magnetized	selection	LS-column	(Miltenyi	Biotec,	130-042-401)	
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to remove myelin debris. The flow-through sample was treated 
with	 anti-CD11b/c	 +	 antibody-coated	 beads	 (Miltenyi	 Biotec,	
130-105-634)	 and	 then	 passed	 through	 a	 magnetied	 selec-
tion	 MS-column	 (Miltenyi	 Biotec,	 130-042-201).	 The	 isolated	
CD11b/c	+	cells	bound	to	the	MS-columns	were	collected	by	re-
moving the columns from the magnetic field and rinsing them with 
calcium-	and	magnesium-deficient	PBS	(ThermoFisher	Scientific).	
The	 flow-through	 containing	 the	 CD11b/c	+ cells was stored at 
−80°C	for	later	RNA	isolation.

2.6 | RNA isolation, reverse transcription, and real-
time PCR assay

The flow-through samples from the microglial isolation process 
were	 thawed	 at	 4°C.	 Total	 RNA	was	 extracted	 from	 the	 samples	
using	 an	 RNeasy	 Kit	 (Qiagen,	 74034;	Gaithersburg	MD)	 following	
the	manufacturer's	 instructions.	 Total	 RNA	 concentration	 in	 each	
sample	 was	 determined	 using	 a	 NanoDrop	 Spectrophotometer	
(ThermoFisher	 Scientific).	 Reverse	 transcription	 of	 0.5	 µg	 of	 RNA	
was	then	performed	for	each	sample	using	a	SuperScript™	Reverse	
Transcriptase	Kit	(ThermoFisher	Scientific,	18090010)	following	the	
manufacturer's	 instructions.	 Real-time	 PCR	 was	 then	 performed	
on	a	StepOnePlus	Real-time	PCR	System	(ThermoFisher	Scientific)	
using	 TaqMan	 Fast	 Advanced	 Master	 Mix	 (Applied	 Biosystems,	
4444964)	 and	 TaqMan	 Gene	 Assays	 (Applied	 Biosystems;	 18	 s,	
03928990_g1;	 TNF-α,	 Rn99999017_m1;	 ARG,	 Rn00691090_m1;	
MRC,	01487342_m1;	IL-10,	Rn01483988_g1;	NOS2,	Rn00561646_
m1;	CD74,	Rn00565062_m1).	Duplicates	of	each	sample	were	 run	
under	the	following	parameters:	50°C	for	2	min	 (incubation),	95°C	
for	10	min	(activation),	95°C	for	15	s	(denaturation)	followed	by	60°C	
for	1	min	 (annealing	and	extension)	 (40	cycles	of	denaturation/an-
nealing/extension).	Gene	expression	was	calculated	relative	 to	 the	
endogenous	Control	 (18	s)	 to	determine	relative	expression	values	
(2−ΔCt,	where	 the	Ct	 value	 is	 the	 threshold	 cycle).	 To	 evaluate	 ab-
solute	changes	in	gene	expression,	means	of	the	2−ΔCt values were 
used	 as	 dependent	 variables	 for	 ARG,	 i-NOS,	 IL-10,	 TNF-α,	MRC,	
and	CD74.	To	evaluate	relative	changes	in	pro-inflammatory/anti-in-
flammatory	state,	ratios	of	the	2−ΔCt values were used as dependent 
variables	to	report	i-NOS:ARG,	TNF-α:IL-10,	and	CD74:MRC	ratios.

2.6.1 | ELISA

Whole	hippocampi	from	Day	17	rats	were	thawed	and	minced	in	1	ml	
of	ice	cold	PBS.	The	PBS/tissue	mixtures	was	then	homogenized	in	
gentleMACS	C-Tubes	(Miltenyi	Biotec,	130-093-237).	Homogenized	
samples	were	next	exposed	to	two	freeze-thaw	cycles	at	−80°C/4°C.	
Samples	were	then	centrifuged	for	15	min	at	1500	g,	and	the	super-
natant	was	 collected.	Following	 the	manufacturer's	 instructions,	 a	
Rat	Glucocorticoid	Receptor	ELISA	Kit	(MyBioSource,	MBS752565;	
San	Diego	CA)	was	 used	 to	 quantify	 glucocorticoid	 receptor	 (GR)	
expression	in	the	supernatant.	Protein	concentration	was	measured	

by	 spectrophotometry	 on	 a	 SpectraMax	 M3	 (Molecular	 Devices;	
Sunnyvale	CA).

2.7 | Statistical analysis

All	statistical	analyses	were	performed	using	SPSS	Statistics	software,	
Version	26	(IBM),	and	results	were	expressed	as	group	means	± stand-
ard	deviations.	Tests	for	normality	(Shapiro—Wilk's)	were	performed	on	
each	treatment	group	(SPS/Control)	within	each	time	point	(Day	1/Day	
3/Day	7/Day	17)	to	ensure	that	all	data	sets	were	normally	distributed	
and	that	subsequent	parametric	analyses	could	be	used.	To	determine	
differences	in	fear	expression	during	CFC,	two-way	repeated	measures	
ANOVA	was	performed	with	unconditioned	stimulus	(US)	as	a	within-
subjects	factor	and	SPS-exposure	status	as	a	between-subjects	factor.	
To	 determine	 differences	 in	 fear	 expression	 during	 Fear	 Extinction,	
two-way	 repeated	measure	ANOVA	was	performed	with	 “Day”	 as	 a	
within-subjects	 factor	 and	 SPS-exposure	 status	 as	 a	 between-sub-
jects	 factor.	Differences	between	 the	means	of	 the	changes	 in	gene	
expression	 (2−ΔCt values and 2–ΔCt	 ratios),	GR	protein	expression,	and	
%Freezing	Time	were	evaluated	using	one-way	ANOVA	 (significance	
threshold was p <	.05).	Correlation	between	gene	expression	and	fear	
behavior was evaluated using the Pearson Correlation.

3  | RESULTS

3.1 | SPS-induced impairment of fear extinction 
memory

Similar	 to	 human	 patients	 with	 PTSD,	 rats	 exposed	 to	 SPS	 exhibit	
impaired	 fear	 extinction	 memory	 (Milad	 et	 al.,	 2006;	 Norrholm	 &	
Jovanovic,	2018).	In	this	study,	we	used	this	behavioral	outcome	as	one	
of	two	ways	to	validate	our	model.	More	specifically,	rats	in	the	Day	17	
group	were	exposed	to	a	classical	fear	conditioning	paradigm	on	Day	7,	
and	fear	expression	during	two	subsequent	fear	extinction	series	(Series	
1:	Days	8–10;	Series	2:	Days	15–17)	was	evaluated.	These	behavioral	
data	were	then	analyzed	to	assess	the	retention	of	fear	extinction	mem-
ories	over	time.	Two-way	repeated	measures	ANOVA	revealed	a	signifi-
cant	interaction	between	Day	and	SPS-exposure	(p <	.01,	F =	12.318,	
df =	23,	partial	Eta2 =	0.560).	Post	hoc	analysis	revealed	significantly	
higher	expression	of	freezing	behavior	in	SPS	rats	on	Day	10	(Figure	1a,	
Table	S1;	p <	.05,	F =	7.805,	df =	23,	partial	Eta2 =	0.262)	and	Day	15	
(Figure	1b,	Table	S1;	p <	.05,	F =	4.333,	df =	23,	partial	Eta2 =	0.165).	
To rule out the possibility that these group behavioral differences 
were	 due	 to	 SPS-induced	 effects	 on	 establishment	 of	 fear	 memory	
during	 CFC,	 a	 two-way	 repeated	measures	 ANOVA	was	 performed	
with	unconditioned	stimulus	 (US)	number	as	a	within-subjects	 factor	
and	SPS-exposure	 status	 as	 a	 between-subjects	 factor.	 This	 analysis	
failed	to	show	a	significant	effect	of	SPS	on	fear	expression	during	CFC	
(Figure	S2).	To	also	rule	out	the	possibility	that	these	behavioral	changes	
were	the	result	of	 impaired	fear	extinction	memory	formation	within	
individual	extinction	trials,	average	fear	expression	of	the	first	four	CS	
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presentations	 (i.e.,	Early	Extinction)	was	compared	to	that	of	the	 last	
four	CS	presentations	(i.e.,	Late	Extinction)	on	each	of	Days	8,	9,	10,	15,	
16,	and	17.	A	two-way	repeated	measures	ANOVA	was	then	performed	
with	 “time	within	 trial”	 (i.e.,	 Early	 Extinction	 or	 Late	 Extinction)	 as	 a	
within-subjects	factor	and	SPS-exposure	status	as	a	between-subjects	
factor.	This	 analysis	 showed	no	 significant	 interaction	between	SPS-
exposure	and	time	within	a	trial,	 indicating	that	SPS	did	not	alter	the	
rate	of	extinction	within	any	given	extinction	trial	(Figures	S3	and	S4).	
Taken	together,	these	findings	are	consistent	with	other	studies	using	
the	SPS	model	(Eagle	et	al.,	2013;	Knox	et	al.,	2012),	and	indicate	that	
the	SPS	rats	 in	this	study	exhibited	 impaired	fear	extinction	memory	
compared to Controls.

3.2 | Effect of SPS on hippocampal GR expression

Multiple	 studies	 have	 shown	 that	 SPS	 increases	 hippocampal	 GR	
expression	 in	 rats	 (Eagle	 et	 al.,	 (2013);	 Knox	 et	 al.,	 2012;	 George	
et	al.,	2013).	As	such,	this	biomarker	was	used	as	a	second	means	of	
validating	the	SPS	model	in	this	study.	Following	sacrifice	on	Day	17,	
whole	hippocampi	were	collected	from	each	rat,	and	ELISA	was	used	
to	measure	GR	expression.	One-way	ANOVA	revealed	a	 significant	
increase	in	GR	expression	in	SPS	rats	compared	to	Controls	(Figure	1c,	
Table	S2;	p <	.01,	F =	12.600,	df =	23,	partial	Eta2 =	0.364).	This	find-
ing	indicates	that	the	rats	exposed	to	SPS	in	this	study	exhibited	bio-
chemical	changes	that	are	characteristic	of	the	SPS	model.

3.3 | Effect of SPS on frontal cortex microglia 
biomarker expression

The objective of this study was to determine whether the inflam-
matory	phenotype	of	microglia	can	be	altered	by	SPS	exposure.	
To	that	end,	the	expression	for	each	of	three	pro-inflammatory	
markers and three anti-inflammatory markers was measured 
in	microglial	 isolates	 from	the	 frontal	cortex.	 It	 is	generally	ac-
cepted	that	many	of	the	SPS-induced	behavioral	changes	do	not	
develop	until	seven	days	after	exposure	(Lisieski	et	al.,	2018).	As	
such,	microglial	samples	were	collected	at	three	time	points	(i.e.,	
Day	1,	Day	3,	and	Day	7)	during	this	seven-day	period	in	order	
to	 evaluate	 microglial	 phenotypes	 as	 symptoms	 developed.	 A	
fourth	time	point	(Day	17)	was	included	in	the	experimental	de-
sign as a means of evaluating the changes in microglial pheno-
type	 that	 exist	 while	 the	 behavioral	 and	 biochemical	 changes	
were	expressed.

For	rats	in	the	Day	1	group,	SPS	induced	a	significant	decrease	in	
expression	of	TNF-α (p <	.05,	F =	4.406,	df =	23,	partial	Eta2 =	0.167)	
and	IL-10	(p <	 .05,	F =	3.721,	df =	23,	partial	Eta2 =	0.1645)	com-
pared	to	Controls	(Figure	2,	Table	S2).	There	were	no	significant	dif-
ferences	in	biomarker	expression	between	the	SPS	and	Control	rats	
on	Day	3	or	Day	7	(Figure	3	and	4,	respectively,	Table	S2).	For	rats	
in	the	Day	17	group,	SPS	induced	a	significant	decrease	in	expres-
sion	of	IL-10	alone	(p <	.01,	F =	9.977,	df =	23,	partial	Eta2 =	0.296)	
(Figure	5,	Table	S2).

F I G U R E  1  Validation	of	the	SPS	Model	by	Evaluating	Persistence	of	Fear	Behavior	and	Expression	of	Hippocampal	GR.	(a)	First	
extinction	series	for	Day	17	rats.	SPS	induced	a	significant	increase	in	expression	of	fear	behavior	by	the	end	of	the	first	extinction	series	
(Day	10).	(b)	Second	extinction	series	for	Day	17	rats.	SPS	induced	a	significant	increase	in	expression	of	fear	behavior	at	the	beginning	of	
the	second	extinction	series	(Day	15).	(c)	Hippocampal	GR	expression	for	Day	17	rats.	GR	expression	was	significantly	increased	in	SPS	
rats	on	Day	17	compared	to	Controls.	Taken	together,	these	data	suggest	that	the	SPS	rats	in	this	experiment	are	exhibiting	behavioral	and	
biochemical	changes	that	are	characteristic	of	a	PTSD	model.	Data	= mean ± SD; n = 12 rats per group; p-values <	.05	(*),	<.01	(**)
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F I G U R E  2  Relative	Gene	Expression	
in	Microglia	of	the	Frontal	Cortex	(Day	
1).	On	Day	1,	microglia	from	SPS-
exposed	rats	exhibited	significantly	
lower	expression	of	both	IL-10	and	
TNF-α compared to those from Controls. 
Data	= mean ± SD; n = 12 rats per group; 
p-values <	.05	(*)

F I G U R E  3  Relative	Gene	Expression	
in	Microglia	of	the	Frontal	Cortex	(Day	3).	
On	Day	3,	microglia	from	SPS-exposed	
rats	did	not	exhibit	significant	differences	
in	expression	of	any	of	the	target	genes	
compared to those from Controls. 
Data	= mean ± SD; n = 12 rats per group

F I G U R E  4  Relative	Gene	Expression	
in	Microglia	of	the	Frontal	Cortex	(Day	7).	
On	Day	7,	microglia	from	SPS-exposed	
rats	did	not	exhibit	significant	differences	
in	expression	of	any	of	the	target	genes	
compared to those from Controls. 
Data	= mean ± SD; n = 12 rats per group

F I G U R E  5  Relative	Gene	Expression	in	
Microglia	of	the	Frontal	Cortex	(Day	17).	
On	Day	17,	microglia	from	SPS-exposed	
rats	exhibited	significantly	lower	IL-10	
expression	compared	to	those	from	
Controls.	Data	= mean ± SD; n = 12 per 
group; p-values <	.01	(*)
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3.4 | Effect of SPS on ratios of microglia 
biomarker expression

Studies	 have	 shown	 that	 there	 is	 a	 wide	 variety	 in	 microglial	 re-
sponses	to	various	stimuli	(Ransohoff,	2016).	Moreover,	there	can	be	
considerable overlap of upregulated and/or downregulated gene and 
protein	 expressions	 between	 these	 responses	 (Ransohoff,	 2016).	
Due	to	this	complexity,	simply	measuring	the	change	in	expression	
of individual genes may not allow for meaningful descriptions of 
microglial	activity.	To	accommodate	for	this,	we	evaluated	how	the	
pro-inflammatory and anti-inflammatory target genes changed in 
relation	to	each	other	following	SPS	exposure.	To	do	this,	we	calcu-
lated	ratios	of	TNF-α:IL-10,	CD74:MRC,	and	i-NOS:ARG	to	represent	
the	Pro-inflammatory:Anti-inflammatory	(Pro:Anti)	relationships	for	
cytokines,	surface	proteins,	and	cytoplasmic	enzymes,	respectively.	
The	 results	 of	 this	 study	 showed	 that	 SPS	 induced	 an	 increase	 in	
the	i-NOS:ARG	(p <	.05,	F =	5.631,	df =	23,	partial	Eta2 =	0.201)	and	
TNF-α:IL-10	(p <	.05,	F =	7.311,	df =	23,	partial	Eta2 =	0.249)	ratios	
in	Day	1	rats	(Figure	6a).	However,	no	significant	differences	were	
demonstrated	on	Days	3	or	7	(Figure	6b,c,	respectively).	A	significant	
increase	in	the	TNF-α:IL-10	ratio	alone	(p <	.01,	F =	9.210,	df =	23,	
partial	Eta2 =	0.295)	was	demonstrated	in	Day	17	rats	(Figure	6d).

3.5 | Relationship between microglial 
phenotype and impaired fear extinction 
memory expression

A	 secondary	 goal	 of	 this	 study	 was	 to	 evaluate	 the	 relationship	
between	microglial	 phenotype	 and	 impaired	 fear	 extinction	mem-
ory	 expression	 following	 SPS	 exposure.	 To	 accomplish	 this,	 post	
hoc	Pearson	Correlation	was	used	to	compare	an	index	of	impaired	
fear	extinction	memory	(i.e.,	“impairment”	index)	to	IL-10	expression.	

This	index	was	calculated	for	each	rat	by	subtracting	%Freezing	dur-
ing	the	first	trial	of	the	second	extinction	series	(i.e.,	Day	15)	from	
the	first	trial	of	the	first	extinction	series	(i.e.,	Day	8).	Among	control	
rats	(Figure	7a),	there	was	no	significant	correlation	between	IL-10	
and	 the	 “impairment”	 index.	 However,	 among	 SPS-exposed	 rats	
(Figure	7b),	 a	 statistically	 significant	 (p <	 .05)	positive	 (0.645)	 cor-
relation	between	IL-10	expression	and	the	“impairment”	 index	was	
found.

4  | DISCUSSION

4.1 | Validation of the SPS model

The	 first	 step	of	 this	experiment	was	 to	validate	 that	we	success-
fully	produced	a	PTSD	model	using	SPS	exposure.	To	accomplish	this	
goal,	we	evaluated	a	behavioral	outcome	and	a	biochemical	outcome	
commonly	 reported	 as	 characteristic	 indicators	 of	 the	 SPS	model.	
Regarding	behavior,	 studies	have	demonstrated	 that	SPS	 causes	 a	
state	of	impaired	fear	extinction	memory	expression	due	to	a	failure	
of	 fear	extinction	memory	retention	 (Knox	et	al.,	2012,	2016).	For	
biochemical	changes,	 increased	expression	of	hippocampal	GR	is	a	
commonly	 reported	molecular	 change	 in	 SPS-exposed	 rats	 (Eagle	
et	al.,	2013;	Knox	et	al.,	2012;	Liberzon	et	al.,	1999).	While	the	exact	
relationship	between	increased	GR	expression	and	the	SPS	pheno-
type	has	yet	to	be	fully	elucidated,	there	is	evidence	to	support	the	
use	of	GR	expression	for	validation	of	the	SPS	model.	For	example,	
Knox	et	al.	 (2012)	demonstrated	 that	exposure	 to	partial	SPS	 (i.e.,	
SPS	with	one	of	 the	model's	 three	stressors	excluded)	 induced	an	
increase	 in	hippocampal	GR	expression.	However,	 the	 increase	 in-
duced	by	partial	SPS	was	significantly	less	than	that	induced	by	full	
SPS,	 suggesting	 a	positive	 association	between	 the	 level	 of	 stress	
experienced	 in	 the	 model	 and	 hippocampal	 GR	 expressed	 in	 the	

F I G U R E  6   Comparison of 
Biomarker	Ratios	(Days	1,	3,	7,	and	
17).	(a)	Comparison	of	biomarker	ratios	
(i-NOS:ARG,	CD74:MRC,	TNF-α:IL-10)	
for	Day	1	rats.	SPS	induced	a	significant	
increase	in	both	the	i-NOS:ARG	and	TNF-
α:IL-10	ratios.	(b)	and	(c)	Comparison	of	
biomarker	ratios	for	Day	3	and	Day	7	rats,	
respectively. No significant differences in 
biomarker ratios were demonstrated on 
Days	3	and	7.	(d)	Comparison	of	biomarker	
ratios	for	Day	17.	SPS	induced	a	significant	
increase	in	the	TNF-α:IL-10	ratio	alone.	
Data	= mean ± SD; n = 12 rats per group; 
p-values <	.05	(*)	and	<	0.01	(**)
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hippocampus	 (Knox	 et	 al.,	 2012).	 Furthermore,	 Eagle	 et	 al.	 (2013)	
suggested	a	potential	mechanistic	link	between	GR	expression	and	
the	 SPS	 phenotype	 by	 showing	 that	 the	 increased	GR	 in	 the	 hip-
pocampus	expression	following	SPS	exposure	is	accompanied	by	an	
increase	 in	 phosphorylated	Akt	 (a	 protein	 kinase	 linked	 to	 stress-
induced	anxiety	behaviors).	As	such,	we	selected	these	two	factors	
for	the	purpose	of	model	validation.	Our	results	revealed	that	SPS-
exposed	rats	exhibited	significantly	elevated	%Freezing	times	during	
both	extinction	series.	Our	analysis	of	fear	behavior	failed	to	show	
any	significant	effect	of	SPS	on	the	formation	of	fear	memory	with	
CFC.	Likewise,	we	failed	to	show	any	significant	effect	of	SPS	on	fear	
extinction	within	each	extinction	 trial.	Taken	 together,	 these	 find-
ings	 indicate	 SPS-induced	 impairment	 of	 fear	 extinction	 memory	
retention	over	some	24-hr	periods.	Hippocampal	GR	expression	was	
also	significantly	elevated	in	the	SPS	group	compared	to	that	of	the	
Control	group.	Together,	these	findings	are	consistent	with	previous	
studies	 that	have	used	SPS,	 and	 thus	 indicate	 that	 the	 rats	 in	 this	
study were showing behavioral and biochemical signs that would be 
expected	for	a	rodent	model	of	PTSD.	As	such,	we	concluded	that	
SPS	in	this	study	successfully	induced	a	valid	PTSD-like	state	in	the	
SPS-exposed	rats.

4.2 | SPS alters microglial immunological phenotype 
one day after exposure

The	main	goal	of	this	study	was	to	characterize	the	effect	of	SPS	
on microglial immunological phenotype. The data demonstrated a 

significant	decrease	in	microglial	IL-10	and	TNF-α	gene	expression	
24	hr	after	SPS-exposure	(Figure	2).	While	expression	for	both	of	
these	genes	decreased,	SPS-exposed	rats	exhibited	a	significantly	
higher	TNF-α:IL-10	ratio	compared	to	Controls	(Figure	6a),	indicat-
ing	that	SPS	had	a	greater	impact	on	IL-10	gene	expression	than	it	
did	on	TNF-α	expression.	While	there	was	no	change	in	the	abso-
lute	values	of	i-NOS	and	ARG	gene	expression,	a	significant	differ-
ence	was	found	in	the	i-NOS:ARG	ratio,	indicating	that	the	balance	
between	 these	 two	 genes	 shifted	 significantly	 in	 the	 first	 24	 hr	
following	SPS	exposure	toward	a	predominance	of	i-NOS	gene	ex-
pression	 (Figure	6a).	These	 results	 indicate	somewhat	of	a	mixed	
response	 of	 the	microglia	 following	 SPS	 exposure.	 The	 decrease	
in	IL-10	gene	expression	and	the	increase	of	the	TNF-α:IL-10	and	i-
NOS:ARG	 ratios	 each	 indicate	 a	 shift	 toward	 a	pro-inflammatory	
phenotype.	 However,	 the	 decrease	 in	 TNF-α	 gene	 expression	 is	
more	consistent	with	an	anti-inflammatory	phenotype.	Finally,	the	
lack	 of	 effect	 upon	 CD74	 expression,	 MRC	 expression,	 and	 the	
ratio between these two genes shows no change toward either a 
pro-	 or	 anti-inflammatory	 state.	Overall,	 the	 data	 show	 that	 SPS	
does	 impact	 the	microglia	 immunological	 phenotype,	 but	 the	 re-
sulting	change	in	activity	(with	respect	to	these	six	genes)	cannot	
be clearly categorized as either pro-inflammatory or anti-inflam-
matory in nature.

These findings are in line with current opinions and findings 
that	 microglial	 responses	 to	 injury	 are	 complex	 and	 can	 vary	
greatly	depending	on	the	particular	insult	(Barakat	&	Redzic,	2016;	
Ransohoff,	2016).	For	several	years,	studies	have	applied	the	M1/
M2 characterization scheme to microglial responses to injury. 

F I G U R E  7  Correlation	between	IL-10	Expression	and	Impaired	Fear	Extinction	Memory	Retention.	To	evaluate	the	potential	functional	
connection	between	decreased	IL-10	expression	and	impaired	fear	extinction	memory	in	SPS	rats,	a	Pearson	correlation	was	performed.	
An	“impairment”	index	was	calculated	for	each	rat	by	subtracting	%Freezing	during	the	first	trial	of	the	second	extinction	series	(i.e.,	Day	
15)	from	the	first	trial	of	the	first	extinction	series	(i.e.,	Day	8).	For	interpretation	purposes,	it	should	be	noted	that	when	fear	expression	on	
Days	8	and	15	have	similar	values	(an	indication	of	poor	fear	extinction	memory	retention),	the	index	values	will	become	smaller.	Thus,	small	
index	values	correspond	with	reduced	fear	extinction	memory	retention.	A	significant	positive	correlation	(p <	.05,	R =	0.645)	was	found	
in	the	SPS	group	(Right)	between	IL-10	expression	and	the	Impairment	index,	suggesting	that	low	IL-10	levels	are	correlated	with	low	index	
values	(i.e.,	low	IL-10	expression	is	correlated	with	impaired	fear	extinction	memory	retention).	No	significant	correlation	was	found	in	the	
control	group	(Left).
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Both the M1 and the M2 immunological phenotypes have been 
suggested to have differing effects on injured tissues as well as 
increased	 expression	 of	 different	 characteristic	 genes	 (Cherry	
et	 al.,	 2014).	 For	 example,	 the	 M1	 classification	 has	 been	 de-
scribed	 as	 the	 “pro-inflammatory”	 or	 “classical”	 phenotype	 that	
is associated with tissue damage and disease progression (Cherry 
et	al.,	2014).	Genes	often	associated	with	the	M1	phenotype	in-
clude	 those	 that	 encode	 TNF-α,	 CD74,	 and	 i-NOS	 among	many	
others	 (Hwang	et	al.,	2017;	Lisi	et	al.,	2017;	Zhang	et	al.,	2018).	
Conversely,	the	M2	classification	has	been	described	as	the	“an-
ti-inflammatory”	 or	 “alternative”	 phenotype	 that	 is	 associated	
with	tissue	repair	and	injury	resolution	(Cherry	et	al.,	2014).	Genes	
often associated with the M2 phenotype include those that en-
code	IL-10,	MRC,	and	ARG	among	others	(Cherry	et	al.,	2014;	Lisi	
et	al.,	2017;	Zhang	et	al.,	2018).	Unfortunately,	while	this	classi-
fication system can be clearly demonstrated in vitro with macro-
phages,	 in	 vivo	 studies	of	microglia	 often	 reveal	 that	 responses	
in animal models cannot be so easily classified into two distinct 
groups	(Ransohoff,	2016).	The	findings	from	our	SPS	model	sup-
port	 this	 assertion,	 as	we	 found	differing	 results	 in	 each	of	 the	
pairs of target genes that were analyzed.

4.3 | The initial effect of SPS on microglial response 
is not identifiable three days after exposure

Typically,	the	behavioral	changes	induced	by	SPS	are	not	expressed	
until	7	days	after	exposure	(Souza	et	al.,	2017),	suggesting	that	the	
pathological mechanisms that underlie these changes develop ear-
lier	between	Day	1	and	Day	7.	To	assess	the	duration	of	the	SPS-
induced	 effect	 upon	microglial	 during	 this	 “development”	 phase,	
gene	expression	was	also	measured	on	Day	3	and	Day	7.	This	evalu-
ation	did	not	reveal	any	differences	between	SPS-exposed	rats	and	
Control	rats	 in	regard	to	the	gene	expression	of	the	selected	tar-
gets	(Figures	3	and	4).	These	findings	show	that	the	SPS-induced	
change in microglial immunological phenotype demonstrated on 
Day	1	is	a	short-term	change	that	resolves	within	72	hr.	However,	it	
should	be	noted	that	this	study	only	evaluated	the	gene	expression	
of	six	select	target	genes.	Evaluation	of	a	broader	range	of	genes	
may reveal changes that persist for longer than those reported in 
this study.

4.4 | Previous exposure to SPS changes microglial 
response to CFC

To	 expand	 upon	 the	 characterization	 of	 the	 effects	 of	 SPS	 on	mi-
croglial	 phenotype,	 we	 evaluated	 microglial	 gene	 expression	 after	
the	SPS-induced	behavioral	 changes	 fully	 developed.	A	hallmark	of	
the	 SPS	model	 is	 impaired	 fear	 extinction	memory	 expression	 that	
is	observable	7	days	after	exposure	(Knox	et	al.,	2012,	2016;	Souza	
et	 al.,	 2017).	 This	 behavioral	 change	 is	 typically	 demonstrated	 by	
subjecting	SPS-exposed	rats	to	a	CFC/Fear	Extinction	paradigm,	and	

comparing	how	well	they	retain	fear	extinction	memories	compared	
to	Controls	 (Knox	et	al.,	2012,	2016;	Souza	et	al.,	2017).	Therefore,	
gene	expression	was	evaluated	on	Day	17	at	 the	end	of	 this	 “post-
development”	 phase	 following	 the	 completion	 of	 both	 extinction	
series.	Our	analyses	revealed	that	IL-10	expression	was	significantly	
decreased	in	the	SPS-exposed	group	compared	to	the	Control	group	
(Figure	5).	The	TNF-α:IL-10	ratio	was	also	significantly	elevated	in	the	
SPS	group	 (Figure	6d),	 indicating	a	 shift	 toward	a	pro-inflammatory	
phenotype.	While	similar	changes	were	also	seen	on	Day	1,	the	dura-
tion	of	this	change	was	notably	different.	More	specifically,	while	the	
decrease	in	IL-10	expression	did	not	persist	more	than	three	days	after	
SPS	exposure,	the	decrease	in	IL-10	appeared	to	be	present	for	at	least	
10	days	after	CFC	exposure	in	rats	that	were	previously	exposed	to	
SPS.	This	indicates	that	previous	exposure	to	SPS	induced	a	change	
in	the	microglial	response	to	CFC	exposure.	One	possible	explanation	
for	this	change	is	that	the	rats	exposed	to	both	SPS	and	CFC	exhibited	
a	prolonged	decrease	in	microglial	expression	of	IL-10	and	a	persistent	
shift toward a pro-inflammatory phenotype relative to rats that were 
exposed	to	CFC	alone.

While	 it	was	out	 of	 the	 scope	of	 this	 experiment	 to	 evaluate	
the	functional	impact	of	this	decrease	in	IL-10	gene	expression,	it	is	
possible	that	this	change	in	IL-10	expression	may	play	a	role	in	the	
pathogenesis	of	PTSD.	IL-10	has	been	shown	to	decrease	expres-
sion	of	pro-inflammatory	cytokines	including	IL-2	and	interferon-γ 
(Taga	&	Tosato,	1992),	IL-1β	(Herrera	et	al.,	2019),	and	TNF-α	(Shin	
et	al.,	1999).	IL-10	also	has	been	shown	to	decrease	the	pro-inflam-
matory	 biomarker	 COX-2	 expression	 (Berg	 et	 al.,	 2001)	 and	 can	
interfere	 with	 the	 activity	 of	 the	 cytokine	 GM-CSF	 (Hashimoto	
et	al.,	2001).	While	it	should	be	noted	that	most	studies	that	exam-
ine	IL-10	anti-inflammatory	activity	have	focused	on	peripheral	im-
mune	cell	populations,	microglia	have	been	shown	to	release	IL-10	
and this release has been associated with a decrease in pro-inflam-
matory	cytokines	(Cianciulli	et	al.,	2015;	Sun	et	al.,	2019).	Outside	
of	 this	 role	 as	 an	 anti-inflammatory	 cytokine,	 IL-10	 has	 been	
shown	 to	 directly	 improve	 long-term	 potentiation	 (LTP)	 (Nenov	
et	 al.,	 2019,	 2019b),	 as	well	 as	 reduce	 the	 impairment	 of	 LTP	 by	
pro-inflammatory	cytokines	including	IL-1β	 (Kelly	et	al.,	2001).	As	
such,	the	decrease	in	IL-10	in	our	study	could	be	an	indication	that	
the	rats	exposed	to	SPS	have	a	diminished	capacity	to	form	long-
term cortical memories.

This	is	relevant	to	PTSD	pathogenesis	as	impaired	fear	extinction	
memory	has	been	proposed	as	a	basis	of	impairment	of	fear	extinction	
memories	in	PTSD	patients	(Milad	et	al.,	2008,	2009).	PTSD	patients	
have	been	shown	to	exhibit	decreased	activity	of	the	prefrontal	cor-
tex,	and	a	concurrent	 inability	to	maintain	 long-term	fear	extinction	
memories	that	are	formed	in	this	part	of	the	brain	(Milad	et	al.,	2008,	
2009).	The	failure	to	maintain	these	memories	is	thought	to	prevent	
suppression of traumatic memories stored in the amygdala (Milad 
et	al.,	2009).	The	consequence	of	this	dynamic	is	then	expressed	as	a	
recurrence	of	fear	memory	over	time.	With	diminished	IL-10	expres-
sion	in	frontal	cortical	microglia,	it	is	possible	that	the	decrease	in	IL-10	
will	 compromise	 long-term	extinction	memory,	 and	manifest	 as	 the	
recurring	fear	expression	characteristic	of	PTSD.
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4.5 | IL-10 expression levels are correlated with 
SPS-induced behavioral changes

Our	 final	 objective	 of	 this	 study	was	 to	 see	whether	 the	 changes	
in	microglial	 phenotype	were	 related	 to	 changes	 in	 PTSD-like	 be-
haviors.	As	discussed	above,	IL-10	expression	was	most	consistently	
impacted	in	this	study,	as	it	decreased	in	response	to	both	the	initial	
SPS	exposure	as	well	as	showed	a	prolonged	suppression	following	
subsequent	CFC.	Moreover,	as	discussed	above,	decreased	IL-10	has	
the mechanistic potential for serving a role in the pathogenesis of 
PTSD.	As	such,	we	selected	IL-10	expression	to	do	a	post hoc com-
parison	with	a	“fear	persistence”	index.	Based	on	how	this	index	was	
calculated	(refer	to	Results	above),	low	values	indicated	a	persistence	
of	fear	expression	(i.e.,	Day	15	fear	expression	was	greater	than	Day	
8	 fear	 expression).	Conversely,	 high	values	 indicated	 resolution	of	
fear	expression	(i.e.,	Day	8	fear	expression	was	greater	than	Day	15	
fear	expression).	Pearson	Correlation	revealed	that	there	was	a	sig-
nificant	positive	correlation	between	IL-10	expression	and	the	index,	
demonstrating	that	low	IL-10	values	were	associated	with	low	index	
values.	 This	 indicates	 that	 as	 IL-10	 levels	 decrease,	 persistence	 of	
fear	expression	increases.	This	finding	further	supports	the	possibil-
ity	of	microglial	IL-10	expression	being	an	important	factor	in	PTSD	
pathogenesis,	though	future	studies	would	need	to	be	performed	to	
show	that	there	is	a	causal	relationship	between	IL-10	and	persistent	
fear behavior.

5  | CONCLUSIONS

Overall,	this	study	demonstrated	that	SPS	has	a	significant	impact	on	
the	immunological	phenotype	of	microglia	of	the	frontal	cortex.	The	
response	 to	SPS	exposure	could	not	be	clearly	defined	as	 “pro-in-
flammatory”	or	“anti-inflammatory”,	but	a	decrease	in	IL-10	was	con-
sistently	seen	 in	both	the	development	phase	 (Day	1	through	Day	
7)	and	 the	postdevelopment	phase	 (Day	8	 through	Day	17)	of	 the	
model.	Furthermore,	it	was	shown	that	while	the	initial	response	to	
SPS	was	short	lived,	exposure	to	a	second	stressful	experience	(CFC)	
could elicit a prolonged change in microglial immunological pheno-
type.	This	phenotype	was	characterized	by	a	decrease	in	IL-10	that	
was	significantly	correlated	with	persistence	of	fear	expression.	The	
findings of this study serve as the basis for future evaluation of the 
role	 of	microglia	 populations	 in	 the	 pathogenesis	 of	 PTSD,	which	
could	 become	 novel	 targets	 for	 future	 PTSD	 treatments	 and/or	
interventions.

ACKNOWLEDG MENTS
This	 research	was	funded	by	the	U.S.	Army	Medical	Research	and	
Development	Command.

CONFLIC T OF INTERE S T
The authors of this work have no conflicts of interest to report.

AUTHOR CONTRIBUTIONS
Cotrone,	T.S.	was	 the	primary	author	and	principle	 investigator	of	
the	 study.	 Hocog,	 C.B.,	 Ramsey,	 J.T.,	 Sanchez,	M.A.,	 and	 Sullivan,	
H.M	 provided	 technical	 support.	 Scrimgeour,	 A.G.	was	 the	 senior	
author	and	adviser,	and	co-investigator	of	the	study.

DISCL AIMER
Research	was	 approved	 by	 the	 Institutional	 Animal	 Care	 and	Use	
Committee	 of	 the	 US	 Army	 Research	 Institute	 of	 Environmental	
Medicine	and	was	conducted	in	compliance	with	the	Animal	Welfare	
Act	 and	 all	 other	 Federal	 Requirements.	 The	 views	 expressed	 are	
those of the authors and do not reflect the official policy of the 
Department	 of	 the	 Army,	 Department	 of	 Defense,	 or	 the	 U.S.	
Government.

PEER RE VIE W
The peer review history for this article is available at https://publo 
ns.com/publo n/10.1002/brb3.2011.

DATA AVAIL ABILIT Y S TATEMENT
The data that support the findings of this study are available from 
the	corresponding	author	upon	reasonable	request.

ORCID
Thomas S. Cotrone  https://orcid.org/0000-0002-4016-7572 

R E FE R E N C E S
American	 Psychiatric	 Association.	 (2013).	 Diagnostic and Statistical 

Manual of Mental Disorders: DSM-5	(5th	ed.).	Arlington,	VA:	American	
Psychiatric	Association.

American	 Psychiatric	 Association	 (2017).	 Association. Guideline 
Development Panel for the treatment of Posttraumatic Stress Disorder 
in Adults.

Bam,	M.,	 Yang,	 X.,	 Zhou,	 J.,	 Ginsberg,	 J.	 P.,	 Leyden,	Q.,	 Nagarkatti,	 P.	
S.,	 &	 Nagarkatti,	 M.	 (2016).	 Evidence	 for	 epigenetic	 regulation	 of	
pro-inflammatory	 cytokines,	 interleukin-12	 and	 interferon	 gamma,	
in	peripheral	blood	mononuclear	cells	from	PTSD	patients.	Journal of 
Neuroimmune Pharmacology,	11(1),	168–181.

Bam,	M.,	 Yang,	X.,	 Zumbrun,	 E.	 E.,	 Zhong,	 Y.,	 Zhou,	 J.,	Ginsberg,	 J.	 P.,	
Leyden,	 Q.,	 Zhang,	 J.,	 Nagarkatti,	 P.	 S.,	 &	 Nagarkatti,	 M.	 (2016).	
Dysregulated	immune	system	networks	in	war	veterans	with	PTSD	
is	an	outcome	of	altered	miRNA	expression	and	DNA	methylation.	
Scientific Reports,	6,	31209.

Barakat,	R.,	&	Redzic,	Z.	(2016).	The	role	of	activated	microglia	and	res-
ident macrophages in the neurovascular unit during cerebral isch-
emia:	 Is	 the	 jury	 still	 out?	Medical Principles and Practice,	25(Suppl	
1),	3–14.

Berg	D.	J.,	Zhang	J.,	Lauricella	D.	M.,	Moore	S.	A.	(2001).	IL-10	Is	a	Central	
Regulator	 of	 Cyclooxygenase-2	 Expression	 and	 Prostaglandin	
Production. The Journal of Immunology,	166(4),	2674–2680.	https://
doi.org/10.4049/jimmu	nol.166.4.2674

Burke,	N.	N.	et	al	 (2014).	Minocycline	modulates	neuropathic	pain	be-
haviour	 and	 cortical	 M1–M2	 microglial	 gene	 expression	 in	 a	 rat	
model of depression. Brain, Behavior, and Immunity,	42,	147–156.

Cherry,	 J.	 D.,	 Olschowka,	 J.	 A.,	 &	 O'Banion,	 M.	 K.	 (2014).	
Neuroinflammation	 and	M2	microglia:	 The	 good,	 the	 bad,	 and	 the	
inflamed. Journal of Neuroinflammation,	11,	98.

https://publons.com/publon/10.1002/brb3.2011
https://publons.com/publon/10.1002/brb3.2011
https://orcid.org/0000-0002-4016-7572
https://orcid.org/0000-0002-4016-7572
https://doi.org/10.4049/jimmunol.166.4.2674
https://doi.org/10.4049/jimmunol.166.4.2674


     |  11 of 12COTRONE ET al.

Cianciulli,	 A.	 et	 al	 (2015).	 IL-10	 plays	 a	 pivotal	 role	 in	 anti-inflamma-
tory effects of resveratrol in activated microglia cells. International 
Immunopharmacology,	24(2),	369–376.

Eagle,	A.	L.	et	al	(2013).	Single	prolonged	stress	enhances	hippocampal	
glucocorticoid receptor and phosphorylated protein kinase B levels. 
Neuroscience Research,	75(2),	130–137.

Frank,	M.	G.	et	al	 (2007).	Microglia	serve	as	a	neuroimmune	substrate	
for	 stress-induced	 potentiation	 of	 CNS	 pro-inflammatory	 cytokine	
responses. Brain, Behavior, and Immunity,	21(1),	47–59.

Frank,	M.	G.	et	al	(2012).	Glucocorticoids	mediate	stress-induced	prim-
ing of microglial pro-inflammatory responses. Brain, Behavior, and 
Immunity,	26(2),	337–345.

George,	S.	A.	et	al	(2013).	Early	handling	attenuates	enhancement	of	glu-
cocorticoid	receptors	in	the	prefrontal	cortex	in	an	animal	model	of	
post-traumatic stress disorder. Biology of Mood & Anxiety Disorders,	
3(1),	22.

Gill,	J.	M.,	Saligan,	L.,	Woods,	S.,	&	Page,	G.	(2009).	PTSD	is	associated	
with	an	excess	of	inflammatory	immune	activities.	Perspect Psychiatr 
Care,	45(4),	262–277.

Hashimoto,	 S.	 I.	 et	 al	 (2001).	 IL-10	 inhibits	 granulocyte-macrophage	
colony-stimulating factor-dependent human monocyte survival at 
the early stage of the culture and inhibits the generation of macro-
phages. The Journal of Immunology,	167(7),	3619–3625.

Herrera,	G.	et	al	 (2019).	Memory	consolidation	 impairment	 induced	by	
Interleukin-1beta	 is	associated	with	changes	 in	hippocampal	 struc-
tural plasticity. Behavioral Brain Research,	370,	111969.

Hwang,	 I.	K.	et	al	 (2017).	CD74-immunoreactive	activated	M1	microg-
lia	 are	 shown	 late	 in	 the	 gerbil	 hippocampal	 CA1	 region	 following	
transient cerebral ischemia. Molecular Medicine Reports,	 15(6),	
4148–4154.

Kelly,	 A.	 et	 al	 (2001).	 The	 anti-inflammatory	 cytokine,	 interleukin	
(IL)-10,	blocks	 the	 inhibitory	effect	of	 IL-1	beta	on	 long	term	po-
tentiation.	A	role	for	JNK.	Journal of Biological Chemistry,	276(49),	
45564–45572.

Knox,	D.	et	al	(2012).	Glucocorticoid	receptors	and	extinction	retention	defi-
cits in the single prolonged stress model. Neuroscience,	223,	163–173.

Knox,	D.	et	al	(2016).	Neural	circuits	via	which	single	prolonged	stress	ex-
posure	leads	to	fear	extinction	retention	deficits.	Learning & Memory,	
23(12),	689–698.

Kumar,	A.	et	al	(2016).	NOX2	drives	M1-like	microglial/macrophage	ac-
tivation	 and	 neurodegeneration	 following	 experimental	 traumatic	
brain injury. Brain, Behavior, and Immunity,	58,	291–309.

Liberzon,	 I.	 et	 al	 (1999).	 Differential	 regulation	 of	 hippocampal	 glu-
cocorticoid	 receptors	 mRNA	 and	 fast	 feedback:	 Relevance	 to	
post-traumatic stress disorder. Journal of Neuroendocrinology,	
11(1),	11–17.

Liberzon,	I.,	Krstov,	M.,	&	Young,	E.	A.	(1997).	Stress-restress:	EFFECTS	
on	 ACTH	 and	 fast	 feedback.	 Psychoneuroendocrinology,	 22(6),	
443–453.

Lisi,	L.	et	al	(2017).	Expression	of	iNOS,	CD163	and	ARG-1	taken	as	M1	
and M2 markers of microglial polarization in human glioblastoma 
and the surrounding normal parenchyma. Neuroscience Letters,	645,	
106–112.

Lisieski,	M.	J.	et	al	(2018).	Single-prolonged	stress:	A	review	of	two	de-
cades of progress in a rodent model of post-traumatic stress disorder. 
Frontiers in Psychiatry,	9,	196.

Liu,	G.	et	al	(2017).	FK506	attenuates	the	inflammation	in	rat	spinal	cord	
injury	 by	 inhibiting	 the	 activation	 of	NF-kappaB	 in	microglia	 cells.	
Cellular and Molecular Neurobiology,	37(5),	843–855.

Liu,	Y.,	Zhou,	L.	J.,	Wang,	J.,	Li,	D.,	Ren,	W.	J.,	Peng,	J.,	Wei,	X.,	Xu,	T.,	Xin,	
W.	J.,	Pang,	R.	P.,	&	Li,	Y.	Y.	(2017).	TNF-alpha	differentially	regulates	
synaptic plasticity in the hippocampus and spinal cord by microg-
lia-dependent mechanisms after peripheral nerve injury. Journal of 
Neuroscience,	37(4),	871–881.

Martin,	 E.	 et	 al	 (2017).	Distinct	 inflammatory	phenotypes	of	microglia	
and	monocyte-derived	macrophages	in	Alzheimer's	disease	models:	
Effects	of	aging	and	amyloid	pathology.	Aging Cell,	16(1),	27–38.

Milad,	M.	R.	et	al	 (2006).	Fear	extinction	in	rats:	 Implications	for	human	
brain	imaging	and	anxiety	disorders.	Biological Psychology,	73(1),	61–71.

Milad,	M.	R.	et	al	(2009).	Neurobiological	basis	of	failure	to	recall	extinc-
tion memory in posttraumatic stress disorder. Biological Psychiatry,	
66(12),	1075–1082.

Milad,	M.	R.,	Orr,	S.	P.,	Lasko,	N.	B.,	Chang,	Y.,	Rauch,	S.	L.,	&	Pitman,	
R.	K.	(2008).	Presence	and	acquired	origin	of	reduced	recall	for	fear	
extinction	 in	 PTSD:	 Results	 of	 a	 twin	 study.	 Journal of Psychiatric 
Research,	42(7),	515–520.

Morkved,	 N.,	 Hartmann,	 K.,	 Aarsheim,	 L.	M.,	 Holen,	 D.,	Milde,	 A.	M.,	
Bomyea,	J.,	&	Thorp,	S.	R.	 (2014).	A	comparison	of	narrative	expo-
sure	 therapy	 and	 prolonged	 exposure	 therapy	 for	 PTSD.	 Clinical 
Psychology Review,	34(6),	453–467.

Nenov,	M.	N.	et	al	 (2019).	 Interleukin-10	and	transforming	growth	fac-
tor-beta1	 facilitate	 long-term	 potentiation	 in	 CA1	 region	 of	 hip-
pocampus. Biochemical and Biophysical Research Communications,	
518(3),	486–491.

Nenov,	M.	N.	et	 al	 (2019).	 Interleukin-10	 facilitates	glutamatergic	 syn-
aptic transmission and homeostatic plasticity in cultured hippo-
campal neurons. International Journal of Molecular Sciences,	20(13),	
3375–3386.

Norrholm,	S.	D.,	&	Jovanovic,	T.	(2018).	Fear	processing,	psychophysiol-
ogy,	and	PTSD.	Harvard Review of Psychiatry,	26(3),	129–141.

Pace,	T.	W.,	&	Heim,	C.	M.	(2011).	A	short	review	on	the	psychoneuro-
immunology	of	 posttraumatic	 stress	disorder:	 From	 risk	 factors	 to	
medical comorbidities. Brain, Behavior, and Immunity,	25(1),	6–13.

Pickering,	M.,	Cumiskey,	D.,	&	O'Connor,	 J.	 J.	 (2005).	Actions	of	TNF-
alpha on glutamatergic synaptic transmission in the central nervous 
system. Experimental Physiology,	90(5),	663–670.

Ransohoff,	R.	M.	(2016).	A	polarizing	question:	Do	M1	and	M2	microglia	
exist?	Nature Neuroscience,	19(8),	987–991.

Shin,	D.	 I.	et	al	 (1999).	 Interleukin	10	 inhibits	TNF-alpha	production	 in	
human monocytes independently of interleukin 12 and interleukin 1 
beta. Immunological Investigations,	28(2–3),	165–175.

Singh,	V.	B.	et	al	(2015).	Investigating	the	role	of	ankyrin-rich	membrane	
spanning protein in human immunodeficiency virus type-1 Tat-
induced microglia activation. Journal of Neurovirology,	21(2),	186–198.

Souza,	 R.	 R.,	 Noble,	 L.	 J.,	 &	 McIntyre,	 C.	 K.	 (2017).	 Using	 the	 single	
prolonged	 stress	model	 to	 examine	 the	 pathophysiology	 of	 PTSD.	
Frontiers in Pharmacology,	8,	615.

Sun,	 Y.	 et	 al	 (2019).	 Interleukin-10	 inhibits	 interleukin-1beta	 produc-
tion and inflammasome activation of microglia in epileptic seizures. 
Journal of Neuroinflammation,	16(1),	66.

Suri,	D.,	&	Vaidya,	V.	A.	 (2015).	 The	 adaptive	 and	maladaptive	 contin-
uum	of	stress	responses	-	A	hippocampal	perspective.	Reviews in the 
Neurosciences,	26(4),	415–442.

Taga,	K.,	&	Tosato,	G.	(1992).	IL-10	inhibits	human	T	cell	proliferation	and	
IL-2	production.	The Journal of Immunology,	148(4),	1143–1148.

Tang,	Y.,	&	Le,	W.	(2016).	Differential	roles	of	M1	and	M2	microglia	in	neu-
rodegenerative diseases. Molecular Neurobiology,	53(2),	1181–1194.

Wang,	Z.,	Caughron,	B.,	&	Young,	M.	R.	 I.	 (2017).	Posttraumatic	stress	
disorder:	An	immunological	disorder?	Frontiers in Psychiatry,	8,	222.

Wohleb,	E.	S.	et	al	(2012).	Peripheral	innate	immune	challenge	exagger-
ated	microglia	activation,	increased	the	number	of	inflammatory	CNS	
macrophages,	and	prolonged	social	withdrawal	 in	socially	defeated	
mice. Psychoneuroendocrinology,	37(9),	1491–1505.

Wohleb,	 E.	 S.	 et	 al	 (2013).	 Stress-induced	 recruitment	 of	 bone	 mar-
row-derived	monocytes	to	the	brain	promotes	anxiety-like	behavior.	
Journal of Neuroscience,	33(34),	13820–13833.

Yehuda,	R.,	&	McEwen,	B.	S.	(2004).	Protective	and	damaging	effects	of	
the	 biobehavioral	 stress	 response:	 Cognitive,	 systemic	 and	 clinical	



12 of 12  |     COTRONE ET al.

aspects:	ISPNE	XXXIV	meeting	summary.	Psychoneuroendocrinology,	
29(9),	1212–1222.

Zhang,	 L.,	Zhang,	 J.,	&	You,	Z.	 (2018).	Switching	of	 the	microglial	 acti-
vation phenotype is a possible treatment for depression disorder. 
Frontiers in Cellular Neuroscience,	12,	306.

SUPPORTING INFORMATION
Additional	 supporting	 information	 may	 be	 found	 online	 in	 the	
Supporting	Information	section.

How to cite this article:	Cotrone	TS,	Hocog	CB,	Ramsey	JT,	
Sanchez	MA,	Sullivan	HM,	Scrimgeour	AG.	Phenotypic	
characterization	of	frontal	cortex	microglia	in	a	rat	model	of	
post-traumatic stress disorder. Brain Behav. 2021;11:e02011. 
https://doi.org/10.1002/brb3.2011

https://doi.org/10.1002/brb3.2011

